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Abstract: This paper reports on the effects of different load profiles on the transient behavior of a
polymer electrolyte fuel cell (PEFC). A protocol of six tests, each with different current density ramps,
was conducted. The corresponding cell voltage, pressure drop response, and ohmic resistance were
then experimentally investigated. The time-dependent voltage profiles were applied to represent
the cell performance. The cathodic pressure drop and ohmic resistance were utilized to analyze
the water dynamic behavior inside the cell. The voltage overshoot and undershoot behavior were
observed throughout the experiment. It was found that with an increase of the current change rates,
the magnitude of voltage over/undershoots also increased. When the holding time at the constant
current density was zero, the overshoot or undershoot behavior disappeared. The results of the
pressure drop analysis showed that the load ramp did not have a significant effect on the average
pressure drop in the tests. During the load cyclic operation in each test, the two-phase flow tended to
reach equilibrium in the cell. Impedance analysis showed that the ohmic resistance changed with the
change in the current density; however, the difference between the tests was not obvious.

Keywords: polymer electrolyte fuel cell; cyclic current profile; transient behavior; pressure drop;
Ohmic resistance

1. Introduction

The internal combustion engine has been used for decades as a means of locomotion, but it
releases many pollutants, such as NOx, CO, and soot, etc. These contribute to environmental problems,
including climate change and local pollution in cities [1]. Thus, car makers supported by research
groups have focused their research on new technologies, such as fuel cell electric vehicles, to displace
traditional internal combustion engine locomotion [2]. By using fuel cell technology, the energy-carrying
fuel can be electrochemically transformed into electric energy [3]. Amongst many different kinds of
fuel cells, the polymer electrolyte fuel cell (PEFC), with a relatively low operating temperature of up
to 80 ◦C, has attracted significant attention due to its high efficiency, high power density, and 100
percent environmentally friendly output when operated with hydrogen. PEFC systems were regarded
as promising alternatives and clean energy converters for automotive applications [4,5]. A variety of
studies on PEFCs have focused on steady-state behavior at different operating conditions, including
the effect of temperature, the humidification level, and the stoichiometric ratio of reactants, as well as
the flow-field structure of single cells or stack performance [6–8]. However, in the real application of
PEFC systems for vehicles, the fuel cell should satisfy the requirements of fast response during the
start-up, stop, acceleration, and braking processes in a short time. Thus, thorough research on the
PEFC transient response to continuous load change is necessary.
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In 1996, Amphlett et al. [9] created a dynamic model to investigate the transient behavior of
PEFCs. This model was coupled to an electrochemical and a thermal model, which takes the mass
and heat transfer features into consideration. By means of this, the researchers calculated the cell
voltages and heat losses for predicting fuel-cell performance. Um et al. [10] numerically studied the
transient behavior of PEFCs. The model they proposed takes the electrochemical reaction kinetics,
current density distributions, as well as multi-substance transport, into consideration. The results
showed that the current density increased correspondingly as the voltage decreased from 0.6 V to
0.55 V, and the current overshoot behavior was observed in the first few seconds. They determined
that compared to the electrochemical reaction, the reactant gas concentration required more time to
reach its equilibrium, causing this transient behavior. Hamelin et al. [11] experimentally studied the
transient behavior of PEFCs. They performed experiments on Ballard Mk5-E fuel cells and observed
rapid voltage transient behavior, which was determined to be an overshoot and undershoot behavior.
The system response time was less than 0.15 s.

In 2004, Kim et al. [12] experimented on a PEFC with a 25 cm2 triple serpentine flow field. They
studied the effects of voltage change and stoichiometric ratio on the current density overshoot and
undershoot behavior. The results showed that an increase in the stoichiometric ratio caused a decrease
in the current overshoot amplitude. It proved the experimental results from Hamelin et al. [11],
as well as the numerical simulation results from Um et al. [10]. Shen et al. [13] investigated the
effect of an air stoichiometric ratio on the voltage undershoot behavior and found that increasing the
stoichiometric ratio reduced the voltage undershoot tendency. The reason for this is that an increased
stoichiometric ratio leads to reduced water accumulation in the gas diffusion layer and the flow
channel, which consequently increases the reactant concentration on the reaction site and improves the
reactant distribution.

