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ABSTRACT

In this dissertation, the effect of dynamic operation of a Ballard Nexa 1.2kw fuel cell
system is investigated. Three specific topics are considered: the first is an analysis of the
dynamic behavior of the fuel cell system, the second is an evaluation and examination of fuel
cell membrane degradation during dynamic operation and the last is numerical simulation to
predict the transient response in the cell voltage.
To enable the analysis of the fuel cell system’s dynamic behavior, a simple method for
analyzing the system’s voltage response to a step change in load resistance is presented. A
modified Randles model is used as the system model, where two resistors and two capacitors are
implemented for the Warburg impedance. Using that model, the response is fitted with three
exponential curves. Six independent equations corresponding to six parameters of the model can
be solved using the fitted values, under a specific assumption for the initial state. The impedance
is also simulated using the estimated parameters.
Cyclic operation is thought to have a negative impact on fuel cell lifetime. The frequency
effect of the cyclic operation on chemical degradation is investigated. After calculating each
parameter value through exponential curve fitting, the dynamic behaviors of the three resistorcapacitor pairs are simulated using MATLAB Simulink®. In addition, fluoride release as the
change of the frequency of cyclic operation is evaluated by measuring the concentration of
fluoride ion in effluent of a fuel cell. The frequency effect on chemical degradation is explained
ii

by comparing the simulated result and the fluoride release result.
Finally, a single-phase numerical model to predict the transients in voltage of a PEMFC
is presented. A new approach is developed by classifying the current density by two groups;
charging currents which are accumulated in the interfaces where the reaction occurs, and faradaic
currents which are charge transfer currents. The successive change of the activation overpotential
is calculated by using the charging currents and the element law for an ideal linear capacitor, and
then the transient voltage response to a step load change is shown in results.
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LIST OF ABBREVIATIONS AND SYMBOLS

Areact Area where the electrochemical reaction occurs (m2)
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m

Volume fraction of ionomer in CL
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The number of electrons
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Electro-osmotic drag coefficient
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R

Universal gas constant (J mol-1 K-1)
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External resistive load (Ω)
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Membrane resistance (Ω)
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Open circuit voltage of a fuel cell (V)
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Total impedance of a fuel cell

ZW

Warburg impedance
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Cathodic transfer coefficient
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Anodic transfer coefficient

δ

Diffusion length (m)

ε

Porosity of a matrix

γ*

Phenomenological parameter defined by a reciprocal of typical relaxation time

Φe

Electric potential of ionomer phase of a fuel cell

ηa

Surface overpotential at the anode (V)

ηc

Surface overpotential at the cathode (V)

κ

Ionic conductivity of the membrane (A V-1 m-1)
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CHAPTER 1
INTRODUCTION
Concerns about an energy crisis in the near future and the potentially negative
environmental effects of fossil fuel use have led to an increased interest in power generation
through alternative means. Fuel cells are used to directly convert chemical energy into electrical
energy. The invention of fuel cells dates back to 1839 when Sir William Grove first constructed
a fuel cell consisting of two platinum electrodes and an electrolyte solution of sulfuric acid and
water. Hydrogen fuel on the anode side of the fuel cell is oxidized to release electrons and H+
ions, while oxygen on the cathode side is reduced from O2 to 2O2-. The electrons are transported
through an electric conductor to the cathode side of the system, while the ions are transported
through the electrolyte. On the cathode side, the proton and oxygen gas combine to form water.
That basic principle of operation is fundamentally the same for many of the various types of fuel
cells which have evolved in the past decades.
Six types of fuel cells have been developed, which are defined by the material of their
electrolyte; alkaline fuel cells (AFC), phosphoric acid fuel cells (PAFC), molten carbonate fuel
cells (MCFC), solid oxide (SOFC), and proton exchange membrane fuel cells (PEMFC). Further,
a PEMFC that uses liquid methanol directly fed to the anode is known as a direct methanol fuel
cell (DMFC). The operating temperature for each of the fuel cells is also determined by the type
of electrolyte, so fuel cells can be classified as two groups, low-temperature and hightemperature fuel cells. AFC, PAFC, DMFC, and PEMFC are operated at temperatures below
1

200˚C, and MCFC and SOFC are operated at higher temperatures; in the range of approximately
600~1000˚C. Each fuel cell has its own advantages and disadvantages; as a result, its application
is limited to specific cases. For example, high temperature fuel cells have been developed
primarily for stationary power applications, while low temperature fuel cells more commonly
target portable (hand-held, for example) and transportation applications. In particular, the
PEMFC has potential for being a primary or secondary power source in automobiles due to its
low operating temperature of around 80˚C, and its high power density and efficiency.
A number of technical problems remain for the fuel cell commercialization. The high
capital cost of the fuel cell system, lack of durability, and hydrogen storage and infrastructure are
generally considered main issues limiting fuel cell commercialization. Most of all, the durability
and reliability should be overcome in order to introduce fuel cells into daily life. Degradation or
failure of a fuel cell system may occur through corresponding degradation or failure of any of the
many components composing the system. For example, in a PEMFC aging of the polymer
electrolyte membrane, catalyst layers, electrodes, bipolar plates, and sealing materials may cause
performance degradation of the system. Moreover, the harsh condition during the fuel cell
operation such as contaminants in the air, high temperature and dynamic load cycles could also
deteriorate the life time of the fuel cell system.
As mentioned above, the durability of the fuel cell system is a complicated topic
demanding a great deal of effort. In this research, the focus is on the degradation of the proton
exchange membrane (PEM). Currently, perfluorosulfonated membranes such as the Nafionbased membranes are commonly used for the electrolyte of PEMFCs because they have higher
chemical stability and mechanical strength than other candidates. However, even those
membranes may degrade during operation. The membrane is subject not only to a harsh
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chemically oxidizing environment on the anode side but also to a chemically-reducing
environment on the cathode side. Therefore, highly corrosive radicals such as peroxy and
hydroperoxy radicals can be formed in the fuel cell, which attack the membrane [1-1]. Hydrogen
fluoride (HF) is a product of reaction of radical attack, so the rate of the chemical degradation is
evaluated by measuring the fluoride content of the effluent from the fuel cell exhaust [1-2]. The
degradation of the membranes takes the form of a decrease in the membrane thickness and a
corresponding failure in its structural integrity such as pin-holes or tearing.
Several operating factors are thought to accelerate membrane degradation. The severe
degradation under the operating condition of low humidification and open circuit voltage without
net current has been reported and investigated by many researchers [1-3, 4]. A great deal of
research effort has been focused on the reason for these deterioration factors, but it has not been
fully clarified yet. As another factor, Liu et al. reported that dynamic operation also accelerated
the chemical degradation by showing that there is about a one order difference in fluoride release
between cyclic operation and constant operation of a PEMFC [1-5]. However, there has been
little further research on the effect of dynamic operation on chemical degradation.
The goal of this research is an examination of the effect of dynamic operation on a fuel
cell. The PEMFC used in this research was a Ballard Nexa 1.2kw fuel cell system. Thus, two
topics are introduced; One is ‘How should the dynamic behavior of the fuel cell system be
analyzed?’ and the other is ‘Can a relationship between dynamic operation and fuel cell
degradation be more quantifiably characterized?’. The evaluation of degradation is easily
performed by measuring the fluoride ion concentration of the effluent from the Nexa system
during the operation in the similar way shown in other research, which will be discussed in
chapter 3. In chapter 2, however, a new method to analyze the dynamic behavior of the system
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will be discussed. A common method for evaluating dynamic parameters is EIS (Electrical
Impedance Spectroscopy), but this is expensive and usually optimized for a single cell or stack.
Moreover, each parameters measured by EIS are based on the steady state condition, so it could
hardly expect a transient response subjected to large load variations in a real system. Therefore, a
new approach using a curve fitting method is suggested. Our works could be of much help in the
process of analyzing fuel cells in a system level, and moreover, in understanding the reason for
fast degradation under the dynamic operation.
It has been widely considered that the experimental works alone is not sufficient to
understand the complicated processes in the fuel cells without support by theoretical and
numerical models. A great deal of research work has been performed in the area of PEMFC
modeling, but most has been concerned only with the steady state reaction. However, an
understanding of the transient characteristics of the fuel cell system is important for design and
control of a fuel cell. Chapter 4 will focus on a computational model to predict transients in
voltage of a PEMFC, which shows a consistent result with the dynamic behavior of the Nexa
system analyzed by our new approach.
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CHAPTER 2
ANALYSIS OF A FUEL CELL SYSTEM BY A STEP RESPONSE

A simple method for analyzing a fuel cell system using the voltage response to a step
change in load resistance is presented in this work. With the modified Randles model, where two
resistors and two capacitors are implemented for the Warburg impedance, the response curve is
fitted with three exponential curves. Six independent equations corresponding to six parameters
of the model can be obtained from the fitted values, and they are solved under two specific
assumptions for the initial state. The parameters are the charge double layer capacitance, the
charge transfer resistance, a resistor-capacitor pair related to gas diffusion, and another pair
related to water diffusion. A down curve of the voltage for the step down change in load and an
up curve for the step up change are fitted and parameters for both cases are evaluated separately.
Analysis is performed by comparing the parameters at different current levels. The impedance is
also simulated using the estimated parameters in order to show which parameter is the ratedetermining factor of the fuel cell reaction with increasing current levels..

2.1 Introduction
Although technical problems remain, fuel cells are still under consideration as a potential
power source for automotive applications. To that end, considerable research effort has been
focused on the issues of fuel cell operation and implementation over the past decade. If a fuel
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cell system is the primary power source in an automobile, the dynamic or transient response of
the system has implications for vehicle safely and also for efficient operation if the fuel cell is to
be used in combination with electrical energy storage technologies such as batteries or supercapacitors. Previous research showed that a fuel cell system can be controlled to track rapid
changes in power demands [2-1]. However, in that work, no effort was made to develop dynamic
models for a fuel cell system subjected to rapidly changing loads. Such models will be necessary
for performing system design and optimization, so that fuel cell viability may be better assessed
for specific applications.
A common approach to modeling the dynamics of a fuel cell or fuel cell system is to
utilize equivalent electrical models, such as the circuit shown in Figure 2-1. In that figure, the
fuel cell dynamics are modeled via the charge double layer (CDL), which is like a leaky
capacitor represented by a parallel combination of a capacitance (Cdl) and a charge transfer
resistance (Rct) [2-2], in series with the membrane resistance (Rm). Since the possibility of the
reaction between protons, electrons and oxygens depends on their respective densities on the
cathode interface where the reaction occurs, the charge must be accumulated on the interface to
make the current flow [2-3]. However, this collection of charge generates an electrical voltage
called overvoltage [2-3]. Simply, the amount of charge accumulation corresponds to the charge

Figure 2-1. A simple equivalent circuit of a fuel cell.
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transfer resistance, given by Rct above. The rate of accumulation is attributed to the double layer
capacitance (Cdl from above) in that the time constant is proportional to the product of a
resistance and a capacitance. The leakage current going through Rct known as the charge transfer
current is decided by the overvoltage and expressed by the Butler-Volmer equation. The
simplified forms of the equation at the anode and cathode side are expressed as follows [2-4]
1/ 2

 C
anode: j = ai  H 2
 CH , ref
 2

  αa + αc

 
Fη a 
  RT



ref
0, a

 C
cathode: j = −ai0ref, c  O
 CO , ref

2

2


 exp α c Fη c 


 RT


(2-1)

(2-2)

where jFa, and jFc are a faradaic current (A m-3) at the anode and cathode side respectively. ai0,aref
and ai0,cref are the volumetric exchange current density (A m-3) at the anode and cathode side,
respectively. CH2,ref and CO2,ref are the reference hydrogen and oxygen concentrations (mol m-3),
and CH2 and CO2 are the hydrogen and oxygen concentrations at the interface where the reaction
occurs. αa and αc are the anodic and cathodic transfer coefficients. R is the universal gas constant
(J mol-1 K-1), T is temperature (K), F is the Faraday constant (F), ηa and ηc are the surface
overpotentials (V) at the anode and cathode, respectively.
Randles electric models generally used in electrochemical cells further involve another term, the
Warburg impedance (ZW), which includes a time constant (τd) and a diffusion resistance (Rd)
caused by mass transport of the reactants. The Warburg impedance for a finite length diffusion
layer can be written by Eq. (2-3) [2-5, 6, 7],
Z w = Rd

Rd =

tanh τ d jω

τ d jω

RTδ
(Ω)
n F 2 Sc 0 D
2
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(2-3)

(2-4)

τd =

δ2
D

(s)

(2-5)

where n is the number of electrons, S is the active area (m2), D is the diffusion coefficient (m2 s-1),
iL is a current limit (A), and c0 is the concentration of the reactants at a long distance from the
electrode. The diffusion length (δ) is calculated from Eq. (2-6) at steady state [2-8],

δ=

nFDc 0
( m)
iL

(2-6)

By assuming that the oxygen reduction reaction rate in the cathode is much lower than
the hydrogen oxidation reaction rate and that the CDL is represented by a pure capacitance in
parallel with the charge transfer resistance, the equivalent circuit of a fuel cell can be simplified
using just one Randles model as shown in Fig. 2-2 (a) [2-7]. Moreover, the Warburg impedance
can usually be approximated by pairs of resistances and capacitances (RC cells) in series as
shown in Fig. 2-2 (b) [2-9].

