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Abstract

The steady-state performance and transient response for Hy/air polymer electrolyte membrane (PEM) fuel cells are investigated in both single
fuel cell and stack configurations under a variety of loading cycles and operating conditions. Detailed experimental parameters are controlled and
measured under widely varying operating conditions. In addition to polarization curves, feed gas flow rates, temperatures, pressure drop, and relative
humidity are measured. Performance of fuel cells was studied using steady-state polarization curves, transient /-V response and electrochemical
impedance spectroscopy (EIS) techniques. Different feed gas humidity, operating temperature, feed gas stoichiometry, air pressure, fuel cell size
and gas flow patterns were found to affect both the steady state and dynamic response of the fuel cells. It was found that the humidity of cathode
inlet gas had a significant effect on fuel cell performance. The experimental results showed that a decrease in the cathode humidity has a detrimental
effect on fuel cell steady state and dynamic performance. Temperature was also found to have a significant effect on the fuel cell performance
through its effect on membrane conductivity and water transport in the gas diffusion layer (GDL) and catalyst layer. The polarization curves of the
fuel cell at different operating temperatures showed that fuel cell performance was improved with increasing temperature from 65 to 75 °C. The air
stoichiometric flow rate also influenced the performance of the fuel cell directly by supplying oxygen and indirectly by influencing the humidity of
the membrane and water flooding in cathode side. The fuel cell steady state and dynamic performance also improved as the operating pressure was
increased from 1 to 4 atm. Based on the experimental results, both the steady state and dynamic response of the fuel cells (stack) were analyzed.

These experimental data will provide a baseline for validation of fuel cell models.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Fuel cells have attracted great attention in recent years as
a promising replacement for traditional internal combustion
engines due to their high power density and ultra-low emissions
[1-3]. Though significant improvements in polymer electrolyte
membrane (PEM) fuel cell technology has been achieved over
the past decade, the performance, stability, reliability, and cost
for today’s fuel cell technology is not sufficient to replace the
internal combustion engine [4-6]. A number of fundamental
problems must be overcome to improve their performance and
reduce their cost. The objectives for further development of fuel
cells include: to identify critical issues, such as what are the
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effects of start-up, shut-down, and transient response; to iden-
tify key parameters for fuel cell performance and examine how
to optimize stack and system design; and examine performance
under extreme conditions, such as sub-freezing temperatures.
It is important to study the dynamic behavior of fuel cells to
obtain stable performance under various operating conditions.
In particular, knowledge of the dynamic behavior is critical to
the engineering and design of the fuel cells, stacks, and sys-
tems [7]. A control system is needed to ensure that the flow
rate and temperature of fuel and air are within prescribed lim-
its during normal operation at variable loads, as well as during
system start-up and shut-down. Dynamic behavior is the most
important aspect of fuel cell operation that should be studied
under wide operating conditions. The control, design, and opti-
mum operation of fuel cells require an understanding of their
dynamics when there are changes in current, voltage, or power
[8]. Fuel cell dynamic response is very important; unfortunately,
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there are few publications describing the dynamic behavior
of PEM fuel cells under various operating conditions. Some
work has been preformed on the dynamic response of PEM
and direct methanol fuel cells (DMFC) through experimental
methods [9-16]. Hamelin et al. [9] investigated the behavior
and performance of a proton exchange membrane (PEM) fuel
cell under fast load commutations. It was found that the fuel
cell system response was faster than 0.15s to load commu-
tations; however, load transients were present in the voltage
and current response. Morner et al. [10] experimentally eval-
uated the dynamic behavior of an air-breathing fuel cell. The
performance of an air-breathing PEM fuel cell has been exper-
imentally measured to investigate the steady state and transient
effects of temperature, humidity, and air flow rate. Kim et al.
[11,12] examined the effect of stoichiometry, reservoirs, and
fuel dilution on the dynamic behavior of a PEM fuel cell during
load change. Overshoot and undershoot behavior of the steady
state current density was observed for various rates of change
in the voltage at a constant inlet flow rate. Argyropoulos et al.
[13,14] investigated the influential parameters for a liquid-fed
DMEFC and showed experimentally the impact of anode con-
centration, flow, and cathode pressure on the dynamic fuel cell
response.