In 2005, Yan et al. [14] numerically analyzed the effects of flow channel width and catalyst layer
overpotential on the mass transport transient behavior. The results showed that a higher value of the
channel width and catalyst layer overpotential caused a faster dynamic response behavior during
the startup phase. Yan et al. [15] experimentally studied the transient behavior of single cell during
cyclic load changes and different operating conditions, including inlet gas temperature, operating
temperature, stoichiometric ratio, and inlet gas pressure. They found that a higher cathodic reactant
humidity caused a lower voltage undershoot amplitude. Also, a higher stoichiometric ratio and higher
pressure resulted in a reduction in the transient behavior of the cell.

In 2006, Liu et al. [16] investigated the long-term durability of PEFCs under different current
cycles to simulate the real driving conditions for vehicular applications. Cell polarization curves,
electrochemical impedance spectra, as well as hydrogen crossover rates, were used to characterize
the MEAs (Membrane Electrode Assembly). They found that the hydrogen crossover rate was kept
nearly stable during constant current operation. However, under cyclic current conditions, a pinhole
was formed on the MEA after 500 h of operation, which led to dramatically increased hydrogen
crossover. In 2009, Lin et al. [17] investigated the degradation of PEFC performance under cyclic
load operating conditions. It was noticed that after 280 h of operation, the cell performance starts to
decrease. Furthermore, the gaps and cracks were formed on the catalyst layer after 370 h of operation.
In 2014, Lin et al. [18] studied the influence of dynamic load changes on the durability of a segmented
cell. Their results showed that the performance of the cell decreased dramatically after 200 cycles of
operation. Moreover, the current density decreased much faster at the inlet and outlet region than
in other positions. By analyzing the impedance spectroscopy, they found that the ohmic resistance
increased after 200 cycles, especially on the cathode side.

These mentioned above can be classified into electrochemical transients. Banerjee and
Kandlikar [19] confirmed that, apart from the electrochemical transients, the PEFCs’ transient behavior
also included the thermal and two-phase flow transients. The two-phase behavior of PEFCs has been
investigated by several researchers [20–22]. However, most of their work has focused on steady-state



Energies 2019, 12, 2370 3 of 13

instead of transient behavior in PEFCs. Therefore, an investigation of the two-phase behavior of PEFCs
for automotive drivetrains is necessary.

The pressure drop inside fuel cells has been used as an effective tool to analyze the dynamic
water behavior in channels [23–25]. In 2014, Banerjee and Kandlikar [26] investigated the impact of
two-phase flow pressure drops on cell performance. They studied the effects of temperatures and
load changes on cathodic pressure drops and observed the pressure drop overshoot and undershoot
behavior. During their later work [27,28], the pressure drop overshoot behavior could only be observed
at lower temperatures due to the generated liquid water presented in the flow channels. In comparison,
the overshoot behavior became insignificant at higher temperatures because of the higher water vapor
fraction. They also found that the current change amplitude had more effects on the overshoot behavior
of a pressure drop compared to the current change ramps.

Despite the changing load and operating conditions having been studied by many research groups,
limited attention has focused on the relationship between voltage responses, two-phase flow pressure
drops, and cell resistance under transient conditions. Furthermore, the effect of different load cycles
has also not been investigated. In this paper, different current density profiles were imposed on the cell,
and its effects on the voltage response, pressure drop, as well as cell ohmic resistance, were observed
and analyzed.