Figure 2-2. Electrical model of a fuel cell. (a) Randles model, and (b) Modified Randles model.

A common method for estimating fuel cell model parameters is electrical impedance
spectroscopy (EIS) [2-10]. EIS techniques provide information for understanding the fuel cell
behavior as well as the parameter values [2-6]. EIS is expensive and optimized usually for a
single cell or stack, and the measurement process is often rather slow [2-3]. As such, it may not
8

be completely suitable for field use where fuel cells are employed as part of a larger system.
Moreover, the parameters measured by EIS are based on the steady state condition [2-5]. Since
most electrochemical cells have nonlinear behavior in their charge transfer reactions, impedance
measurement should be done at each given polarization point of the steady state characteristics
by using a perturbation signal of very low amplitude [2-5]. For this reason, it is not reasonable to
expect that the parameters obtained using EIS will produce a model that will capture the transient
response of a real system (where system is meant to include the complete assembly of the a fuel
cell stack, plus ancillary components, as opposed to the single fuel cell). An alternative method
that has the benefits of low cost and quick implementation is the current interrupt (CI) technique
[2-3]. Using that approach, it is possible to evaluate the resistances of fuel cells (Rm and Rct) and
the overall capacitance (Cdl) [2-3], but it is more difficult to evaluate the Warburg impedance
term. Rubio et al. suggested a method for estimating the Warburg impedance from data obtained
by the CI technique [2-7], but this is derived from equations (2-3) to (2-6) which are also based
on the assumption of steady state conditions.
In this study, an approach similar to the CI technique was used to analyze a Ballard Nexa
1.2 kW fuel cell system driving an external resistive load (RL). For that unit, the stack current
cannot be completely turned off without substantial modification, as the fuel cell control system
and balance of plant (cooling fan, compressor, and solenoid valves) are a net parasitic load (RRL)
that is powered by the stack. Although the current to the external load (iRL) can be shut off, there
will always be a parasitic load current (iRPL) as indicated in Fig. 2-3. In this research the stack
voltage and current are recorded in response to a step change in the total load associated with the
imposition or removal of an external load in parallel with the always-present parasitic load.
When the external load is applied to the fuel cell system, the additional current draw results in a
9

decrease in the stack voltage. Conversely, removal of the external load cuts the fuel cell current
and the stack voltage returns to near open-circuit values. Following that behavior, the voltage
transient occurring during a load implementation is termed a “down curve” and the voltage
transient occurring during a load removal is termed an “up curve”. This behavior is shown
conceptually in Figure 2-4b. The down curve of the voltage is for charging the capacitors in the
step down change of loads from RPL to the parallel sum of RPL and RL, and the up curve is
observed when the load is removed. If the modified Randles model in Fig. 2-2(b) is employed,
the down and up curves can be represented by several exponential curves. As an example,
consider the voltage curve that will result when the external load is implemented with the
simplified Randles model shown in Figure 2-1. This scenario is depicted in Fig. 2-4(a). In that
case, implementing the external load will result in reducing VNEXA according to a single first

Figure 2-3. A schematic diagram of Ballard Nexa 1.2kW fuel cell system, and experimental
setup. Z t is total impedance.
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order exponential curve. For more complicated models, such as those incorporating multiple RC
cells as in Figure 2-2b, additional higher order exponential curves may be required. The number
of exponential curves needed is a function of the number of RC cells implemented for the
Warburg impedance. The goal of this research is to fit the voltage response data using several
exponential curves, and then calculate the parameters of the modified Randles model to fit the
data. In order to perform the analysis, the parameter values at different currents are compared
with each other, and the overall system response is simulated using those estimated parameters.
Further, the development of the models is to be performed on an in situ fuel cell system with no
modification beyond the addition of external current and voltage sensors. This represents a
significant shift in the testing paradigm, as compared to previous techniques of EIS and currentinterrupt.

Figure 2-4. (a) The implementation of the external load with the fuel cell model having just one
set of RC cell. (b) Voltage response of “down curve” and “up curve” during the switch operation.

2. 2 Experimental setup and results
A schematic of the Ballard Nexa fuel cell system and accompanying instrumentation is
shown in Fig. 2-3. Hall Effect current sensors (LA-55P) were used for the measuring the total
current (itotal) and the external load current (iRL). Different external loads were implemented by
11

connecting power resistors in various configurations. The resistors included a single 100 ohm
Ohmite power resistor and Edgewound resistors (FSE-1000, Huntington Electric, Inc.) with 1
kW power dissipation ratings with resistance ranges of 0.77 – 30 Ω. A transistor switch was
constructed to perform the step loading and unloading of the system using a high-current
complementary transistor (MJ11032) and a diode. The switch signal and data acquisition were
realized using a standard DAQ card controlled using the MathWorks software package XPC
Target as described by Williams et al [2-1]. The DAQ sampling rate was fixed at 20 kHz. The
duty ratio of the input signal was 50% with its frequency fixed at 0.2 Hz. Loading and unloading
experiments were repeated 10 times for each current level and the curve fitting and calculation
were performed for each run. For the purpose of removing any initial starting variations such as
low humidification inside the membrane, constant current operation for 3 hours was performed
before each experiment.
The measured polarization curve of the Nexa system is shown in Fig. 2-5. After turning
on the Nexa system with no external load, a running state is achieved after a series of internal
system checks that require 10 – 30 seconds to complete [2-11]. The power for the parasitic loads
is drawn directly from the fuel cell stack, such that the zero-current (or open-circuit) condition is
never realized. Instead, steady operation with no external loads still requires some nominal stack
current. That operating point is realized by turning off the external transistor switch, and is
indicated by the “Switch off” position shown in Fig. 2-5. With the connection of external loads
from 100 ohm load out to 0.77 ohm load (on state), the stack voltage falls rapidly with current
increases at low current and then levels off to an approximately linear decay with current for
current levels above approximately 5 A. The initial rapid drop is attributed to activation losses,
and the linear portion is due to the ohmic loss which is attributed to membrane resistance in most
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cases [2-3]. The open circuit voltage (VOCV) was not measured because the hydrogen gas in the
anode was purged before the current to the parasitic load was completely cut off. Instead, an
estimate of the VOCV was performed by fitting the data points.

Figure 2-5. Polarization curve of the Ballard Nexa system.

The responses of the current and voltage to a 0.77 Ω external load are shown in Fig. 2-6,
which will be discussed below. Figures 2-7(a,b) show the parasitic load current obtained by
subtracting iRL from itotal; the current has the profile of regular pulses superimposed over a steady
current of about 1 A. In Figure 2-7a, the current is for the no-external-load condition (“switch
off”), while in Figure 2-7b, the external load has been applied (“switch on”). In comparing
Figures 2-7a and 2-7b, it is apparent that, with the load applied, the magnitude and frequency of
the parasitic load current pulses are quite different. This is due to the additional power required
to operate the air compressor with the external load applied. More succinctly, the power for the
parasitic loads is related to the current demand. For this reason, the respective parasitic loads of
the on and off states are termed RPLon and RPLoff. The change of the parasitic load power during a
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transition from the “switch off” to “switch on” states is depicted in Fig. 2-7(c). Here the external
load is implemented at a test time of 5 s. The steady power remains at approximately 4 W for
both states of the switch. However, the pulse power increases in around 0.1 s after imposition of
the external load. This change is attributed to the air compressor, whose speed is regulated to
meet the current demand [2-11] with higher currents requiring higher compressor speeds. It is
assumed that there is a time delay of at least 0.5 s before the compressor speed is stabilized for
the new current requirement. The increase in the pulse current causes additional voltage drops of
the fuel cell stack. The equivalent voltage drops, as determined from the linear equation of the
polarization curve, are approximately 0.9 V for 3 A currents. The result is the small fluctuation
in the voltage response as shown in the plot of Fig. 2-6(b). As expected, in examining Fig. 2-6(b),
stack current and voltage (itotal and VNEXA) are out-of-phase; that is, the high current levels
correspond to low stack voltages and vice versa. However, the load current and Nexa voltage
plots are in phase; this is simply due to the small stack voltage increases resulting in small
resistive load current increases according to Ohm’s Law.

Figure 2-6. (a) Measured voltage and current response for the external load of 0.77 ohm.
(b) Magnified plot during initial 0.4s.
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Figure 2-7. Parasitic load currents during (a) the switch off and (b) on with an external load of
0.77ohm. (c) Parasitic load power change during the switch on and off.
The voltage responses for different resistive loads are plotted in Fig. 2-8. The “bumps”
occurring in many of the voltage traces around the 0.5 s test time are attributed to the effect of
the accelerated compressor. That is, if the compressor speed were maintained at the originally
low level, the down voltage curves would drop further than shown in Fig. 2-8. However, with the
increased current demand, the compressor is driven at a higher speed, with a correspondingly
higher reaction rate than if the compressor speed were kept low. From the figures, it is supposed
that 0.5 s are required for the compressor to “spin up” and influence the fuel cell reaction. As
such, the initial 0.5 s of response after implementation of the external load will be for an
effectively lower compressor speed than the 0.5 s of response after the removal of the external
load. For this reason, the down curves and up curves have different behavior, especially at the
high currents seen for the small external load resistors. Stack warming during operation may also
have had some influence on this behavior.
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Figure 2-8. Voltage responses for different external resistors.

2.3 Modeling and calculations
2. 3.1 Modeling
The main factors affecting the Warburg impedance in a fuel cell system are limited
proton conductivity in the membrane and limited O2 permeability inside the catalyst layer and
the gas diffusion layer [2-12]. Moreover, experimental impedance plots usually show three arcs
[2-13]. The first arc at high frequencies is due to the charge transfer resistance; the second arc
around 10 Hz is thought to be related to the O2 transport inside the gas diffusion layer; and the
last arc at low frequencies is considered to be associated with water transport in the membrane
[2-13]. Since the water content inside the membrane is directly related to the proton conductivity
[2-4], the main factors affecting the voltage response are the charge transfer resistance, the O2
transfer, and water diffusion.
The three arcs in the impedance plots can be modeled approximately by two RC cells for
the Warburg impedance in the simplified Randles model. The equivalent circuit in Fig. 2-9 is
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used for modeling the fuel cell system in this research, where the total load resistance (RLt) is the
sum of RL and RS (the switch resistance) in parallel with RPLon for the down curve, and RPLoff for
the up curve. The first and second RC cells are used to model the dynamics related to water and
gas diffusion, respectively.

Figure 2-9. (a) Equivalent circuit of the fuel cell system.
(b) Total load resistor at switch on (for the down curve) and (c) at switch off (for the up curve).

The equation of motion (EOM) of the model is written in the Laplace domain by the
following expressions:

Ec ( s ) = ( s I − M ) −1

 E cdl ( s)
E c ( s) =  E c1 ( s)  ,
 E c 2 ( s) 

NVocv
+ ( s I − M ) −1 ec0
s

(2-7)


Rm + Rct + R Lt
1
−
C dl Rct
 C dl ( R m Rct + R Lt Rct )
R + Rct
1

M =
− 1
C1 Rct
C1 R1 Rct

1
1

−

C 2 Rct
C 2 Rct



1


 C dl ( R m + R Lt ) 
,
N =
0






0




1

C dl Rct 
1 
,
−
C1 Rct 

R + Rct 
− 2
C 2 R 2 Rct 

The voltage down curve can be fitted by the first row equation of Eq. (2-7) which is composed of
three exponential curves in time domain:
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ecdl (t ) = A exp(−αt ) + B exp(− β t ) + C exp(−γt ) + D

(2-8)

where A, B, C, D, α, β, and γ are the functions of eight variables, Rm, Rct, RLt, R1, R2, Cdl, C1, and
C2. Six independent equations for A, B, C, α, β, and γ can be set up after fitting with three
exponential curves. It is possible to evaluate Rm from the up curve as the same way of the CI
technique and RLt using Ohm’s law. The other six parameters can then be calculated by solving
the six equations.
2.3.2 Curve fitting
Curve fitting was performed with the software package MATLAB using a ‘fit’ function
after subtracting the voltage drop by Rm and by RLt from the voltage response data. To exclude
the effect of the change of the compressor speed, the data range for fitting was set to 0 – 0.35 s
for the down curve and 2.5 – 2.85 s for the up curve. The fitting results are seen in Fig. 2-10
where ten curves for ten repeated experiments (each with an identical load level) are shown
superimposed over each other. The voltage fluctuation caused by the parasitic load change in the
responses may cause some errors in fitting. To reduce the effect of the voltage fluctuations, a
moving average approach to the data was used. More specifically, the result of each individual
test was averaged with the test data of the prior and subsequent test. For example, test 2 data was
averaged with test 1 and test 3 data, test 3 data was averaged with test 2 and test 4 data, etc. At
high current levels, the voltage fluctuations were relatively small (relative to the stack voltage
variation due to the external load implementations), such that the curve fitting can be carried out
consistently. However, the small magnitude of voltage drop at low current levels and the
consequently larger relative size of the voltage fluctuations make it difficult to define three
exponential curves, so the fits may have some discrepancies as shown in Fig. 2-10 (b).
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Figure 2-10. Curve fitting using three exponential curves (a) for high current data of 32 A, and
(b) for low current data of 2.3 A.