Many mathematical models of PEM fuel cells can be found
in the literature [15-23]. The earliest and most cited mod-
els were developed by Springer et al. [15], and Bernardi and
Vebrugge [16,17]. The first one-dimensional fuel cell model
was by Springer et al. [15] at Los Alamos National Labora-
tory (LANL). This model was an isothermal, one-dimensional,
steady state model that considered polarization and electrode
effects through the polarization equation. In the model, water dif-
fusion coefficients, electro-osmotic drag coefficient, water sorp-
tion isotherms, and membrane conductivity were measured as a
function of the membrane water content. The model predicted an
increase in membrane resistance with increased current density
and demonstrated the great advantage of a thinner membrane
in alleviating the resistance problem. The Bernardi and Ver-
brugge model [16,17] assumed a fully hydrated membrane and
incorporated porous-electrode equations and Stefan—-Maxwell
diffusion in the diffusion media and catalyst layers. The model
of Springer et al. [15] did not use porous-electrode equations but
did consider changing water content in the membrane. The other
important early fuel cell models included those by Fuller and
Newman [18] and Nguyen and White [19]. These models exam-
ined flow effects along the channel. Their models treated the
membrane as a two-phase system similar to a porous medium,
where there were separate gas and liquid channels, and the poros-
ity remained constant. Liu and co-workers [20] performed the
first two-dimensional computational fluid dynamics (CFD) anal-
ysis of a PEM fuel cell. Wang and Savinell [21] first applied a
CFD model to liquid water transport in the porous gas diffusion
layer. The liquid water and gaseous species governing equa-
tions were primarily coupled by an interfacial mass-transfer rate.
Nguyen and co-workers also performed notable work in devel-
oping fuel cell models [22,23].

The earliest dynamic fuel cell models were developed by
Amphlett et al. [24,25] for predicting transient responses of

PEM fuel cells. The transient models can predict fuel cell per-
formance in terms of fuel cell voltage output and heat losses
as a function of time due to various changes imposed on the
fuel cell system. Um et al. [26] developed a transient, multi-
dimensional model to simulate PEM fuel cells. The model
accounts simultaneously for electrochemical kinetics, current
distribution, hydrodynamics, and multi-component transport.
Ceraolo et al. [27] developed a simplified dynamic model of
a PEM fuel cell based on physicochemical knowledge of the
phenomena occurring inside the fuel cell. The model has been
implemented in the MATLAB/SIMULINK environment. Sund-
macher et al. [28] used a mathematical approach for the liquid
DM fuel cell under dynamic load conditions. Kulikovsky [29]
described analytically the gas dynamics in channels of a gas-
fed DM fuel cell and Xu et al. [30] examined a DM fuel
cell model that captures the essence of electrode kinetics and
methanol crossover through the membrane. Berning and Dji-
lali [31] presented a computational fluid dynamics multiphase
model of a PEM fuel cell. The model accounted for three-
dimensional (3D) transport processes with phase change and
heat transfer in the gas-diffusion layers, the gas flow chan-
nels, and the cooling channels. Xue et al. [32] developed a
system-level dynamic model of a PEM fuel cell capable of char-
acterizing the effects of temperature, gas flow, and capacitance
with particular emphasis focused on system transient behavior.
Shimpalee et al. [33,34] presented a three-dimensional numer-
ical simulation of the transient response of a PEM fuel cell
(PEMFC) subjected to a variable load. The predictions showed
transients in the current density that overshoot the final state
value when the fuel cell voltage was abruptly changed from 0.7
to 0.5V for fixed excess initial stoichiometric flow rates. Yu et
al. [35] developed a water and thermal management model for a
Ballard PEM fuel cell. The model provided information regard-
ing the reaction products (i.e., water and heat), stack power,
stack temperature, and system efficiency, thereby assisting the
designer in achieving the best thermal and water management.
Wang and Wang [36,37] developed a three-dimensional, tran-
sient model to study the transient dynamics of PEM fuel cell
operation. The results showed that the time for fuel cells to
reach steady state was on the order of 10s due to the effect of
water accumulation in the membrane, consistent with theoretical
estimations.