2. Experimental Preparation

2.1. Test Cell Components

The test cell, as shown in Figure 1, was manufactured and assembled at Forschungszentrum
Jülich. The active area of the Gore catalyst-coated membrane (CCM) is 17.64 cm2. The non-woven
Gas Diffusion Layer (GDL), Freudenberg H23Cx165, which was coated with a microporous layer
(MPL) with 40 wt% polytetrafluoroethylene (PTFE) loading, was added on both sides of the CCM.
The detailed drawing of the in-house-designed monopolar plate applied in the present work is shown
in Figure 2, where the flow field is also presented. The monopolar plate was fabricated from graphite
composite. The flow field consists of three parallel serpentine channels, each of which has a quadratic
cross-section with 1 mm width and 1 mm depth, and a land width that is also 1 mm. The flow fields at
both monopolar plates have symmetrical designs. The reactant gas flow direction was arranged as a
co-flow configuration. The end plate was also used as the current collector plate and was fabricated
from stainless steel type 1.4571 (316 Ti).
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2.2. Test Equipment

The experimental operating conditions were controlled by Greenlight Technology’s G40 test
station, which could supply a stable reactant gas flow rate, temperature, and relative humidity based
on the experimental requirements. As is shown in Figure 3, the voltage test ports are inserted into
the monopolar plate to record the cell voltage. Two heater tubes are inserted into the end plates to
control the cell temperature. Two thermocouples are inserted into each end plate to measure the cell
temperature. A manometer is used to measure the two-phase flow pressure drops on the cathode side.
The ohmic resistance of the cell was measured by means of an Electrochemical Impedance Spectroscopy
(EIS) device (Zahner Zennium, ZAHNER-elektrik GmbH & Co. KG, Kronach, Germany).
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2.3. Test Procedures

In order to maintain stable performance of the test cell for subsequent testing, a repeatable break-in
procedure needed to be performed for the new CCM [29]. During the break-in procedure [30], the test
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cell was conditioned at 70 ◦C, with fully saturated (relative humidity (RH) = 100%) hydrogen at 1.2
stoichiometric ratio and fully saturated air at 2.5 stoichiometric ratio. The current was increased until
the cell voltage reached 0.6 V. Then, the voltage was cycled between 0.6 V (30 min), 0.4 V (30 min), and
OCV (1 min) approximately 6–8 times until there was no further increase in cell performance.

The conditioning procedure was performed before each test in order to set the equal start
condition. During the conditioning process, the test cell temperature was set at 70 ◦C, with fully
saturated hydrogen at a stoichiometric ratio of 1.2, and fully saturated air at λ = 2.5. The cell voltage
was set to 0.6 V for the 30 min of operation. This step was used to make sure that the membrane was
fully hydrated and that the test cell had the same historic situation before each test [31]. During the
testing process, the voltage response, cathodic pressure drop response, and ohmic resistance of the cell
under each operating condition were recorded. The cell temperature and reactant relative humidity
were considered to be constant in the test, while the flow rate of the gas was correspondingly adjusted
to the change of the current density.

2.4. Test Conditions

During the test process, the cell operating temperature was set to 60 ◦C and the reactant’s relative
humidity was set to 90% on both sides. The stoichiometric ratio of hydrogen (λH2) and air (λAir) were
set to 2. The test operating conditions are shown in Table 1.

Table 1. Test conditions.

Anode Reactant Gas Hydrogen
Rel. Humidity 90%

λH2 2
Cathode reactant gas Air

Rel. Humidity air 90%
λAir 2

Cell Temperature 60 ◦C
Flow Direction Co-flow, top to bottom

Six sets of experiments were conducted in this study. The maximum duration of each test was no
more than two hours. The maximum number of cycles of each test was no more than 10. Figure 4
shows the first load-cycle curve of each load-cycling profile. The starting current density is always
0.2 A/cm2 and remains so for five minutes, which is the so-called startup phase. The load ramps in
test No. 1 can be described by four repeated steps, each with a duration of five minutes (indicated by
5-5-5-5):

1. Linear current increase from 0.2 A/cm2 to 0.6 A/cm2

2. Constant current at 0.6 A/cm2

3. Linear current decrease from 0.6 A/cm2 to 0.2 A/cm2

4. Constant current at 0.2 A/cm2

This is the first load cycle for test No. 1. The other tests have similar load-cycling profiles but
with different times for the load ramps and constant current phases. The load ramps in test No. 2 are
represented by 2.5-5-2.5-5, in test No. 3 it is 1-5-1-5, in test No. 4 it is 0-5-0-5, in test No. 5 it is 5-0-5-0,
and in test No. 6 it is 1-0-1-0.
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3. Results and Discussion