2. 3.3 Solving the equations
Utilizing the same approach as in the CI technique [2-3], the membrane resistance is
easily evaluated using the abrupt change of the voltage (∆V) at the points of switch on and off for
the down and up curves, respectively, as shown in Fig. 2-11 (a) and (b). At currents under about
5 A, the average values of the Rm obtained from high current data are used because the voltage
fluctuations in the response make determination of the abrupt change difficult. As shown in Fig.
2-11 (c), the variations in the calculated Rm are small.
Calculation of the unknown six parameters was performed separately for the down curves
and the up curves. For the sake of solving the equations in Eq. (2-7), the initial state (ec0) should
be identified. For the down curve, the initial state is the second data point (off state) in Fig. 2-5
and the final state is one of other points (on state), and vice versa for the up curve. Since the
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Figure 2-11. Evaluation of the membrane resistance. (a) Sudden change of the current as
soon as the switch (a) on and (b) off. (c) Variation of Rm as the change of current. Four
points at low current levels are not measured but averaged values obtained from data at
high current levels.

resistance of the fuel cell stack has the nonlinear activation overvoltage term, each state except
the zero current state has a different resistance. Thus, the resistance values in the initial state
vectors and in the EOMs are different from each other.

Ec ( s ) = ( s I − M on ) −1

N onVocv
+ ( s I − M on ) −1 ec0 (2-9), for the down curve
s

ec0 = iRPL × [( Rctoff + R1off + R2off ) R1off
Ec ( s ) = ( s I − M

off

R2off ]T

(2-10),

for the down curve

N off Vocv
+ ( s I − M off ) −1 ec0 (2-11), for the up curve
)
s
−1

ec0 = itotal × [( Rcton + R1on + R2on ) R1on R2on ]T
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(2-12), for the up curve

where the superscripts of each resistance and matrix have the meaning of “on” and “off” states.
Some assumptions are required to solve the equations. The first approach was to use a set of
nonzero initial conditions such as,

ec0 = [Vocv − Voff − Rm × ioff

0 0]T for the down curve,

where Voff and ioff are the voltage and current at off state of the switch. At very low current levels,
the reaction rate of the fuel cell stack is determined mainly by the kinetics of the oxygen
reduction reaction [2-14]; thus, it is possible to suppose that the initial voltage drop is caused by
just the charge transfer resistance. The parameters for the down curve can then be calculated
without consideration of the off state resistance. On the up curves, however, the system
nonlinearity must be considered because the values of each RC cell in the EOM (Eq. 2-11)
correspond to the off state. Therefore, this assumption was only used for down curve calculations
Another way to solve the equations is to neglect the voltage and current during the off
state, which demands the assumption that the initial state of the down curve including the off
state variables (Eq. 2-10) is zero and that the variables in the EOM of the up curve (Eq. 2-11) is
represented by on state values so Eq. (2-11) is substituted by Eq. (2-9). This supposition can lead
to errors in estimating the parameters of the system — especially with the low current data —
but it can make the equations solvable for the up curves as well as for the down curves, and
continuous simulation of the voltage response is then possible. The initial states under this
assumption are;

ec0 = [0 0 0]T for the down curve, and

(

ec0 = itotal × [ Rcton + R1on + R2on

)

R1on

R2on ]T for the up curve.
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The zero initial conditions for the down curve make the second term of the right hand
side (RHS) of Eq. (2-7) zero. In case of the up curve, the lack of a dependence on VOCV, Rm, and
RLt makes the first term of RHS in Eq. (2-7) cancel out. In addition, for the up curve, the first row
of the M matrix changes to the following; M (1) = [− 1 /(C dl Rct ) 1 /(C dl Rct ) 1 /(C dl Rct )] .
Fig. 2-12 shows a comparison of the simulation results to experimental data. Using
calculated parameters, the simulated voltage response matches well with the experimental data
for both nonzero and zero initial state. In order to reproduce the dynamic response of the fuel cell
system, different parameter values were used for the down and up curves. Simulated dynamic
responses for different current levels are seen in Figure 2-13 using the parameter values
evaluated by zero initial assumption. The simulated responses at low current levels in the vicinity
of 5 A and less make some errors for the up curves, but in most cases the simulation results
match well with the actual voltage responses.

Figure 2-12. Experimental data compared with simulation result using calculated parameters.
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Figure 2-13. (a) Simulation of dynamic response of the Nexa system using different parameter
values for the down and up curves. (b) Magnified plot during initial 0.3s for the down curves and
the up curves.

2. 3.4 Analysis
The calculated value of each resistor solved by the nonzero initial condition is seen in Fig.
2-14 (a) where Rct varies rapidly, R1 has little change, and R2 decreases slightly with increased
current. At a current of 1.5 A, Rct is large relative to the other resistors, validating the assumption
of the nonzero initial condition. Most of the nonlinear characteristics of the activation
overvoltage are from Rct because it is related to the electrochemical kinetics of the reaction [215], but R1 and R2 have small variations because they are introduced from the diffusion
resistance of the Warburg impedance expressed by Eq. (2-4). The small portion of R1 and R2 as
well as the larger relative size of the voltage fluctuations at low current level make it difficult to
define three exponential curves in the fitting. This can introduce large errors in fitting and
calculating R1 and R2, which can also explain the reasons for the wide error range and the higher
value of R1 and R2 seen in the figure under about 4 A.
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The result obtained by the zero initial condition shows very different values at the low
current levels, as shown in Fig. 2-14 (b), when compared to Fig. 2-14 (a). In particular, Rct is
significantly smaller when calculated according to the zero initial condition assumptions. This is
because the initial voltage (which is assumed zero in that case) is mostly caused by Rct. However,
at high currents (above 7 A), R1 and R2 are very similar for both calculation methods. Due to the
nonlinear characteristics of the activation overvoltage, it is better to compare its ratio to the total
resistance than to compare the absolute value of each resistor. By substituting Rct with the value
calculated from nonzero initial condition, the results for the down curves are very close for both
calculation methods, as shown in Fig. 2-15. The overvoltage is mainly attributed to the charge
transfer reaction (Rct) at low current, but the ratio of the Rct becomes smaller as the increase of
current. The effect of R1 related to the water diffusion on the overvoltage appears prior to that of
R2 corresponding to O2 gas transfer, but the latter becomes the dominant factor at large current
levels. The Butler-Volmer equation (Eq. 2) shows the relationship between the charge transfer
current and O2 concentration. With neglecting the overvoltage at the anode, O2 concentration can
be a limiting factor to determine the fuel cell reaction [2-12].

Figure 2-14. Change of Rct, R1, and R2 with increasing current solved by
(a) the nonzero initial condition and (b) the zero initial condition of the down curve.
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A change of O2 concentration at the interface where the reaction occurs leads to a variation of the
charge transfer current and, as a result, the rate of charge accumulation at the interface. Since the
capacitances should be considered together in order to describe the effects on the overvoltage,
more detailed discussion will be provided by using the impedance simulation. When it comes to
the effect of water diffusion, Y. Wang et al [2-16] showed that a dynamic response of the current
density to a step changed cell voltage was varied due to water diffusion inside the membrane.
The change of water contents in the membrane due to water diffusion leads to a variation of
proton conductivity of the membrane [2-16], and results in a variation of the voltage response by
altering the ohmic loss. Among four kinds of water movements occurring inside the membrane
during the fuel cell operation, electro-osmotic drag, back diffusion, evaporation, and adsorption
[2-3], what is related to diffusion is the back diffusion. Usually, the anode side of the electrolyte
becomes dried out and the cathode is well hydrated as soon as the ionic current flows because
one and five water molecules are dragged for each proton from the anode side to the cathode,
which is called electro-osmotic drag [2-3]. Therefore, water contents in anode side of the
membrane keeps low before the water diffused into the anode side from the cathode possessing
higher water contents, which is called back diffusion. The amount of dehydration of the
membrane and the time when back diffusion reaches steady state are associated with R1 and C1.
The result for the up curve with the same modification shows that the R1 ratio is usually
bigger than the R2 ratio although R2 remains the chief factor at large current levels. The possible
reason for this can be found from the difference of the air pressure at the cathode. As described
in the fitting procedure, the fitting range for the down curve is performed for the data collected
prior to the acceleration of the compressor, but the range for the up curve is at the already
accelerated compressor speed. The increased concentration of O2 made the contribution of R2
25

Figure 2-15. Comparison of the resistance ratios, where Rtotal is the sum of Rct (calculated from
nonzero initial condition), R1, and R2 (calculated from each case).

Figure 2-16. Comparison of capacitances solved by each initial condition.
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smaller within overall range of the current. However, the understanding of the result for the up
curve needs more consideration because the variables in the EOM of the up curve are assumed to
be related to the on state values although they are actually associated with off state values.
The calculated values of each capacitor in the circuit model are presented in Figure 2-16.
Cdl has the lowest and C1 has the highest capacitance, and each of three capacitors has difference
of about one order. The calculation of Cdl with the zero initial condition produces much error
because it is related to Rct. As such, the value obtained from the nonzero initial state is thought to
be more reasonable. In the case C1 and C2, the results for the down curves are very close for both
initial assumptions. From that figure alone, it is unclear how the variation of each capacitor at the
different current levels has a special meaning, but the impedance simulation using these values
can show the effect of each RC cell more clearly. The cell impedance (Zcell) calculated from the
modified Randle circuit shown in Fig. 2-2 (b) where n is 2 has the following expression [2-7],

Z cell ( s ) =

as 2 + bs + c
ds 3 + es 2 + fs + g

(2-13)

where the parameters a, b, c, d, e, f, and g can be calculated from Rm, Rct, R1, R2, Cdl, C1, and C2.
The impedance simulation was performed by using ‘nyquist’ function of the MATLAB software,
and Fig. 2-17 shows the results.
In the figure, ten plots for ten experimental results are superimposed over each other.
Variations in the curve fittings at the low current levels result in some discrepancies in the
impedance plots for the low current levels. For the higher current levels, however, the impedance
plots are quite close for each current level. As mentioned in the section of modeling, there are
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Figure 2-17. Impedance diagram obtained from the nonzero initial condition.

usually three arcs, called the charge transfer arc, the gas diffusion arc, and the water diffusion arc.
The charge transfer arc is dominant, and other two arcs are indistinguishable at the current of 1.5
A (Fig. 2-17(a)). With the small increase of the current, the water diffusion arc (around 0.1 – 1
Hz) becomes clear prior to the gas diffusion arc (Fig. 2-17 (a) ~ (b)), and more current makes the
gas diffusion arc (around 10Hz) progressively dominant, and finally the most dominant (Fig. 217 (c) ~ (d)). The charge transfer arc decreases with the increase of the current due to the change
of the rapidity of electrochemical kinetics [2-15], and has little contribution at high current levels.
This behavior is very similar to other EIS results obtained from single fuel cells [2-12, 15, 16],
but the gas diffusion arc plays a more dominant role and its contribution over the reaction is
much bigger than those presented in other researches. O2 transport can be a dominant ratedetermining factor in the case of using air at the cathode and at a high current condition [2-12,
15], but the gas diffusion arc is not as big as that in Fig. 2-17. Unlike EIS where the small
perturbation of voltage at steady state is used, a large change of voltage could bring about instant
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oxygen depletion at the interface. Also, the more complicated structure of the air channel of the
Nexa system than that of single cell and the fact that the fitting range (0 ~ 0.35 s) is prior to the
acceleration of the compressor can increase the possibility of instant drop of O2 concentration at
the interface.
In a fashion similar to the analysis presented above, the impedance simulation results for
the down curves of both initial conditions have little variations if Rct and Cdl are changed with the
values of nonzero initial conditions as can be seen in Fig. 2-18. The small discrepancy between
the two plots for the down curves is caused by neglecting the current at off state, so the total
impedance for zero initial condition is slightly underestimated. The impedance diagram for the
up curve after the same modification shows that the gas diffusion arc is entirely less dominant
than that of the down curve.