Though significant progress has been made in PEM fuel cell,
modeling during the past ten years, some key problems still
exist. Key issues in modeling PEM fuel cell systems include:
(i) balancing the complexity of the model (computing time)
with realism, and applicability of model; (ii) detailed verifica-
tion of the model is often difficult; (iii) lack of measurement
techniques, especially real time (in situ) and non-intrusive tech-
niques; (iv) lack of existing fuel cell systems and performance
data. Along with these issues, how to validate the model is per-
haps the most difficult and challenging issue. A series of bulk
validations have been done for validating the fuel cell models
by comparison of simulation results to the fuel cell polarization
curves [38—40]. These authors validated their models by com-
paring experimentally measured fuel cell polarization curves
with their predicted fuel cell current. Some researchers have
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tried to validate their fuel cell models by comparing the cur-
rent density distribution, temperature distribution, and reactant
species distribution predicted by fuel cell models to experimen-
tal data [41-44]. However, detailed validation is still develop-
ing because of a general lack of real time and non-intrusive
measurement techniques. More work is required in the areas
of modeling, measurement methods and fuel cell design opti-
mization based on a judicious selection of available approaches
[45]. In the present work, detailed experimental parameters are
controlled and measured under widely varying operating con-
ditions. In addition to the polarization curves, feed gas flow
rates, temperatures, pressure, relative humidity are all measured.
The effects of relative humidity, temperature, feed gas stoi-
chiometry and air pressure on both fuel cell steady state and
dynamic behavior are investigated. The dynamic behavior of a
small fuel cell stack dynamic behavior is also examined. The
experimental data provide a baseline for validation of fuel cell
models.

2. Experimental
2.1. Experimental set up

The following experiments were performed using a fuel cell
test bed system that was designed and constructed at the Cen-
ter for Advanced Vehicular Systems located on the campus of
Mississippi State University. This test bed was used to inves-
tigate fuel cell steady state and transient behaviors of several
different single membrane fuel cells and a multiple membrane
fuel cell stack. The single membrane fuel cells used in this
experiment include a 5cm? fuel cell with a single serpentine
flow pattern, 5 cm? fuel cell with a triple serpentine flow pat-
tern, 5cm? fuel cell with a parallel flow pattern, and 25 cm?
fuel cell with a triple serpentine flow pattern. The fuel cell
stack tested in the experiments contained eight individual mem-
branes with each membrane having an active area of 49 cm?.
Fuel cell performance was evaluated at operating temperatures
from subzero to 85 °C, pressures from 1 to 4 atm, and humidity
levels from 0% to 100% for both reactant gases. Pure hydro-
gen and air were used as reactant gases which were humidified
by passing each through an external humidifier. Temperatures
of gas lines between the humidifiers and the fuel cell and
between the fuel cell and dew point meters were maintained at
95°C.

2.2. Preparation of MEA and assembly of single fuel cells

The catalyst ink for the electrodes were prepared by mix-
ing the catalyst powders (20wt.% Pt/C, E-Tek), 5% Nafion
solution, and isopropyl alcohol. Then the prepared catalyst
ink was sprayed on to the water proof carbon paper and car-
bon cloth to achieve a platinum loading of 0.4 mgcm™2 for
both the anode and cathode. Each membrane electrode assem-
bly (MEA) was fabricated by placing the electrodes on both
sides of the pretreated Nafion 112, 115 and 117 membranes
and then hot pressing the MEA at 140 °C and 200 kg cm™2 for
4 min.

2.3. Steady state and dynamic behaviors of the fuel cell
under various conditions

The load across the fuel cell was controlled and measured
with a TDI-Dynaload RBL488 series electronic load. The elec-
tronic load’s minimum response time of 10 s was sufficient
for all steady state and dynamic tests performed on the fuel
cells. Each variation of operating conditions was investigated
by performing measurements of polarization behavior, tran-
sient response, and AC impedance of the fuel cell. Polarization
curves were obtained by stepping the current density, allow-
ing the fuel cell to stabilize, and measuring the fuel cell voltage.
The transient response measurement was performed by abruptly
changing the current density and measuring the time response
of the voltage across the fuel cell. The ac impedance was mea-
sured using a frequency generator/analyzer (Solartron, FRA
1260) controlled by a personal computer. Impedance spectra
were obtained at frequencies between 10 kHz and 0.1 Hz with
ten steps per decade.