The cathodic pressure drop response and the cell voltage profile of test No. 1 to test No. 6 are
shown in Figure 5. In the first cycle of each test, the cell voltages changed in correspondence with
the changes of the current density, as well as the cathodic pressure drop. When the load decreased
from 0.6 A/cm2 to 0.2 A/cm2, the pressure drop on the cathode side began to decrease. It reached
the minimum value when the load reached 0.2 A/cm2. The cell voltage also reached the maximum
corresponding value. A similar pattern was also observed in the subsequent cycles in each test.
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3.1. Effect of Load Changes on Voltage Overshoot and Undershoot Behavior

The voltage overshoot and undershoot behavior were observed from test No. 1 to test No. 4.
The reason for this is that the mass transfer is slower than the electrochemical reaction [19]. When
increasing the current density, the gas consumption rate increases alongside the water generation rate.
The increase in gas consumption leads to a decrease in the gas concentration on the catalyst layer.
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At the same time, the generated water accumulates in the GDL so that the reactant transport pathways
are blocked and unable to reach the reaction site on time. This will cause sudden starvation as the
voltage starts to decrease. The voltage achieves a constant value again as soon as the mass transfer
process reaches a new equilibrium. When the current suddenly decreases, the gas consumption rate
decreases, as well as the water generation rate, with excess water generated by the larger current
making the membrane sufficiently hydrated. At the same time, the oxygen concentration on the
cathode’s electrode is relatively large, which leads to the voltage overshoot behavior. When the mass
transfer process reaches the new balance, the voltage achieves a constant value. When the holding
time at the constant current density was zero, the overshoot or undershoot behavior was no longer
observed—see test No. 5 and test No. 6.

The average overshoot/undershoot magnitude (VAOM/VAUM) was studied to characterize the
impact of load ramps on the voltage overshoot and undershoot behavior. The overshoot magnitude
(VOM) is defined as the difference between the peak voltage and the steady state voltage. Similarly,
the magnitude of undershoot (VUM) is defined as the difference between the minimum voltage value
and the steady state voltage value. The VAOM can be calculated by the following equation:

VAOM =
n∑

i=1

VOMi/n (1)

where n means the number of cycles in each test. Equation (1) can also be used for the VAUM calculation.
Figure 6 shows the impact of load ramps on the VAOM and VAUM. In Figure 6a, it can be seen that the
VAOM of tests No. 1, No. 2, and No. 3 are in the same range, but for test No. 4, the VAOM is increased.
Similarly, in Figure 6b, the VAUM of tests No. 1, No. 2, and No. 3 are nearly unchanged, while for test
No. 4, the VAUM is increased with a large deviation. It can be noticed that when the load ramp rates
(
∣∣∣ ∆i
∆t

∣∣∣) are not infinite (test No. 1 to test No. 3), this has a strong impact on the voltage overshoot and
undershoot behavior. The load profiles with non-infinite ramps can help the mass transfer process to
easily and quickly achieve equilibrium.
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3.2. Effect of Load Ramps on Cathodic Pressure Drop Change

In order to characterize the cathodic pressure drop of the cell at different load ramps, we studied
the top average pressure drop value (∆PTopA) at 0.6 A/cm2 (constant current phase) and the bottom
average pressure drop value (∆PBotA) at 0.2 A/cm2 (constant current phase) in each test. As is shown
in Figure 7, in tests No. 2 to No. 4, the ∆PTopA increases slightly with the increase of the load ramp
rates (