Figure 2-18. Comparison of impedance diagrams simulated using each initial condition at the
current of (a) 13A, (b) 19.6A, (c) 27.3A, (d) 32A.
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2.4 Conclusions
A simple method for analyzing a fuel cell system has been presented. The response data
to the step change of load resistors were collected, and the parameters of the simplified Randles
model were evaluated by the curve fitting and solving the equation of motion of the model. As a
result, it was shown that the simulated voltage response using parameters matches well with the
experimental data, and that the simulated impedance can show clearly the change of rate
determining factor as the current level increases. In a transient response subjected to large load
variations, it was proposed that oxygen concentration at the interface where the reaction occurs
can be changeable instantly much more than calculated value under the condition based on
steady state.
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CHAPTER 3
EFFECT OF DYNAMIC OPERATION
ON CHEMICAL DEGRADATION OF A PEMFC

Dynamic operation is known as one of the factors for accelerating chemical degradation of the
polymer electrolyte membrane in a polymer electrolyte membrane fuel cell (PEMFC). However,
little effort has been made dealing with the quantification of the degradation process. In this
investigation, cyclic current operation is carried out on a fuel cell system, and the frequency
effect of cyclic operation on chemical degradation is investigated. The dynamic behavior of a
fuel cell system is analyzed first with the modified Randles model, where the charge double layer
is modeled by three components; a charge transfer resistance (Rct), and two RC cells for the
Warburg impedance. After calculating each parameter value through exponential curve fitting,
the dynamic behaviors of the three components are simulated using MATLAB Simulink®.
Fluoride release as a function of the frequency of cyclic operation is evaluated by measuring the
concentration of fluoride ion in effluent from a fuel cell exhaust. The frequency effect on
chemical degradation is explained by comparing the simulated results and the fluoride release
results. Two possible reasons for the accelerated degradation at cyclic operation are also
suggested.
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3.1 Introduction
The proton exchange membrane fuel cell (PEMFC) has been considered a candidate for
future vehicular and stationary applications and has the advantages of high current density, high
fuel efficiency, and low temperature operation, although technical problems remain. One of the
main issues limiting the application of a PEMFC is membrane degradation which mainly caused
by three factors, mechanical, thermal and chemical degradation [3-1]. If it is assumed that
sufficient temperature control of a fuel cell system can be realized, such that thermal degradation
may be neglected, mechanical degradation is thought to be the main cause of early failure [3-1],
and chemical degradation usually results in a significant drop in the performance before the
failure [3-2].
A number of previous research efforts have shown that the chemical degradation is
mainly attributed to chemical attack of highly reactive oxygen radicals formed in the fuel cell [31, 2, 3]. Although the mechanisms describing how these radicals form and attack the membrane
are still unclear, it is now generally considered that the formation of hydrogen peroxide (H2O2)
plays an important role in the chemical attack. The formation of hydrogen peroxide and reactive
oxygen radicals is a multi-step process including oxygen gas crossover and is shown below in
Fig. 3-1 [3-1, 3]. Hydrogen fluoride (HF) is a direct product of the radical attack on the
membrane. As such, the rate of chemical degradation can be evaluated by measuring the fluoride
content of the effluent from the fuel cell exhaust [3-4]. As fluoride release continues, the
membrane thickness decreases, which is called ‘membrane thinning’ [3-4], and eventually, the
generation of pin-holes which further degrade the system by allowing hydrogen to pass directly
through the membrane and “burn” with oxygen on the platinum catalyst at the cathode side of the
fuel cell.

33

There are several factors that may accelerate the chemical degradation. Severe
degradation due to operation with low humidification and operation with an open circuit voltage,
but no net current has been reported and investigated by multiple researchers [3-5, 6, 7]. A great
deal of research effort has been focused on determine the relation between those factors and
membrane degradation, but those relations have not yet been fully clarified. Liu et al. reported
that dynamic operation also accelerated the chemical degradation by showing that there is about
a one order difference in fluoride release between cyclic operation and constant operation of a
PEMFC [3-8]. However, there has been little further research on the effect of dynamic operation
on chemical degradation.

Figure 3-1. Mechanism of chemical degradation of a PEM membrane.

The goal of this research is an examination of the influence of dynamic operation on
accelerated degradation of a fuel cell system. The PEMFC used in this research was a Ballard
Nexa 1.2kW fuel cell system, and dynamic operation was realized using a transistor switch
controlled by an ON and OFF pulse signal as shown in Fig. 3-2. In that figure, RPL is a parasitic
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load resistor composed of the fuel cell control system and balance of plant (cooling fan,
compressor, solenoid valves), and RL is an exterior load resistor. Different operation conditions
were modified by changing the frequency of the pulse signal. For the sake of this work, the
dynamic behavior of PEMFC was first investigated. The Nexa system was modeled by a
simplified Randles model for which parameters were evaluated using curve-fits and the dynamic
behavior of the fuel cell system as the pulse input was varied was simulated using MATLAB
software. The rate of chemical degradation during operation with different frequencies was
determined by measuring the concentration of fluoride ions released in the water drained from
the fuel cell system using a fluoride ion selective electrode. Finally, the frequency effects on both
simulated dynamic behavior and chemical degradation were compared and their close
relationship was shown.

3.2 Experimental setup
The schematic diagram of the Ballard Nexa fuel cell system is seen in Fig. 3-2. To
dissipate the fuel cell power, a 0.77Ω resistor with a 1kW power dissipation rating was
implemented by parallel connection of a 1 ohm and three 10 ohm resistors (FSE-1000,
Huntington Electric Inc.). The duty ratio of the pulse signal was fixed at 15 % and 50%, and the
pulse frequency was varied from 0.0005 Hz to 1 kHz. A transistor switch was constructed to
perform the step loading and unloading of the system using a high-current complementary
transistor (MJ11032) and a diode. The switch signal and data acquisition were realized using a
standard DAQ card controlled using the MathWorks software package XPC.
Fluoride release rates during operation of the fuel cell system were evaluated by
collecting effluent from the exhaust and measuring the fluoride ion concentration using a
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fluoride ion selective electrode (Hach, Model No. 51928).

Figure 3-2. Experimental setup for dynamic operation of the Ballard Nexa fuel cell system.
Zt is a total impedance of the Nexa system.

3.3 Results
3.3.1 Modeling and Simulation
The voltage and current changes during cyclic operation are shown in Fig. 3-3. The stack
current cannot be completely turned off because there is always a parasitic load current (iRPL), so
the cyclic operation condition in this research has no open circuit condition. Furthermore, under
the assumption of well-controlled humidification of the Nexa system, the only accelerating
degradation factor in this experiment is be assumed to be the dynamic operation.
The equivalent circuit in Fig.3-4 is used to model the fuel cell system as described in a
previous effort [3-9] in which the charge double layer is modeled by three pairs of resistors and
capacitors components: a charge transfer resistance (Rct), and two RC cells. The first RC cell (R1
and C1) is used to model the time delay related to water diffusion inside the membrane, and the
second RC cell (R2 and C2) is used to model gas diffusion in the gas diffusion layer. Values for
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Figure 3-3. Voltage and current changes during cyclic operation.

each of the parameters were calculated through exponential curve fitting. The fitting results using
three exponential curves are shown in Fig. 3-5. The voltage transient occurring during a load
implementation is termed a “down curve” (switch ON) and the voltage transient occurring during
a load removal is termed an “up curve” (switch OFF). Six independent equations for evaluating
six parameters (Rct, Cdl, R1, C1, R2, and C2) can be set up by using three exponential curves [3-9].

Figure 3-4. An equivalent circuit of the Ballard Nexa fuel cell system modeled by the simplified
Randles model. VOCV, Rm, RLt are open circuit voltage, membrane resistance,
and total load resistance including RPL and RS (switch resistance).
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Figure 3-5. Curve fitting using three exponential curves of (a) Down curve and (b) Up curve.

Since the down curve and up curves are different from each other, the parameter values
calculated from these two curves are also different. Each parameter value calculated from the
experimental data of 50% duty ratio and 0.2Hz under the assumption of neglecting the current to
the parasitic load (iRPL) was summarized in Table 3-1. The simulation was conducted twice for
the down and up curve differently using MATLAB Simulink® as shown in Fig. 3-6, and the
results were plotted in Fig. 3-7.

VOCV (V)
Rm (Ω)
Cdl (F)
Rct (Ω)
R1 (Ω)
C1 (F)
R2 (Ω)
C2 (F)
RLt (Ω)

Down curve
41.822
0.0908
0.0168
0.0718
0.145
1.668
0.213
0.0631
0.825

Up curve
41.822
0.0866
0.0213
0.0807
0.177
1.442
0.187
0.101
0.842

Table 3-1. Parameter values of Randles model.
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Figure 3-6. Simulink model of the Ballard Nexa fuel cell system.

Due to the difference of parameter values between down and up curves, it is difficult to
reproduce the continuous voltage response to the high frequency pulse input especially in cases
with asymmetric duty ratios such as 15%. The simulation was performed at 50 % of duty ratio

Figure 3-7. Voltage response reproduced by Simulink® using the calculated parameters.
(a) Duty ratio is 50 % and (b) Duty ratio is 15 %.
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for checking the possibility to reproduce the voltage profile at high frequency using the
parameter values calculated from low frequency data of 0.2 Hz. In Fig. 3-8, it can be seen that
the simulation results compare well with experimental results of various frequencies. For the
purpose of the continuous plot, all starting points of up curves were brought into the end points
of down curves. The current to the parasitic load slightly changes in terms of the frequency, so
RLt should be modified for simulating high frequency response, and usually it decreases at higher
frequency.
In cyclic operation of the Nexa system, a period mismatch is shown between the input
signal and compressor operation. At low frequencies, the compressor speed is low when the
switch is off (open), and the rate is high when the switch is on (closed), so the compressor speed
generally follows the input signal. However, with increasing frequencies, the compressor speed
does not track the input signal as well. This is believed to be due to the inertia of the compressor;
as the switch is closed and opened more frequently, the compressor cannot speed up or slow
down quickly enough to track the varying load. At the frequency range between about 1 Hz and
20 Hz, the period of the compressor operation keeps bouncing back and forth with much longer
frequencies than the input frequency. Eventually, with higher input frequencies, the compressor
speed becomes relatively constant. The longer frequency of the compressor could explain the
discrepancy between experimental and simulated data in Fig. 3-8 (a) in which the voltage drop of
the experiment is getting bigger due to the continuous operation of the compressor of which the
magnitude gradually increases for a while. The results at higher frequencies in Fig. 3-8 (b) ~ (d)
show discrepancies during early stage of the operation, but the simulated results matched well
with the experimental data except these initial differences.
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Figure 3-8. Merged curve of down and up curves simulated at
(a) 1 Hz, (b) 10 Hz, (c) 20 Hz, and (d) 100 Hz.
Modified RLt at each frequency is 0.825, 0.805, 0.775, 0.775 ohms for the down curve,
and 0.842, 0.705, 0.692, 0.662 ohms for the up curve respectively.

3. 3.2 Analysis of dynamic behavior
The experimental data can show only the total voltage drop, but the simulation shown in
Fig. 3-6 can be used to estimate the voltage drop caused by each RC component. The simulation
results of each component as the frequency of the pulse input changes are plotted in Fig. 3-9.
In the result for the charge transfer resistance (Rct), the full voltage oscillation responding
to the input signal occurs up to about 20 Hz, and the oscillation amplitude decreases as the
frequency increases. The 0.1 Hz and 0.2 Hz traces are not visible on the plots (Fig. 3-9 (a) and
(b)) because they’re underneath the 1Hz trace. Due to the small value of Cdl (0.01 ~ 0.02 F) and
Rct (0.07 ~ 0.08 Ω), there are still oscillations, even at the relatively high frequency of 100Hz.
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Figure 3-9. Voltage response dropped by Rct simulated using the parameters from
the down curve and (b) the up curve. (c) and (d) by the first RC cell (R1 and C1),
and (e) and (f) by the second RC cell (R2 and C2).

Similar results were obtained for other two RC cells, but the frequency ranges at which
oscillation amplitudes are attenuated are dependent on RC values. Although different values for
the down and up curves were used, the dynamic behavior of each RC cells are similar between
both curves. The results are summarized in Table 3-2.
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Full oscillation
range
Decreasing
width range
No oscillation
range

Rct

R1 and C1

R2 and C2

DC
~ 20 Hz

DC
~ 0.2 Hz
0.2 Hz
~ 10 Hz
10 Hz ~ Higher
frequency

DC
~ 2 Hz
10 Hz
~ over 100 Hz

~ 100 Hz
No check

No check

Table 3-2. Frequency ranges of the input signal leading to the voltage oscillation.

3. 4 Chemical degradation during dynamic operation
As described previously, chemical degradation continues during non-operation of the
Ballard Nexa system. Cessation of operation can make the chemical degradation all the worse.
Therefore, it is important to ensure how long the fuel cell system has been without operation
before performing experiments that will be used to assess the variation of membrane degradation
as a function of the input signal. To remove the effect of potential chemical degradation due to
the fuel cell system not being used for periods of time, constant-current aging was performed on
the Nexa system before each such experiment. For example, since the fuel cell system had not
been operated for about one month before the first experiment, constant current aging was
conducted for 4.5 hours for the first experiment. For subsequent experiments, constant-current
operation was performed for 2.5 hours to mitigate potential degradation due to the systems’
being inactive overnight. More operating details are provided below in Table 3-3. For each
frequency, dynamic operation of the fuel cell was performed for a specific duration. At fixed
times during operation, effluent samples were taken and tested for the concentration of HF. For
all inputs except at 0.1 Hz, test durations were seven hours. For the 0.1 Hz input, an additional
4.5 hours of testing were performed, to provide insight into any time-dependence of the fluoride
emissions over that long time period. No such dependences were found. For all other tests, the
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duty ratio was set at 15%. These details are more succinctly listed below in Table 3-3, and the
results are shown in Fig. 3-10 (a) and (b).