3. Results and discussion
3.1. Steady-state operation of a PEM fuel cell

3.1.1. Effects of operation temperature on fuel cell
performance

Fig. 1 illustrates the polarization curves of a fuel cell at sev-
eral operating temperatures between 65 and 85 °C with anode
and cathode stoichiometric ratio of 2. These curves indicate that
fuel cell performance was improved with increasing temper-
atures from 65 to 75°C, unchanged between 75 and 80°C,
and begins to decrease at 85°C. The increase in fuel cell
performance between 65 and 75 °C can be explained by the
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Fig. 1. Influence of the fuel cell temperature on the performance of fuel cell
(25cm? fuel cell with triple-serpentine flow pattern, hydrogen stoichiome-
try = 1.2, air stoichiometry =2).
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Fig. 2. Polarization curves as function of feed gas humidity fuel cell (25 cm? fuel cell with triple-serpentine flow pattern, hydrogen stoichiometry = 1.2, air stoi-

chiometry =2).

increase in the gas diffusivity and membrane conductivity at
higher temperatures. Water is easily condensed at lower tem-
peratures; water flooding may deteriorate gas diffusivity in the
catalyst layer and gas diffusion layer (GDL). The gas diffusivity
of the fuel cell is improved with increased fuel cell temper-
ature; therefore, fuel cell performance is improved at higher
temperatures. However, membrane conductivity decreases at
high temperatures because of the reduction in the relative
humidity of reactant gases and water content in the mem-
brane. Therefore, the fuel cell performance was worse when
the temperature was increased to 85°C. As the temperature
increases, there will be a greater rate of water evaporation.
When the temperature reaches a critical temperature where
the amount of evaporated water exceeds the amount of pro-
duced water, the membrane will start to dry out. The resis-
tance will increase as the membranes dried out and thereby,
decreases both the current and the water production. The reduced
water production will cause the membrane to dry out even
faster.

3.1.2. Effect of humidity on fuel cell performance

The polarization curves for different operating levels of air
and hydrogen relative humidity are shown in Fig. 2. As seen
in Fig. 2, the best case performance for low air humidity levels
occurred when the hydrogen was at its highest humidity level.
This observation is consistent with the results of Nguyen and
White [19] who found that at high current density the transport
from the anode by electro-osmotic drag exceeds transport to the
anode by back diffusion from the cathode; thus, leading to mem-
brane dehydration and performance degradation. Low humidity
air can exacerbate this effect by reducing the rate of back diffu-
sion from the cathode. Humidification of the anode gases helps
to counteract this effect leading to higher performance at high
levels of anode humidification. Fig. 2 also shows the polarization
curves for the fuel cell at different operating levels of hydrogen
humidity. The trend toward improved fuel cell performance with
higher humidity levels of hydrogen was not observed. Similarly,
for high relative humidity levels of air, the performance was
only marginally improved with increased hydrogen humidifica-
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tion. These results suggest that with the medium and high levels
of air humidification, there is sufficient back diffusion to keep
the membrane hydrated and that further humidification of the
anode did not significantly improve the performance. Overall,
the best performance occurred at low air relative humidity and
high hydrogen relative humidity.

The membrane resistance was acquired by measuring the
ac impedance of the fuel cell while operating at various feed
gas humidity levels. For each humidity level, the membrane
resistance was measured at current densities from 100 to
500 mA cm~2. The contact resistance of the tested fuel cell was
considered negligible since the membrane resistance is signifi-
cantly larger. The resistance measurements were performed at a
fuel cell temperature of 80 °C while the humidity of the air was
varied from 30% to 100% and the humidity of the hydrogen was
varied from 80% to 100%. Fig. 3 shows the results of the fuel
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Fig. 3. Fuel cell internal resistances at different feed gas humidity: (a) anode
hydrogen RH=100%, (b) anode hydrogen RH=280% (25 cm? fuel cell with
triple-serpentine flow pattern, hydrogen stoichiometry =1.2, air stoichiome-
try =2).

cell internal resistance as a function of feed gas humidity. The
graph in Fig. 3 shows that an increasing membrane resistance
is a function of a decreasing feed gas relative humidity (RH).
The fuel cell internal resistance increased when the air inlet RH
was decreased in steps from 100% to 30% while the hydrogen
inlet relative humidity was maintained at 100%. The resistance
values when the fuel cell was operated at a 400 mA cm™2 cur-
rent density included: 0.189 €2 cm? at 100% RH, 0.191 Q cm? at
70% RH, 0.264 Q cm? at 50% RH, and 0.376 £ cm? at 30% RH.
Membrane ionic resistance increased slightly when the hydrogen
inlet RH was reduced from 100% to 80% while the air inlet RH
was maintained at 100% and 70%. However, when the hydrogen
inlet RH was set at 80% and the air inlet RH was reduced to 50%
and 30%, the ionic resistance increased significantly from 0.263
and 0.376 to 0.383 and 0.517 2 cm? at 400 mA cm 2.