∣∣∣ ∆i
∆t

∣∣∣). However, the corresponding changes in ∆PBotA were not obvious, nor were the changes
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in the difference between ∆PTopA and ∆PBotA. Figure 8 shows the standard deviation of ∆PTopA and
∆PBotA with different load ramp rates. It can be observed that with an increase in the load ramp,
the difference between the top and bottom pressure drop standard deviation becomes more significant.
In tests No. 2 to No. 4 and tests No. 5 to No. 6, an increase of load ramp rates will lead to a increase
in the standard deviation of ∆PTopA. The reason for this might be that the smaller load ramp rates
cause slower changing rates in the pressure drop, and the pressure drop reaches its equilibrium in the
constant current phase. However, with the higher load ramp rates, the change of water flow produced
is also higher, so that the equilibrium of the two-phase flow is harder to reach. This causes a higher
pressure drop fluctuation.
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Figure 9 shows the top and bottom pressure drop standard deviation in tests No. 1 to No. 4. In test
No. 1, it can be observed that in the first cycle, the difference between the top and bottom pressure
drop standard deviation is the largest, with cycles going on, then starting to decrease. A similar pattern
can also be found in tests No. 2 to No. 4, although there was some fluctuation in this trend. It can be
noted that during the cyclic operation, the two-phase flow tends to reach equilibrium in the cell. It was
impossible to calculate the top and bottom pressure drop standard deviation in test No. 5 and test No.
6 because of the lack of a constant current phase in these cycles.
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3.3. Effect of Load Ramps on Ohmic Resistance

The galvanostatic mode was applied during resistance measurements. The amplitude of the
AC voltage was set to 10 mV. The cell impedance was measured at a frequency of 3 kHz and can be
considered as the cell ohmic resistance, which is the intercept on the high-frequency part of the real axis
in the impedance spectra. Figure 10 shows the ohmic resistance in each cycle (indicated by the white
and grey stripes) for tests No. 1 to No. 4. The ohmic resistance was measured in each cycle, first at
0.6 A/cm2 and then at 0.2 A/cm2. Before the first cycle was started, the ohmic resistance was measured
during the start phase of each cycle at 0.2 A/cm2. It was clearly observed that the ohmic resistance is
significantly higher at the lower current density. This is expected because at a higher current density
value, more water is generated and the membrane has higher water content. This results in higher
protonic conductivity. It was also observed that the ohmic resistance difference between each test
is less than obvious. The reason for this might be that there is enough water inside the cell that the
membrane is sufficiently humidified. The ohmic resistance was only measured from test No. 1 to No. 4,
as it was impossible to measure the ohmic resistance in test No. 5 and No. 6 because of the lack of
constant current phase in these cycles.
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4. Conclusions

In this paper, experiments on the transient behavior of a PEFC under different load profiles were
conducted. The cell voltage, pressure drop response, and ohmic resistance were measured and studied.

Voltage overshoot and undershoot behavior were observed during the tests. When the load ramp
rate was infinite (load change time was zero), it had a strong effect on the voltage overshoot and
undershoot behavior compared to other load ramp rates, for which the load change time was not zero.
When the constant load holding time was zero, the voltage overshoot or undershoot behavior was no
longer observed.

The load ramp did not have an obvious impact on the average pressure drop differences between
each test. During the cyclic operation in each test, the difference between the top and bottom pressure
drop standard deviation was gradually decreasing, which meant that the two-phase flow tended to
reach equilibrium in the cell with the cyclic operation.

Finally, the impedance analysis showed that the ohmic resistance changes with the change of the
current density and the lower current caused higher ohmic resistance. The larger current will cause
lower ohmic resistance of the membrane. The reason for this was that under the higher load, the cell
generated more water. The membrane was sufficiently humidified and increased the ionic conductivity
of the membrane. Furthermore, the difference between each test was not obvious. The reason for this
may have been that there was always enough water inside the cell.

Overall, this study provides information about how the cyclic load profile influences the cell
performance and water dynamics behavior in the cell. It can be concluded that the cyclic operation
seemed to have no obvious influence on the cell’s overall performance. The pressure drop had a
larger fluctuation in the first cycle and became smaller as the cycles went on. This represented the
water-related dynamic behavior of the cell without affecting the cell’s performance. Other operational
parameters or cell and flow field designs than chosen in this study led to different results and conclusions.
Furthermore, when changing the load, it was necessary to adjust operating conditions such as relative
humidity in order to keep the membrane at a lower ohmic resistance. All of this information could
help improve the control strategy of the fuel cell system for the real vehicular application.
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