1

Freq. of
input signal
1 kHz

Duty
ratio
15 %

Cessation
period
~ 1 month

Constant
Current aging
4.5 hrs

2

0.1 Hz

15 %

Overnight

2.5 hrs

3
4
5
6
7
8

0.0005 Hz
1 Hz
20 Hz
0.001 Hz
5 Hz
0.01 Hz

15 %
15 %
15 %
15 %
15 %
15 %

Overnight
Overnight
Overnight
Overnight
Overnight
Overnight

2.5 hrs
2.5 hrs
2.5 hrs
2.5 hrs
2.5 hrs
2.5 hrs

Day

Time for sampling
the effluent
2hr, 4hr, 5.5hr, 7hr
2hr, 4hr, 5.5hr, 7hr,
8.5hr, 10hr, 11.5hr
2hr, 4hr, 5.5hr, 7hr
2hr, 4hr, 5.5hr, 7hr
2hr, 4hr, 5.5hr, 7hr
2hr, 4hr, 5.5hr, 7hr
2hr, 4hr, 5.5hr, 7hr
2hr, 4hr, 5.5hr, 7hr

Table 3-3. Experimental order and condition for dynamic operation of the Nexa system.

The highest level of fluoride ion released in effluent in the first result can be found at the
first point of the constant aging, suggesting that the chemical degradation during non-operation
influences the fluoride release. From the fact that the lowest concentration of fluoride ion in the
Fig. 3-10 (b) is at the first point of the dynamic operation, it is thought to be that the degradation
occurred during overnight cessation can be neglected by the constant aging for 2.5 hours. And
also, the fluoride emission increased and saturated over about 8 hours during the dynamic
operation.
The frequency effect on chemical degradation is plotted in Fig. 3-11. Fluoride emission
increases up to peak around 0.1 Hz and then decreases with further frequency increases. In
examining the data in Fig. 3-11 (a), it appears that the fluoride emission is relatively constant for
frequencies above 20 Hz. If it is assumed that the emissions at 1 kHz are essentially the same as
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Figure 3-10. Fluoride release during the operation (a) at 1 kHz and (b) at 0.1 Hz.

for constant-current operation, then the difference in fluoride emissions between the constant and
dynamic operations would appear to be on the order of two, rather than the variation of a factor
of 10 reported by Liu et al. [3-8]. This could be from different experimental conditions in which
the cyclic operation condition included open circuit [3-8].
It is interesting to compare the frequency dependence of the fluoride emission with the
voltage response of the first RC cell (R1 and C1) listed in table 3-2. The two sets of data are both
shown in Fig. 3-11 (b). In that figure, the frequency range can be divided by three zones: a full
oscillation region (DC-0.2 Hz), a transition region (0.2 to 10 Hz), and no oscillation region (>10
Hz). The fluoride emissions increase with frequency across the full oscillation region, then
decrease across the transition region and finally become independent of frequency in the no
oscillation region. As mentioned in the previous discussion of modeling, the first RC cell
represents the time delay corresponding to water transport in the membrane [3-9, 10]. It is thus
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supposed that the accelerated degradation of the membrane (as indicated by the increased
fluoride emissions) is closely related to water transport inside the membrane.

Figure 3-11. (a) Fluoride release during dynamic operation in terms of frequency variation.
(b) Relationship between the voltage oscillation of the first RC cell and fluoride emission in
terms of the frequency change.

3.5 Discussion
The result of figure 3-11 showed that the periodic water transport inside the membrane
plays an important role in the chemical degradation. In general, water transport in the membrane
is considered as to result in dehydration and hydration at the anode and cathode sides of the
membrane respectively because of electro-osmotic drag [3-11]. There are four kinds of water
movements occurred inside the membrane, electro-osmotic drag, back diffusion, evaporation into
air at the cathode, and supply from external humidifier at the cathode and/or the anode [3-11]. In
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case of the Ballard Nexa system having very thin membrane (3.5 x 10-5 m) and just one side
humidifier at the cathode [3-12], the back diffusion of the water may play a serious role in the
water movements [3-11, 13]. The anode side of the membrane usually experiences the humidity
cycle, but the cathode side is fully saturated with water at all times. There are reports indicating
that humidity cycles may induce mechanical stresses [3-14, 15]. Moreover, it was shown that
membrane thinning and pin-holes generation were accelerated in the area corresponding to the
stress concentration points [3-16]. Therefore, one possible reason for accelerated degradation of
dynamic operation is the periodic stress induced by the humidity cycles even though the stress is
not enough to cause mechanical deformation.
Another possible reason suggested in this paper is related to diffusion of H2O2. Electroosmotic drag of water is the mass flux caused by a polarity of the water molecules attracted to
the positively charged protons moving from the anode to the cathode [3-17]. Since H2O2 has
dipole moment of 2.2 Debye which is bigger than water (1.85 Debye), it can be also dragged by
the moving protons and periodically transported by the cyclic operation in the same fashion as
the water. H2O2 is generated at the anodic catalyst layer by the direct combustion of hydrogen
with crossover oxygen or incomplete reduction of oxygen on the Pt surface [3-1, 6]. Furthermore,
contaminants such as chloride ions and carbon monoxide can increase the yield of H2O2
drastically [3-1]. Such H2O2 formation reactions can also occur at the cathode catalyst layer [3-1,
18]. However, H2O2 is so reactive to be decomposed into water relatively quickly on the Pt
surface [3-18], and it can be assumed that there is a little chance for H2O2 to be accumulated on
the Pt surface before it diffuses into the membrane. This assumption can be applied to just the
cathode catalyst layer because a monolayer of hydrogen on the Pt surface at the anode inhibits
the decomposition of H2O2. For this reason, it is widely believed that H2O2 formation occurs
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mainly at the anodic catalyst layer [3-1, 19]. With no current, H2O2 formed at the anode would
diffuse into the cathode and be removed by decomposition on the Pt surface or evaporation into
the air. The concentration of H2O2 at the anode and the cathode sides of the membrane would
depend on the yield of H2O2 at the anode and the removal rate of H2O2 at the cathode, which is
described in Fig. 3-12 (a).

Figure 3-12. Concentration of H2O2 inside the membrane during operation (a) at open circuit, (b)
during switch on (large current), and (c) during switch off (small current).

Even small currents could reduce the H2O2 concentration at the anode side of the
membrane due to the electro-osmotic drag, and the total amount of H2O2 inside the membrane
would decrease because the accumulation of H2O2 at the cathode could expedite the removal rate
as shown in Fig. 3-12 (b) (a bigger arrow), which can explain the accelerated degradation at open
circuit condition. As the current stops or decreases during the dynamic operation condition,
redistribution of H2O2 may occur inside the membrane due to the back diffusion under the
circumstance of accumulated H2O2 at the cathode side and H2O2 generation at the anode layer,
which could explain deteriorated degradation during dynamic operation. In addition, the serious
effect of the low humidification on the degradation mentioned in the introduction can be
explained by the higher dipole moment of H2O2 than that of the water. It was reported through
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simulation research [3-20] that most water molecules are constrained by sulfonate heads in the
membrane at low water contents. H2O2 would also be constrained by them, besides, more
strongly than water due to its larger polarity, so most H2O2 could make contributions in
formation of reactive oxygen radicals with little chance to diffuse out to the cathode.

3.6 Conclusions
The frequency effect of the dynamic operation on the chemical degradation was
investigated in this research. Firstly, the Ballard Nexa system was analyzed by a modified
Randles model and curve fitting, and dynamic behavior of it as the change of frequency was
simulated using MATLAB Simulink®. Secondly, the fluoride release in terms of the frequency
change was evaluated by measuring the concentration of fluoride ion in the drain water of the
Nexa system. The comparison between above two results showed that accelerating factor of the
dynamic operation on the chemical degradation is closely related to water transport inside the
membrane. Two possibilities of the accelerating factor were presented. One is the stress induced
by cyclic humidity, as suggested by other sources and the other is periodic transport of H2O2
inside the membrane.
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CHAPTER 4
A COMPUTATIONAL SIMULATION OF
A TRANSIENT VOLTAGE RESPONSE OF A PEMFC

This chapter presents a single-phase numerical model to predict the voltage transients in a
PEMFC. A new approach is developed by distinguishing between two different electrical
currents that together define the current density of a given fuel cell: charging currents (jC) which
are accumulated in the interfaces where the fuel cell reaction occurs, and faradaic currents (jF)
which are charge transfer currents determined by the Butler -Volmer equation. The successive
change of the activation overpotential is calculated by using the charging currents and the
element law for an ideal linear capacitor. The transient voltage response to a step load change is
shown in results. The present model demonstrates that the transient change of the cell potential is
effected by oxygen concentration at the interface and liquid water content inside the ionomer.

4.1 Introduction
A PEMFC has great potential for portable and automotive applications due to its low
operating temperature, high power density, and high efficiency. A great deal of research work
has been performed in the area of PEMFC modeling, but most has been focused on the steady
state reaction. However, the transient response of fuel cells is also very important. For example,
if a fuel cell system is used in the primary power source of an automobile, the dynamic or
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transient response of the system has implications for vehicle safely and also for efficient
operation if the fuel cell is to be used in combination with electrical energy storage technologies
such as batteries or super-capacitors. Thus, an understanding of the transient characteristics of
the fuel cell system is important for design and control of a fuel cell.
There are three primary processes governing the time response of a PEMFC; (1)
electrochemical double-layer discharging, (2) gas transport through gas channels and gas
diffusion layers, and (3) membrane hydration or dehydration [4-1]. Double-layer discharging has
the shortest time constant, on the µs to ms time-scale, and gas transport has a time constant
between 0.1 and 1s. The change of water contents inside the membrane is the slowest process
and its time constant is calculated as being up to 25s in some cases [4-1]. Y. Wang et al. showed
that a dynamic response of the current density to a step-changed cell voltage varies as a function
of water diffusion inside the membrane. The change of water content in the membrane caused by
water diffusion leads to a variation of proton conductivity of the membrane, and results in a
variation of the voltage response [4-2]. S. Um et al. showed in their research that there was an
undershoot in the transient response of the current density when the cell voltage is abruptly
changed, which corresponds to the phenomena of low oxygen concentration under a high current
condition [4-2, 3]. Similarly, most transient models for the numerical simulation of PEMFCs are
based on the above models; usually, the cell potential is given, and the transients in current
density are calculated when the cell potential is abruptly changed. S. Shimpalee et al. also
showed the overshoot of the current density under the similar conditions [4-4, 5], and H. Meng
developed the model to show increased overshoot and undershoot by introducing a two-phase
non-isothermal condition [4-6]. However, there has been little effort to develop a model to
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predict the transient voltage response to a step changed load although the transients in the cell
potential are as important as those in current density.
In this work, a simulation model will be developed to predict the transient voltage
response of a PEMFC due to a step change of load resistor. For the purpose of this work, it is
important to understand the charge double layer (CDL). The charge double layer exists on both
anode and cathode catalyst layers. The CDL at the cathode side is considered to be more of a
limiting factor in the transient response than the CDL at the anode side because the oxygen
reduction reaction rate in the cathode is much lower than the hydrogen oxidation reaction rate in
the anode. Since the possibility of the reaction between protons, electrons and oxygen depends
on their respective densities on the cathode interface where the reaction occurs, charges must be
accumulated on the interface to make the current flow [4-7]. This generates an electrical
potential called overpotential. Thus, the CDL acts like a leaky capacitor represented by a parallel
combination of a capacitance (Cdl, the capacitance of the CDL) and a resistance (Rct, the charge
transfer resistance) [4-8]. As a result, the electrical currents in the system can be classified into
two groups: charging currents (jC) which accumulate charge on the interfaces, and faradaic
currents (jF) which are accompanied by a real charge exchange. An equivalent circuit of the
leaky capacitor and a schematic diagram of the current flow inside a PEMFC are shown in Fig.
4-1, where jFa, and jFc are the faradaic current density (A m-3) at the anode and cathode side
respectively, jt and je are the total current density and electron current density to the load resistor,
and jCa, and jCc indicate the current density charging the capacitors at the anode and cathode sides
(A m-3).
The faradaic current passing through Rct is described by the Butler-Volmer equation. The
simplified forms of the equation at the anode and cathode side are expressed as follows [4-1];
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C
anode: j = ai  Href2
 CH
 2
a
F

ref
0 ,a

1/ 2

  αa +αc

 
Fη a 
  RT



 CO2 
 exp α c Fη c 
ref 
C
 RT

 O2 

cathode: j Fc = −ai0ref,c 


(4-1)

(4-2)

where ai0,aref and ai0,cref are the volumetric exchange current density (A m-3) at the anode and
cathode side respectively. CH2,ref and CO2ref are reference hydrogen and oxygen concentrations
(mol m-3), and CH2 and CO2 are hydrogen and oxygen concentrations at the interface where the
reaction occurs. αa and αc are the anodic and cathodic transfer coefficients. R is the universal gas
constant (J mol-1 K-1), T is temperature (K), F is the Faraday constant (F), ηa and ηc are the
surface overpotentials or the activation overpotentials (V) at the anode and cathode.