3.1.3. Effects of feed gas stoichiometry

It is evident from Fig. 4 that as the cathode air stoichiometry
increased, the fuel cell performance was improved gradually.
This observation suggests that there could be an optimum cath-
ode stoichiometry. The air stoichiometric flow rate influences
both the availability of oxygen as well as the humidity of the
membrane. A low air flow rate limits the availability of oxygen
because the air is depleted of oxygen when it reaches the end of
the air flow channels. Low air flow rate can also cause a reduc-
tion in the water removal rate (liquid and vapor) which further
limits the amount of oxygen that reaches the membrane. Both
of these conditions combine to reduce the performance of the
fuel cell at low air flow. However, a low air flow rate increases
the humidity of the membrane, which decreases the electrical
resistance and improves the performance of the fuel cell. A high
air flow rate increases the rate of water removal that causes dry-
ing of the membrane which increases the electrical resistance.
However, the high air flow rate increases the availability of oxy-
gen at the cathode membrane which improves the performance
of the fuel cell. The increased gas flow rate is beneficial to fuel
cell operation if the positive effects of increased availability of
oxygen offset the negative effects of membrane dehydration.

These conditions cause the fuel cell to have an optimal air
flow rate that depends on current. An air flow rate higher than
the optimal air flow rate is shown to have very little influence
at low currents. The electrical resistance is only a small part
of the membrane losses at low currents and even though high
air flow will dry out the membrane and thereby increase the
electrical resistance, the voltage will only be marginally reduced.
The air flow rate will have a stronger influence at higher currents
when the electrical resistance is of a greater magnitude. At high
currents, the performance of the fuel cell will increase quickly
with increasing air flow rate if the air flow rate is below the
optimal air flow rate and decrease slowly if the air flow rate
increases beyond the optimal value.

3.1.4. Effect of pressure on fuel cell performance

Pressure is another operating parameter that has significant
effects on fuel cell performance. Fuel cell parameters, such
as inlet gas compositions and the diffusivities of the GDL,
may change with the reactant gas pressures. In this study,
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the fuel cell operating temperature was kept at 80 °C, while
the pressure was varied from 1 to 4 atm. Since the saturation
pressure does not vary for constant operating temperature,
the mole fraction of water vapor decreases with increasing
total pressure. However, the mole fraction of oxygen increases
with increasing operating pressure. The polarization curves of
different fuel cell operating pressures are shown in Fig. 5. As
the operating pressure was increased from 1 to 4 atm, the fuel
cell performance also improved.

3.2. Fuel cell transient response to current steps under
various operation conditions

3.2.1. Fuel cell transient behavior under different air
humidity

Fuel cell performance was significantly influenced by the
membrane humidity. It is difficult to measure the humidity of
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Fig. 5. The effects of air pressure on fuel cell performance (25cm? fuel cell
with triple-serpentine flow pattern, hydrogen stoichiometry = 1.2, air stoichiom-
etry=2).

gas inside the fuel cell flow channels. However, the hydrogen
and air humidity can be controlled before entering the flow chan-
nels and significantly affects the fuel cell performance [46]. The
experiments with different levels of air humidity have been done
to determine the effect on the fuel cell dynamic performance.
The air humidity was controlled from 0% (dry gas) to approxi-
mately 100% RH at 80 °C. Fig. 6 shows the dynamic response of
fuel cell voltage to a current step increase under various operat-
ing conditions. It can be seen that the voltage response is nearly
instantaneous under the fully humidified condition, while it takes
several seconds for low-humidity fuel cells to attain the new
steady-state voltage. In addition, the dynamic behavior of dry
and other low-humidity cases exhibit high voltage undershoot
when performing a current step of 100 mA cm~2. The magni-
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Fig. 6. Dynamic responses of the fuel cell voltage operating with different air
humidity to the step changes of current density (25 cm? fuel cell with triple-
serpentine flow pattern, hydrogen stoichiometry = 1.2, air stoichiometry =2).
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tude of undershoots increase with the current step size. When
the current density changed from 0.4 to 0.8 A cm ™2, the fuel cell
voltage undershoot dropped more than 0.15 V. With a larger cur-
rentincrease (i.e.>0.4 A cm~2), the PEMFC voltage will reverse
polarity which may lead to fuel cell degradation. This can be
explained by the water electro-osmotic drag, which increases
directly proportional to the current density jump.