Figure 4-1. An equivalent circuit of the leaky capacitor and a schematic diagram of the
current flow inside a PEMFC.
The remaining parameters are defined by the following equations where Vcell is the cell potential;

jt = Vcell / RL ,

jCa = jt − jFa ,

je = j Fa

(4-3, 4)

jCc = jFa − jFc (4-5, 6)
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Actually, the anode charging current (jCa) is associated with the maximum current which a fuel
cell can generate in a given condition such as H2 concentration and catalyst characteristics, but it
is assumed to be restricted by the total current (jt) because the anode CDL capacitance is so much
smaller than that of the cathode CDL. When the charging currents (jCa and jCc) become zero at
steady state, all other currents (jt, je, jFa, and jFc) have the same value in above equations.
Assuming the equivalent circuit shown in Fig. 4-1, η represents a voltage drop as Cdl is
being charged by jC, and is calculated by the element law for a fixed linear capacitor,

ηa =

1
a dl C dl

∫

t

0

jCa dt ,

ηc =

1
a dl C dl

∫

t

0

jCc dt (4-7, 8)

If the adlCdl (a volumetric capacitance) is given, the transient cell voltage can be
simulated when a load resistor (RL) changes abruptly from infinity (an open circuit) to a specific
value. Under the assumption of negligible electric potentials of the electronic phase, the cell
voltage is expressed by the following equation,

Vcell = V0 − Φ e − η a − η c

(4-9)

where V0 stands for the thermodynamic reversible potential of the fuel cell reaction, and Φe is the
electric potential of the electrolyte and, in general, represents ohmic loss due to the resistance of
the ionomer phase.

4.2 Mathematical model
A PEMFC is generally divided into seven regions for the modeling as seen in Fig. 4-2.
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Figure 4-2 A schematic diagram of a PEMFC divided into seven subregions.

From the anode side, the seven regions are the anode gas channel (GC), anode gas
diffusion layer (GDL), anode catalyst layer (CL), polymer electrolyte membrane (PEM), cathode
CL, cathode GDL, and cathode GC. Except GCs of both sides, all other subregions are
considered porous materials. Feed gases at both sides are considered to be composed of fuel gas
(hydrogen at the anode and oxygen at the cathode), water vapor, and nitrogen. The fuel cell
reactions are thought to occur only within the catalyst layers. In addition, catalyst layers are
usually composed of three phases; a solid matrix including Pt catalysts and carbon electrode, an
ionomer phase (generally recast Nafion) filled with liquid water, and pores where gases flow.
Thus, the catalyst layers are considered as the more complicate and critical part among other
subregions.
A mathematical PEMFC model is usually composed of five principles of conservation
under the single-phase assumption. The single-phase model assumes no formation of liquid
water, so water exists only as vapor. Thus, this approach is usually applicable for fuel cell
operation under low humidification. The five conservation laws are described by following
equations [4-1],
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Mass conservation:

∂ ( ρε )
+ ∇ ⋅ ( ρu ) = S m
∂t

(4-10)

Momentum conservation: 1 [ ∂ ( ρu ) + 1 ∇ ⋅ ( ρuu )] = −∇p + ∇ ⋅ ( µ eff ∇u ) + Su
ε ∂t
ε

(4-11)

Species conservation:

∂ (εCk )
+ ∇ ⋅ (uCk ) = ∇ ⋅ ( Dkeff ∇Ck ) + S k
∂t

(4-12)

Charge conservation:

∇ ⋅ (σ eff ∇Φ s ) + S Φ = 0 (for the electronic phase)

(4-13)

∇ ⋅ (κ eff ∇Φ e ) + S Φ = 0 (for the electrolyte)

(4-14)

Energy conservation:

∂ (( ρc p ) m T )
∂t

+ ∇ ⋅ ( ρc p uT ) = ∇ ⋅ (k eff ∇T ) + ST

(4-15)

Here, ε is the porosity of the matrix, u is the intrinsic fluid velocity (m s-1), ρ is the density (kg
m-3), p is pressure (Pa), Ck is concentration of chemical species k, keff is the effective thermal
conductivity (W m-1 K-1), cp is the constant pressure heat capacity (J kg-1 K-1), and S with
subscripts stands for source term. Other parameters are given in Table 4-1 based on Ref. 4-9. λ is
the water content of the membrane phase which can be expressed by [4-11];
λ=

C Hλ 2O
m
ρ dry

EW

(4-16)

− bC Hλ 2O

where C Hλ O is water concentration inside the ionomer phase, and b is the membrane extension
2

coefficient in the x direction which is typically 0.0126.
All diffusion coefficients within the porous media such as GDL and CL are modified by
the Bruggeman correlation as described in the following equations;

DHeff2 = ε 1.5 DH 2 , DHeff2O = ε 1.5 DH 2O , DOeff2 = ε 1.5 DO 2 ,
1.5
eff
DHm2,eff
= m1.5κ
O = m Dm , κ
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Quantity

Value

Atmospheric pressure (Pa),

patm

101,325

Pressure of saturated vapor (Pa),

psat

log10 ( p sat / p atm ) = −2.1794 + 2.953 × 10 −2 (T − 273.15)
− 9.1837 × 10 −5 (T − 273.15) 2 + 1.4454 × 10 −7 (T − 273.15) 3

Diffusivity of H2O in gas mixture
2 -1

7.35 × 10 −5 (T / 353) 3 / 2 ( p atm / p )
DH2O

(m s ) ,
Diffusivity of H2 in gas mixture,

DH2

1.1× 10 −4 (T / 353) 3 / 2 ( p atm / p )

Diffusivity of O2 in gas mixture,

DO2

3.2 × 10 −5 (T / 353) 3 / 2 ( p atm / p )

Gas viscosity (kg m-1s-1),

µ

Reversible potential (V),

V0

9.88 × 10 −6 C H 2 + 1.22 × 10 −5 C H 2O + 2.3 × 10 −5 C O2 + 2.01× 10 −5 C N 2
1.23 − 9 × 10 −4 (T − 296)

Diffusivity of the ionomer (m2 s-1), Dm

3.1× 10 −7 λ (e 0.28λ − 1)e −2346 / T ,
for λ ≤ 3

−8
−λ
− 2346 / T
, for λ > 3
 4.17 × 10 λ (1 + 161e )e

Ionic conductivity of the membrane,

(0.5139λ − 0.326) exp[1268(1 / 303) − (1 / T )]

-1

-1

κ

(A V m )

Electro-osmotic drag coefficient [4-5],
nd

for λ ≤ 14
1.0,

 (1.5 / 8)(λ − 14) + 1.0, otherwise

109 and 104

Volumetric exchange current density,
ai0,aref and ai0,cref

(A m-3)

Reference H2 and O2 concentrations

40

ref

-3

ref

CH2 and CO2

(mol m ),

Transfer coefficients at the anode and
cathode sides,

2 and 1

αa+αc and αc

Dry membrane density (kg m-3),

ρdry

Equivalent weight of ionomer phase
(kg mol-1),

1980
1.1

EW

Porosity of GDL and CL,
Volume fraction of ionomer in CL,
2

Permeability of GDL and CL (m ),

ε

0.6 and 0.4

m

0.26

K

10-12 and 10-15

Volumetric capacitance of the CDL
(F m-3) [4-10],

7 × 107

adlCdl

Thickness of GDL, CL, and EM (m)

3 × 10 −4 , 10 −5 , and 5.1 × 10 −5 (Total length, L = 6.71 × 10 −4 )

Length (Ly), depth (Ld) and

0.1(y direction), 0.001(x direction), and 0.001(z direction)

width (Lz) of GC (m) [4-2]

Table 4-1. Model parameters.
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Various assumptions are made to simplify and solve those equations. Basic assumptions
listed in [4-3] are “(i) ideal gas mixtures, (ii) incompressible and laminar flow due to small
pressure gradients and flow velocities, (iii) isotropic and homogeneous electrodes, catalyst layers,
and membrane, (iv) constant cell temperature; and (v) negligible ohmic potential drop in the
electronically conductive solid matrix.” The equations of energy conservation (Eq. (4-15)) and
charge conservation for the electronic phase (Eq. (4-13)) become useless under those
assumptions. In addition, the small permeability coefficients of the GDL and CL allow for
substituting Darcy's law in place of the momentum equation according to [4-9]:
∇p = −

µ eff
K

∇p

(4-17)

In general, the equation of species conservation is applicable to just three species;
hydrogen, oxygen, and water vapor. The molar concentration of nitrogen can be calculated using
definition of the density [4-12], ρ = M H C H (or M O CO ) + M H O C H O + M N C N , where the
2

2

2

2

2

2

2

2

density can be calculated from the continuity equation (Eq. (4-11)). Using the ideal gas law,

p = RT [C H 2 (or CO2 ) + C H 2O + C N 2 ] , the pressure can be solved, and then the velocity of the
flow is calculated by the momentum equations. That is the calculating order of all variables in
the gas phase [4-12].
Three more assumptions are added for the liquid water inside the ionomer which includes
the subregions of the CL and the membrane [4-9]; (i) negligible presence of dissolved gases, (ii)
no gas flow due to its very small permeability coefficients estimated between 10-18 and 10-20 (m2),
(iii) maintaining charge neutrality. Therefore, the species equation for the liquid water (Eq. (412)) and charge conservation equation of the electrolyte (Eq. (4-14)) remain for the ionomer
phase. For the purpose of simplicity, the effect of flow inside the anode gas channel is considered
to be negligible because, as noted previously, the hydrogen oxidation reaction rate at the anode is
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much faster than the oxygen reduction reaction rate in the cathode. When one-dimensional flow
is taken, the governing equations for each region modified from the five conservation equations
are given below in Table 4-2.
Inlet
Outlet

GC
(at the
cathode)

Dirichlet boundary condition at the inlet: p, ρ, CO2, CH2O, and CN2 are initially given at the cathode.
Zero normal gradient for the variables at the outlet.
∂ρ
+ ∇ ⋅ ( ρv) = S m , p = RT [C O2 + C H 2O + C N 2 ]
∂t
∂ ( ρv ) ∂ ( ρvv)
∂p
∂
∂v
+
=−
+
(µ
)
∂t
∂y
∂y
∂y
∂y

∂CO2

+

∂t

Interface

∂
∂
∂
(vCO2 ) = ( DO2 CO2 ) + SO2 ,
∂x
∂x
∂x

∂t

+

∂
∂
∂
(vCH 2O ) = ( DH 2O C H 2O ) + S H 2O
∂x
∂x
∂x

Anode; Dirichlet boundary conditions (p, ρ, CH2, and CH2O are initially given at the anode)
Cathode; Dirichlet boundary conditions (average values of p, ρ, CH2, and, CH2O in the GC are used)

ε
GDL

ε

µ
∂ρ
u,
+ ∇ ⋅ ( ρu ) = 0 , ∇p = −
K
∂t
eff

∂CH 2 orO2
∂t

+

λ

∂C H 2O
∂x

CL

p = RT [C H 2 (or CO2 ) + C H 2O + C N 2 ]

∂C H 2O
∂
∂
∂
∂
∂
∂
CH 2 orO2 ) , ε
(uCH 2 orO2 ) = ( DHeff2 orO2
(uC H 2O ) =
( DHeff2O
+
C H 2O )
∂t
∂x
∂x
∂x
∂x
∂x
∂x

p GDL = p CL , ρu GDL = ρu CL , C x
Interface

∂C H 2O

∂Φ
= 0,
∂x

GDL

=Cx

CL

, D eff ∂C x
x
∂x

GDL

∂C x
∂x

where x is H2, O2, or H2O
CL

= 0 (for the ionomer)
CL

∂ρ
µ eff ,
∂p
+ ∇ ⋅ ( ρu ) = S m ,
=−
u p = RT [C H (or CO ) + C H O + C N ]
∂t
∂x
K
∂C
∂
∂
∂
ε H 2orO2 + (uC H 2orO2 ) = ( DHeff2orO2 C H 2orO2 ) + S H 2orO2 ,
∂t
∂x
∂x
∂x
∂C H 2O ∂
∂
∂
ε
+ (uC H 2O ) = ( DHeff2O C H 2O ) + S H 2O
∂x
∂x
∂x
∂t
λ
∂C H 2O
∂
∂ λ
∂Φ e
∂
( DHm2,eff
m
C H 2O ) + S Hλ 2O ,
=
(κ eff
) + S Φ = 0 (for the ionomer)
O
∂x
∂x
∂t
∂t
∂x

ε

CL

2

u PEM = 0 , ∂C x
∂x

Interface

C Hλ 2O
PEM

= Dxeff

CL

∂C Hλ 2O
∂t

=

= C Hλ 2O

2

2

2

= 0 where x is H2, O2, or H2O
PEM

PEM

λ
, D m ,eff ∂C H 2O
H 2O

∂
∂ λ
C H 2O ),
(D m
∂x
∂x

∂x

= DHm2O

∂C Hλ 2O

CL

∂x

, Φe
PEM

CL

= Φe

PEM

, κ eff ∂Φ e

∂x

∂Φ e
∂
(κ
)=0
∂t
∂x

Table 4-2. The governing equations for one-dimensional PEMFC model.
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=κ
CL