3.2.2. Fuel cell transient behavior under different fuel cell
temperatures

The polarization curves of the fuel cell at different operating
temperatures are illustrated in Fig. 1. The dynamic performance
of a 5 cm? fuel cell operating at 70 and 80 °C was compared in
Fig. 7. Fig. 7 shows the transient voltage caused by current steps
when the fuel cell was operating with an anode hydrogen stoi-
chiometric ratio of 2 and air stoichiometric flow rate of 2, 3, 5
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under: (a) 70 °C and (b) 80 °C (5 cm? fuel cell with triple-serpentine flow pattern,
hydrogen stoichiometry = 1.2, air stoichiometry =2).

and 10. The feed gas humidity was 100% and 20% for hydrogen
and air, respectively. At an operating temperature of 70 °C and
air stoichiometry of 2, the fuel cell showed unstable and slower
dynamic response. When the current was stepped at low current
densities, the voltage undershoot of the fuel cell was 0.1-0.2 V.
The fuel cell voltage reduced to zero and took more than 20's
to obtain the new steady-state voltage, and the fuel cell voltage
could not recover in 30 s from its voltage reduction after current
steps from the current density of 0.6-0.7 A cm~2. The fuel cell
dynamic response improved when the air stoichiometry was 3-5.
The transient response improved at an air stoichiometric value
of 10, but the absolute voltage values decrease. At the temper-
ature of 80 °C, the fuel cell also showed unstable and slower
dynamic response when the air stoichiometry is 2. The fuel cell
dynamic response got better at the air stoichiometry of 3-5. At
the air stoichiometry of 10, the transient response of the fuel
cell required more than 20 s to achieve its new steady voltage.
The fuel cell could not recover from the voltage undershoot in
30 s when performing current steps from the current density of
0.5-0.6 Acm 2.

The fuel cell showed unstable and slower dynamic perfor-
mance at lower air stoichiometry for both 70 and 80 °C. This can
be explained by poor air management in the cathode side of the
fuel cell. When the air stoichiometry increases to 3 and 5, the fuel
cell exhibited fast and stable dynamic behavior for both temper-
atures. The fuel cell showed worse dynamic response at the air
stoichiometry of 10 at 80 °C. This observation can be explained
by the decrease of membrane conductivity at the higher tem-
perature. Water is more easily evaporated at 80 than 70 °C;
membrane dehydration may deteriorate the membrane. Mem-
brane conductivity of the fuel cell is decreased with increasing
fuel cell temperature; therefore, fuel cell dynamic performance is
decreased under the conditions of higher temperature and higher
air stoic. As a conclusion, operating temperature was found to
have a significant effect on the steady state and dynamic perfor-
mance of PEM fuel cells by its effect on membrane conductivity
and water transport in GDL.

3.2.3. Fuel cell transient behavior under different air
stoichiometry

Fig. 8 shows the fuel cell voltage response when the current
density is changed rapidly under different air stoichiometry. Fuel
cell voltage overshoot/undershoot behavior was observed after
performing current steps. The air stoichiometry affects the fuel
cell response as can be seen from typical fuel cell polarization
curves in Fig. 4. Fig. 8 shows the effect of air stoichiometry
on the fuel cell transient response under different air stoichiom-
etry. At the air stoichiometry of 1, the fuel cell showed poor
dynamic response. At low current density when the current steps
up, the undershoot of fuel cell voltage reached 0.1-0.2 V even
though the fuel cell showed better steady-state performance at
low current density. The fuel cell exhibited poor dynamic behav-
ior when performing current steps under high current density
(0.6-1.0 A cm™2), the fuel cell voltage reduces to zero and took
more than 20 s to achieve its new steady voltage. The fuel cell
did not recover from the voltage reduction in 30 s after current
steps higher than 0.8 A cm™2. The fuel cell dynamic response
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Fig. 8. The effect of air stoichiometry on fuel cell voltage (25 cm? fuel cell with
triple-serpentine flow pattern, hydrogen stoichiometry = 1.2, fuel cell tempera-
ture = 80 °C, anode hydrogen RH =100%, cathode air RH =80%).

improved at the air stoic of 2. The highest undershoot/overshoot
voltage was around 0.05 V and recovery time was less than 10's.
Undershoot behaviors were observed at lower air stoichiometry.
The undershoot behavior is explained by poor air management
in the cathode side of the fuel cell. When the air stoichiometry
increases to 4 and 6, there were no observations of overshoot
or undershoot behaviors. The fuel cell responded in a fast, sta-
ble dynamic behavior. The higher air stoichiometry provided
a rapid and stable response under dynamic loaded operation
and the lower air stoichiometry had poor performance and slow
transient response. This is in agreement with the steady-state per-
formance data (Fig. 4). The lower air stoichiometry results in an
electrically unstable response from the fuel cell. This response
may be attributed to the oxygen mass transfer problem in the
GDL and catalyst layer in the cathode side of the fuel cell, such
as oxygen starvation or water flooding. The fast achievement of
steady-state conditions at the higher air stoichiometries can be
attributed to the enhanced water removal and faster oxygen trans-
ports in the fuel cell cathode side. The higher air stoichiometries
vaporize more water.

It can be concluded that the flow rate does not significantly
affect the fuel cell dynamic response in the case of low to mid-
dle current densities and when current changes are gradual. On
the contrary, when the fuel cell is operated at high current den-
sities and when sudden higher current step changes in the fuel
cell loading condition take place, the fuel cell response time is
significantly affected by the air stoichiometric flow rate.

3.2.4. Fuel cell transient behavior under different air
pressure

The effects of air pressure on the fuel cell performance while
operating at steady state can be seen from the fuel cell polariza-
tion curves in Fig. 5. Fig. 9 illustrates the dynamic response of
the fuel cell voltage at different cathode pressures. For each cath-
ode pressure, the fuel cell was dynamically loaded by stepping
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Fig. 9. The effect of cathode side pressure on fuel cell voltage response to current
step conditions (25 cm? fuel cell with triple-serpentine flow pattern, 80 °C fuel
cell temperature, air feed system at cathode pressure in bars shown in chart,
anode hydrogen RH = 100%, cathode air RH=80%).

the fuel cell operating current. The best response to the dynamic
load was observed at the largest cathode air pressure. The effect
of cathode pressure on the fuel cell response is small when com-
pared to that of air stoichiometry and air humidity for low to
medium current densities (0-600 A cm™~2). The effect of cathode
pressure on fuel cell transient response was not significant for
small current steps. A small current step of 0.1A cm™2 enabled
the fuel cell to rapidly obtain a steady-state voltage with min-
imal undershoot/overshoot. The voltages undershoot/overshoot
gradually increased when the magnitude of the current steps
increased in increments from 0.1 to 0.4 A cm™2.

Fig. 9 also illustrates the effect of cathode air pressure on the
dynamic response of the fuel cell operating at large current densi-
ties and responding to large current steps. The dynamic response
of the fuel cell in relation to cathode pressure is noticeably dif-
ferent at the higher current densities than at the lower current
densities. At the air pressure of 1 atm, the transient response is
slower and the fuel cell voltage overshoot/undershoot is higher
than that of the larger cathode pressures. It takes approximately
15-20s for the fuel cell to reach its new steady-state perfor-
mance after the current steps. When the fuel cell is operating at
the large cathode pressures, it shows a faster and more stable
response to large current steps. As seen in Fig. 9, with the load
cycle used in this experiment, there is approximately a 120 mV
reduction in voltage when comparing the operation of the fuel
cell at the lowest and highest air pressures.

According to the results in Figs. 5 and 9, the steady state
and dynamic response of the fuel cell are both improved by
operating the cathode at high pressures. A contributing factor to
this behavior is the effect of higher cathode pressure reducing
the mass transfer over potential at the cathode. Dynamic perfor-
mance operating at different air pressures is in accordance with
the steady-state performance data shown in Fig. 5. The differ-
ence in voltage over the range of air pressure increases as the
magnitude of the current load increases. The major difference
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Fig. 10. The transient response of a eight-cell stack to output current steps
(50 cm? triple-serpentine single fuel cell, stack operating at room temperature,
feed gases without humidified, feed gases at atmospheric pressure, hydrogen
stoichiometry = 1.2, air stoichiometry =2).

between the responses shown in Fig. 9 is the time required for
the fuel cell to reach a new steady-state voltage while operating
at the lowest air pressure.