∂Φ e
∂x

PEM

There are nonzero sources in the catalysts layers because the fuel cell reaction occurs
within that region. Exceptionally, the momentum equation in a porous medium has the source
term represented by Darcy’s drag which is already included in Darcy’s Law of Table 4-2. In fact,
all equations in the gas channel have a zero source, but nonzero sources in the continuity
equation and species equation are assumed. Also, one-dimensional flow in each region is
assumed so flow only in the y-direction exists in the gas channel, but x-direction flows entering
into each GDL should be considered and are regarded as source terms in this research. The
fluxes of the gases at the interface between the GC and the GDL are calculated by

S O2 = DOeff2 ∂CO2 / ∂x

GDL

and S H 2O = DHeff2O ∂C H 2O / ∂x

GDL

, and they are normalized by the depth of

the GC (Ld, x-direction of the GC). A general form of nonzero sources is given in Table 4-3
based on [4-9].

anode

cathode
S O2 = − DOeff2

GC

Not considered

∂CO2
∂x

S H 2O = − DHeff2O

/ Ld
GDL

∂C H 2O
∂x

/ Ld
GDL

S m = M O2 S O2 + M H 2 O S H 2 O
S H2 = −

1
jt ,
2F

S O2 = −

S H 2O = −γ *[C Hλe2O − C Hλ 2O ]
CDL

S Hλ 2O = γ *[C Hλe2O − C Hλ 2O ]

S m = M H 2 S H 2 + M H 2O S H 2O
S Φ = j Fa

1 c
jF ,
4F

S H 2O = −γ * [C Hλe2O − C Hλ 2O ]
S Hλ 2O =

nd a
1 c
jF +
j F + γ * [C Hλe2O − C Hλ 2O ]
F
2F

S m = M O2 S O2 + M H 2 O S H 2 O

S Φ = − j Fa

Table 4-3. Source terms
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In traditional way, it is supposed that the liquid and vapor phases are at equilibrium state
with each other so phase transition is determined by the experimental uptake curve by using the
Eq. (4-18) [4-9],

0.0043 + 17.18a − 39.85a 2 + 36.0a 3 , for 0 ≤ a ≤ 1
λe = 

for 0 ≤ a ≤ 1 
 14 + 1.4(a − 1),

(4-18)

where a is the vapor activity (a ≡ RTC H O / p sat ) . However, the equilibrium assumption may cause
2

some problems when applied to the modeling of transients in a fuel cell reaction because the
equilibrium state cannot be achieved instantly. For that reason, A. Vorobev et al. [4-9]
introduced the phenomenological parameter (γ*) defined by a reciprocal of the typical relaxation
time. The authors estimated its value, 11.4 ≤ γ * ≤ 1.14 × 10 4 ( s −1 ) , in which 11.4 means very slow
equilibration and 11400 means almost immediate equilibration. The transition rate between
liquid water and water vapor is determined by the equation of γ * [C Hλ O − C Hλ O ] , where
e

2

2

[C Hλe2O − C Hλ 2O ] stands for the difference of water contents inside the electrolyte between
λ

equilibrium and transient state, and C He2O can be calculated by Eq. (4-16) using λe instead of λ.

4.3 Mathematical formulation
The model is calculated by the finite-difference method. The fully explicit method is used
because the model has highly non-linear equations and boundary conditions. Since the secondorder central difference method is often unstable and cannot be applied to convection dominated
problems, the upwind differencing method is typically used for convection terms, but the
diffusion term is still discretized by applying a central difference scheme. The grid size of each
subregion will be varied from 5 to 40 in order to check for stable and convergent solutions. A
staggered mesh is used for more stable calculation, in other words, the pressure and velocity
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components are not stored at the same location. Normally, the location of velocity components is
half a cell away from the pressure location [4-13]. The procedures of discretization of equations
of mass, momentum, and species conservation in the staggered mesh are performed.
With the assumption that the gas viscosity (µ) is constant in space vector at each time
level, the momentum equation in the GC can be written as,
 ∂ 2 v~ 
∂p
∂ ( ρv~ ) ∂ (ρvv~ )
+
= − + µ  2 
∂t
∂y
∂y
 ∂y 

(4-19)

Here v is the convecting velocity, and v~ is the transported quantity which can be thought of as
momentum per unit mass or specific momentum [4-13]. Different terms of the equation can be
discretized using forward difference in time and upstream and central difference in space;
n +1
n
n
n
n
∂ ( ρv~ ) ( ρv) j − ( ρv) j
∂ (ρvv~ ) (ρv nth v~nth ) − (ρv sth v~sth ) ∂ 2 v~ v j −1 − 2v j + v j +1
,
,
=
=
=
(∆t )
∂t
(∆y )
∂y
∂y 2
(∆y )2

where vnth =

v nj + v nj+1
2

and v sth =

v nj−1 + v nj
2

are the convecting velocities at the north and south points

while v~nth and v~sth are the specific momentums convected through the north and south points. If
upwind differencing is used then [4-13],
 v n , if v nth > 0
 n
and v~sth = v j n−1 , if v sth > 0 .
v~nth =  nj
v j +1 , if v nth < 0
 v j , if v sth < 0

The equation for the conservation of species in the GC with the assumption of constant
gas diffusivities at each time level can be expressed by,
∂C k ∂
∂ 2C
+ (vCk ) = Dk ( 2k ) + S k
∂t ∂y
∂y

(4-20)

And, the discretized forms are,
n +1

n

(

) (

)

n
n
n
2
− 2C k , j + C k , j +1
C
∂C k C k , j − C k , j ∂ (vC k ) v nth C k , nth − v sth C k , sth
,
, ∂ C2k = k , j −1
=
=
(∆y )
(∆t )
∂y
∂t
∂y
(∆y )2
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where vnth = v nj and vsth = v nj−1 are the convecting velocities at the north and south points. If
upwind differencing is used, the concentrations convected through the north and south points are
[4-13],
n
 C n , if vnth > 0
and C k ,sth = C k , j −1 , if v sth > 0 .
C k ,nth =  nk , j
n
C k , j +1 , if v nth < 0
 C k , j , if v sth < 0

As the similar way, the equation for the species conservation in the GDL and CL can be written
by the following equation,

ε

∂ (C k ) ∂
∂ 2C
+ (uC k ) = Dkeff ( 2k ) + S k
∂t
∂x
∂x

(

) (

(4-21)

)

n +1
n
n
n
n
∂C k C k , i − C k , i , ∂ (uC k ) u est C k , est − u wst C k , wst , ∂ 2 C k C k ,i −1 − 2C k ,i + C k ,i +1
=
=
=
(∆x )
∂x
(∆t )
∂t
∂x 2
(∆x )2

where u est = u in and u wst = u in−1 are the convecting velocities at the east and west points. If
upwind differencing is used, the concentrations convected through the east and west points are
[4-13],
C n , if u est > 0
 C n , if u est > 0 and
.
C k , wst =  k n,i −1
C k ,est =  nk ,i
 C k ,i , if u wst < 0
C k ,i +1 , if u est < 0

The equation of mass conservation is discretized in the same way as the species equations
except that the convected term is density (ρ). For instance, the mass equation in the gas channel
and its discretized forms are;
∂ρ ∂
+ (vρ ) = S m
∂t ∂y

(4-22),

n +1
n
∂ρ ρ j − ρ j ∂ (vρ ) (v nth ρ nth ) − (v sth ρ sth )
,
,
=
=
(∆t )
∂t
(∆y )
∂y

ρ nth

 ρ nj−1 , if v sth > 0
 ρ nj , if v nth > 0
,
and
.
ρ sth =  n
= n
 ρ j , if v sth < 0
 ρ j +1 , if v nth < 0
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The constant and very small time step (2 × 10 −8 s) is used, the resistivity of the load
resistor is set to be 5 ×10 −10 (Ωm 3 ) in order to make the saturation current about 1 A cm-2, and the
temperature is fixed at 50˚C. The initial conditions are supposed that the u niform distribution of
each gas as well as the pressure throughout all subregions. Conditions of feeding gases are pure
hydrogen at the anode and air at the cathode both of which are humidified with 60 % water vapor.
The initial water content inside the ionomer phase is assumed to be in equilibrium state with the
water vapor concentration.
After setting the initial values, every time step has the following iteration procedure; (i)
calculating the current densities and activation overvoltage (ηa and ηc) using the equations from
(4-1) to (4-8), (ii) calculating the source terms, and solving ρ, CH2, CO2, CH2O, CN2, p, and
velocities of the gas phase within the GDL and CL, (iii) solving the same parameters above in
the gas channel, (iv) calculating C Hλ O and Φe inside the ionomer phases, (v) evaluating the cell
2

potential by using Eq. (4-9).
In calculating the transients in the cell voltage, the effects of oxygen gas concentration at
the interface where the fuel cell reaction occurs and liquid water content inside the ionomer
phase can be shown by varying the pressure (p), the inlet velocity in the gas channel (v), and the
phenomenological parameter (γ*). The inlet velocity at the cathode GC can be evaluated by the
following equation [4-14],
ν in = ζ c

I ref
4 FCO2

Areact
Ac ,in

(4-23)

where ζc is stoichiometric flow ratio at the cathode defined as the ratio of the amount of reactant
supplied to the amount of reactant required by the electrochemical reaction to generate a
specified reference current density [4-14], Iref (A cm-2) which is fixed at 1A cm-2 in this research.
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Areact (m2) and Ac,in (m2) are the area where the electrochemical reaction occurs and the cross area
of the inlet, respectively. The variation of ζc corresponds to the change of the inlet velocity, and
the variation of the oxygen concentration at the interface.

4.4 Calculation results
4.4.1 A grid size for convergent solutions\
The number of grid points is varied from 5 to 40 for each subregion except the CL. The
grid points over 10 in the CL make the calculation result unstable. The stability can be estimated
using the factors of v∆t / ∆x and D∆t /(∆x) 2 in the equation with both convection and diffusion
terms such as Eq. (4-20) [4-13]. If the equation is linear, the stability requirement are v∆t / ∆x ≤ 1
and D∆t /(∆x) 2 ≤ 0.5 [4-13]. In case of non-linear equations, it is difficult to estimate the stability
with an exact value, but the two factors are should be small enough for stable result. Considering
small length of the catalyst layer with the numerical grids consisting of 15( ∆x = 6.67 ×10 −7 m ),
DHeff2 ∆t /(∆x) 2 is 0.93 for the hydrogen gas at the initial stage that is thought to be too big to get

stable calculation. In order to use more fine grids of the CL, the time step ( ∆t ) should be smaller
than 2 × 10 −8 s for the smaller value of DHeff ∆t /(∆x) 2 . However, the smaller time step needs much
2

longer computing time, and also the result of it ( ∆t =10-8s and ∆x CL = 6.67 ×10 −7 m ) makes just
small difference to that of 10-point grid of the CL ( ∆t = 2 ×10 −8 s and ∆x CL = 10 −6 m ) as can be seen
in Fig. 4-3. As a result, the grid size and the time step are fixed at 20 points (10 points for the
CL) and 2 × 10 −8 s , respectively.
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Figure 4-3. Convergent solutions dependent on the grid size and time step.
(a) and (b) CO2c in GL and CL, (c) and (d) CH2Oc in GL and CL, respectively.
Thick lines; ∆t = 2 ×10 −8 s and ∆x(CL) = 10−6 m , thin lines; ∆t =10-8s and ∆x(CL) = 6.67 × 10−7 m .

4.4.2 Base Case
The simulated transients in voltage is shown in Figure 4-4 under the condition that the
inlet velocity is 55m s-1 (ζc =2) the pressure is 1.2 atm, and γ* is 11.4. The initial rapid voltage
drop is mainly attributed by the ohmic loss term (Φe), and the drop shown in the early stage is
caused by the activation loss term (η a + η c). The gradual increase after reaching the minimum
point corresponds to the change of the ohmic loss term caused by the change of water content in
the ionomer phase as can be seen in Fig. 4-5. Water is consumed at the anode side while
accumulated at the cathode side due to the electro-osmotic drag as well as the water formation
reaction. Thus, the concentrations of water decreases at the anode and increases at the cathode,
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and the concentration gradient causes diffusion of water from the cathode to the anode. As a
result, the absolute value of the ohmic loss term decreases gradually. The amount of variation
and the time to reach steady state are dependent on the humidity ratio and the phenomenological
parameter (γ*). The smaller humidification typically results in the bigger variation of the ohmic
loss term [4-14], and the effect of γ* will be provided in the next section.

Figure 4-4. Simulated transients in voltage (a) Vcell, (b) η, and (c) Φe.
Simulation condition; ζc =2 (v = 55m/s), p = 1.2, and γ* = 11.4

The changes of gas concentration at the cathode side (CH2Oc, CO2c) are illustrated in Fig.
4-6. CH2Oc increases continuously due to the evaporated water vapor from the ionomer phase in
the cathode layer. CO2c is saturated very quickly at slightly smaller value than the initial value
because of the high inlet velocity. The saturation time and the saturated value are dependent on
the inlet velocity. The change of CO2c varies the faradaic currents at the cathode (jFc) by the
Butler-Volmer equation (Eq. (4-2)), and the change of jFc leads to a variation of jCc which finally
changes the slope of the η curve according to the Eq. (4-6) and (4-8). Therefore, the drop rate of
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the activation overpotential is directly dependent on the time and the value for saturation of CO2c.
This also will be discussed in more detail in the next section.

Figure 4-5. (a) Water content (λ) and (b) potential profile in the ionomer phase.

Figure 4-6. Variations of gas concentration at the cathode side. (a) CH2Oc and (b) CO2c.
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4.4.3 Effects of the variables of v, γ*, and p
As aforementioned, the variation of CO2c corresponds to the slope change of the η curve,
and the change of CO2c is mainly affected by the inlet velocity (actually, ζc). The effect of the
inlet velocity on the cathodic gases (CH2Oc and CO2c) and the voltage loss terms (η and Φe) are
shown in Fig. 4-7 and 4-8 in which the CH2Oc and CO2c are the average value in the catalyst layer
and the fixed condition is that the p is 1.2 atm, and γ* is 11.4. With a fast velocity in the gas
channel, water vapor generated in the CL can be easily moved out and O2 gas easily supplied
from the GC. As a result, CH2Oc decreases and CO2c increases as increasing the inlet velocity.
Since the activation loss (η) is related to the CO2c, and the ohmic loss term (Φe) is associated with
CH2Oc, they show very similar shapes as can be seen in Fig. 4-7 and 4-8.
The activation overpotential drops rapidly during the early stage regardless of CO2c. Since
the jCc is much more dominant than the jFc during the initial time, the change of jFc varied by CO2c
has little influence on the change of η curve. Moreover, the decrease of CO2c is not big enough
during the initial drop of η because the oxygen consumption is related with the jFc. As the η is
bigger and jFc becomes more dominant, the oxygen is consumed rapidly and η can be affected by
the O2 concentration. If the oxygen is supplied from the GC very quickly while it is consuming,
an additional drop of η does not occur. This is the case of the highest velocity (55 m s-1) in the
figure. The saturation time and value of O2 gas as shown in Fig. 4-7 are associated with the
saturation time and the magnitude of the additional drop of η (Fig. 4-8 (a)). Thus, the low
velocity showing the big drop of O2 gas concentration (0.5 m s-1, ζc=0.02 in Fig. 4-7(a)) makes
the big additional drop of the η curve, and the saturation time matches with each other at the
point of about 0.1s.
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Figure 4-7. Variations of the gas concentration in the CL due to the different inlet velocities;
(a) CO2c and (b) CH2Oc.

Figure 4-8. Variations of (a) η and (b) Φe due to the different inlet velocities.
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Variations of the activation loss (η) and the ohmic loss (Φe) due to different
phenomenological parameters (γ*) are shown in Fig. 4-9 under the fixed condition that the inlet
velocity is 5.5 m s-1(ζc = 0.2), and the pressure is 1.2 atm. The small γ* value means slow
equilibration rate so significant amounts of water can be accumulated in the ionomer phase of the
cathode, which leads to big change of the ohmic loss term due to the big concentration gradient
of water (Fig. 4-10 (a)). γ* also effects the activation overvoltage although the absolute value is
small. Water vapor evaporated from the ionomer phase in the cathodic catalyst layer increases
the vapor pressure, and the pressure increase reduces the oxygen gas supplied from the GDL by
decreasing the convection flow in Eq. (4-21).

Figure 4-9. Variations of (a) η and (b) Φe due to the different γ*.

The variation of water vapor concentration in the CL is illustrated in Fig. 4-10 (b) which
shows the water vapor concentration increases with a bigger γ*. The big γ* could be expected
that water vapor can be easily evaporated from the ionomer phase so the concentration of water
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vapor increases more than that of the small γ*. This is true during the very short time (about
0.01s), but eventually CH2Oc becomes the highest when γ* is the smallest because the
accumulated water plays a more dominant role in determining the amount of evaporated water
from the ionomer.

Figure 4-10. Variations of (a) water content (λ) in the ionomer phase
and (b) CH2Oc due to the different γ*.

The major difference caused by the pressure change is the saturated value of the
activation and ohmic loss terms as can be seen in Fig. 4-11 under the fixed condition that the
inlet velocity is 55 m s-1(ζc = 2), and the γ* is 11.4. There is little effect of the pressure on the
saturation time or the slope of the Φe. The difference in η is just because of different CO2c values
calculated from the pressure values, and the difference in Φe. is determined by the cell voltage
which is influenced by the η value.
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Figure 4-11. Variations of (a) Vcell, (b) η, and (c) Φe due to the different pressures.

4.4 Discussion
As it can be seen from the calculation results above, the voltage transients can be divided
into four regions; the initial rapid drop and gradual variation associated with the ohmic loss term,
the sudden decrease of the η caused by the dominant jCc, and the additional decrease of η
resulted from the oxygen consumption in the catalyst layer. Figure 4-12 is a little exaggerated to
show these 4 regions. The first region (initial ohmic loss) is determined by the initial water
content in the ionomer phase and the faradaic currents at the anode (jFa), the second one (initial
activation loss) is calculated by the double layer capacitance (adlCdl) and jCc, the third one
(additional activation loss) is affected by the CO2c, and the last region (gradual change in the
ohmic loss) is related to the initial water content and γ*. Considering the controllable variables in
our research (v, p, and γ*), the third and forth regions are mainly examined.
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Figure 4-12. Voltage curve divided in four time regions.

The magnitude and the saturation time of the additional activation loss is influenced by
the O2 gas flow (actually, ζc) in the gas channel as mentioned in the 4.4.3 section where the
saturation time is estimated at about 0.1s in case of the lowest ζc (0.02, v = 0.5 m s-1). In case of
the highest ζc (2, v = 55 m s-1), the additional activation loss is small enough to be neglected. The
same effect of ζc was shown in an experimental result [4-15] in which P. Pei et al. showed
dynamic voltage responses of a single cell with step load change under the different
stoichiometric ratio conditions. A big load change and the low ζc resulted in a greater
concentration overpotential, which is expressed by the additional activation loss in this research,
and a longer time for reaching the stable state [4-15]. A similar behavior can be found in our
previous experiments [4-16]. A voltage response curve of the Ballard Nexa 1.2kW fuel cell
system to a step change in a load was fitted with three exponential curves, and the result
subjected to large load variations suggested possible oxygen depletion at the cathode. The
possibility to fit the voltage curve with three exponential curves shows curvature of the voltage
response changes at two points without considering the initial ohmic loss term; one is at the
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boundary between 2nd and 3rd region, and the other is at between 3rd and 4th region as shown in
Fig. 4-13 with arrows.

Figure 4-13. Transient voltage response of the Nexa system with a 0.77 Ω load in Ref 4-16,
where the arrows indicate the points where the curve slope changes.

When comparing the result of the Nexa system with the simulation result, the initial
ohmic loss is small of which ratio is about one-quarter and the gradual ohmic loss term is in
gradual decrease. That would be because the constant current operation for 3 hours was
performed before the each experiment for enough humidification of the ionomer phase [4-16].
Another difference of the calculation data from the experimental data is that the additional
activation loss term is very small. Despite the case of the smallest ζc, the maximum variation of
the additional activation loss is just about 0.005V (Fig. 4-8 (a)). This could imply that the
experimental condition is more severe for the O2 gas flow due to, for example, a complicated
structure of the air channel and a long channel length. In order to apply more harsh condition for
the gas flow, parameters related with the gas channel are changed; the length (Ly) and the depth
(Ld) of the GC are 0.2 and 0.0001m, and the initial state of the ionomer phase is assumed to be in
equilibrium state with the 80% humidified water vapor concentration. The fixed condition is that
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ζc=0.02 (v = 0.5 m s-1), p = 1.2 atm, and γ* = 11.4. The simulation result in Fig. 4-14 shows the
clear additional activation overpotential between about 0.03s and 0.1s and the gradual decrease
of the ohmic loss term. The oxygen concentration decreases up to about 3.7 mol m-3 which is
about 40% of the initial.

Figure 4-14. (a) Simulated voltage transients, and variations of (b) CO2c and (c) Φe
under the severe condition for gas flow.
4.5 Conclusions
This study presents a single-phase numerical model to predict transients in voltage in a
PEMFC. The successive changes of the activation overpotential and the ohmic loss due to the
resistance of the ionomer phase can be determined by classifying the current density by two
groups; the charging currents (jC) and the faradaic currents (jF). The jC is a virtual current density
representing the accumulated charge at the interface where the fuel cell reaction occurs called the
charge double layer, and the jF is a charge transfer current determined by the Bulter-Volmer
equation. The simulation has been performed by varying the controllable parameters; v, p, and γ*.
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As a result, the voltage transients can be divided by four regions; an initial ohmic loss region, an
initial activation loss region, an additional activation loss region, and a gradual ohmic loss region,
and the main factors to influence on each region are investigated. It is shown that the additional
activation loss term is directly related to the O2 concentration at the cathode, and the magnitude
of it and the time to reach the saturation point is associated with the stoichiometric flow ratio (ζc).
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CHAPTER 5
OVERALL CONCLUSIONS
For the sake of analyzing dynamic response of a fuel cell system, a simple method by
using curve fitting has been presented. The response data to the step change of load resistors
were collected, and the parameters of the simplified Randles model were evaluated by solving
the equation of motion of the model. As a result, it was shown that the simulated voltage
response using parameters matches well with the experimental data, and that the simulated
impedance can show clearly the change of rate determining factor as the current level increases.
In a transient response subjected to large load variations, it was proposed that oxygen
concentration at the interface where the reaction occurs can be changeable instantly much more
than calculated value under the condition based on steady state.
In the third chapter, the frequency effect of the dynamic operation on the chemical
degradation was investigated. The dynamic behavior of the Ballard Nexa system as the change of
frequency was simulated by using MATLAB Simulink® with the calculated parameters. In
addition, the fluoride release in terms of the frequency change was evaluated by measuring the
concentration of fluoride ion in the drain water of the Nexa system. The comparison between
above two results showed that accelerating factor of the dynamic operation on the chemical
degradation has very close relationship with water transport inside the membrane. Two
possibilities of the accelerating factor were suggested.
A model for predicting the transient voltage response to a step change of a load resistor
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was presented in Chapter 4. The successive changes of the activation overpotential and the
ohmic loss due to the resistance of the ionomer phase can be determined by classifying the
current density by two groups; the charging currents (jC) and the faradaic currents (jF). The jC is a
virtual current density representing the accumulated charge at the interface where the fuel cell
reaction occurs called the charge double layer, and the jF is a charge transfer current determined
by the Bulter-Volmer equation. The simulation has been performed by varying the controllable
parameters; v, p, and γ*. As a result, the voltage transients can be divided four regions; an initial
ohmic loss region, an initial activation loss region, an additional activation loss region, and a
gradual ohmic loss region, and the main factors to influence on each region are investigated. It is
shown that the additional activation loss term is directly related to the O2 concentration, and the
magnitude of it and the time to reach the saturation point is associated with the ζc.
An important contribution of this work is the detailed description of how to analyze a
system of which a fuel cell is a component without actual disassembly of the system. Much prior
work in the area of fuel cell dynamic analysis has dealt with stand-alone fuel cells that were not
part of larger systems. In those works, the fuel cells themselves could be studied in isolation. In
many applications, such as automotive power plants, the use of an in-situ testing and analysis
approach, such as described in this work, may be beneficial in quantifying the dynamic
characteristics of a fuel cell system.
A second contribution of this work was the determination of the frequency-dependence of
membrane degradation. Future work should build on the established relationship and consider
the question of why degradation and frequency are related. Two reasons suggested in Chapter 3
are the stress caused by water movement inside the polymer membrane and the change of the
H2O2 concentration. Research of stress effect on membrane degradation has been focused on
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mechanical failure of the membrane such as fatigue crack growth [5-1, 2, 3], but there has been
little effort to show the stress effect of chemical degradation. Future work should include
experiments to validate the supposition. Examples of such future work could include various
types of mechanical stress such as bending and tension could be manually applied to membranes
which dip into a hydrogen peroxide solution. It is possible to check the weight loss rate of the
membranes dependant on type and magnitude of the stress.
Finally, the effects of some parameters and the change of the voltage curve influenced by
those parameters were examined using the simulation model in chapter 4. Future work should
consist of experimentally validating the model using a single fuel cell. Voltage data should
collected as a function of other parameters including gas flow, gas pressure, temperature, and
humidification. Use of a single cell system may allow for variation of those parameters. In
contrast, with the Ballard Nexa system, such parameters cannot be independently varied. Such
experiments should also provide an opportunity to re-examine the curve-fitting approaches
presented in Chapter 2. A comparison could then be made between the new approach of
measuring parameters for the integrated system and the more conventional method of testing the
fuel cell stack in isolation.
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