3.2.5. Dynamic response of a eight membrane fuel cell
stack to output current steps

The transient response of the stack to output current steps
has been measured, and this response is illustrated in Fig. 10.
This paper reports the effect of varying loads on an eight mem-
brane PEM fuel cell stack. Each membrane used to construct
the stack had an active area of 50 cm?. The stack transient volt-
age response to a load variation is similar to the single fuel
cell behavior; however, the transient magnitude is proportional
to the size of the load current steps. This relationship between
transient magnitude and load current step was not observed in
the single fuel cell tests. The transient responses of the average
fuel cell voltage have been investigated to obtain information on
the dynamic characteristics of the stack.

3.2.6. Gas channel pattern

The types of flow field pattern design affect the steady state
and dynamic response of the fuel cell. The process of selecting
the fuel cell flow design must consider the operating environment
of the fuel cell. If the fuel cell is used for stationary applications,
the steady-state response is more important than the transient
response. However, if the fuel cell is used for automobile appli-
cations, the transient and steady state responses are important to
the selection of the flow channel design. The transient behavior
of the different flow-field designs were investigated in this report
(Fig. 11). Several flow-field designs, including the (1) single ser-
pentine, (2) parallel, and (3) triple-serpentine, were evaluated
during steady state and transient load conditions. The transient
responses of three 5 cm? single membrane fuel cells were stud-
ied by changing the current density from 0 to 0.70 A cm™2 with
a current step of 0.1 A cm™2. The fuel cell voltage response was
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Fig. 11. The transient behavior of the fuel cells with different types of flow-field
design (5 cm? fuel cells with single serpentine, triple-serpentine and parallel flow
patterns, fuel cell working temperature at 80 °C, anode hydrogen RH =100%,
cathode air RH=80%, feed gases at atmospheric pressure, hydrogen stoichiom-
etry = 1.2, air stoichiometry = 2).

recorded during each current step. Initially when the load level
was increased, the voltage suddenly dropped and then increased
to a value slightly higher than the dropped value. It was observed
that the parallel flow design gave the best transient performance,
especially at higher current density, while the transient perfor-
mance was poor for the single serpentine design. As discussed
above, the single serpentine type of design gave the best steady-
state performance at low current density; however, it also gave
the worse transient performance especially at higher current den-
sities. The parallel flow field design gave the lowest steady-state
performance, but it also had the best transient performance. The
triple serpentine type of flow-field design performed well for
both the steady state and transient performance. These experi-
mental results prove that the overall performance of the fuel cell
depends on the flow channel design.

4. Conclusions

The steady-state performance and transient response of single
membrane Hy/air PEM fuel cells and a stack were investigated
under a variety of loading cycles and operating conditions.
Different feed gas humidity, operation temperature, feed gas
stoichiometry, air pressure, fuel cell size and gas flow patterns
were found to affect both the steady state and dynamic response
of the PEM fuel cells. It was found that the humidity in both
the anode and cathode inlet gases had a significant effect on
fuel cell performance. The experimental results have shown that
a decrease in the cathode humidity has a detrimental effect on
the fuel cell steady state and dynamic performance. Temper-
ature was found to have a significant effect on the PEM fuel
cell performance by its effect on membrane humidity and water
transport in the GDL and catalyst layer. The polarization curves
of the fuel cell at different operating temperatures showed that
fuel cell performance was improved with increasing temperature
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from 65 to 75°C. The air stoichiometric flow rate also influ-
enced the performance of the fuel cell directly by supplying
oxygen and indirectly by influencing the humidity of the mem-
brane and water flooding in cathode side. Experiments showed
that an optimum air stoichiometry exists that is much larger than
the stoichiometric value required for oxidation of the fuel. The
fuel cell steady state and dynamic performance also improved as
the operating pressure was increased from 1 to 4 atm. The types
of flow field pattern design were found to affect both the steady
state and dynamic response of the fuel cell. Based on the exper-
imental results, both the steady state and dynamic response of
the fuel cells were analyzed. This experimental data will provide
a baseline for validation of fuel cell models.
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