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ABSTRACT: The performance and efficiency of an open-cathode PEM fuel cell system in dead-ended anode
(DEA) configuration and hydrogen purges is analyzed in this work. Excess water and crossed-over nitrogen in the
anode decrease the hydrogen concentration at the catalyst surface, which in turn causes performance losses.
Purging the anode with hydrogen removes water and nitrogen and thus recovers the performance. However, this
means wasting hydrogen and decreasing overall system efficiency. Gas chromatography was used to detect and
quantify the accumulated nitrogen in the anode during DEA operation. The experiments show that the major
performance limitation in the studied system is related to water instead of nitrogen. Moreover, oxygen was
detected in the anode exhaust gas after long purge intervals, which is an indicator for corrosion of the cathode
carbon support structure. Experimental observations revealed that the need for a hydrogen purge strongly
depends on the operating conditions and the state-of-health of the fuel cell. It is shown that flooding on the anode
and drying of the cathode catalyst layer may occur simultaneously during purged operation. Therefore, purge

decisions must be evaluated online, depending on the operating conditions.
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1. INTRODUCTION

Water management in Proton Exchange Membrane (PEM) Fuel Cells is a crucial issue. On the one hand, water
is needed to maintain good proton conductivity and therefore has to be kept in the membrane. On the other hand,
too much liquid water in the Catalyst Layers (CL) reduces the electrochemically active surface area and if present

in the pores of the Gas Diffusion Layers (GDL) it hinders the reactant gases to diffuse to the catalyst surface.

" Corresponding author. Tel.: +34 93 4015754; Fax: +34 93 4015750. E-mail address: ahusar@iri.upc.edu



Thus, both effects reduce the performance of the system. The goal is to maintain an almost uniform distribution in
the Membrane Electrode Assembly (MEA) by keeping a balance between the two conflicting requirements. To
control water transport within a fuel cell system and thereby optimize the MEA hydration at any point of
operation, proper dynamic water management strategies have to be developed. This has been analyzed recently by
Hussaini and Wang [1].

Today most PEM fuel cell systems work either with a Dead-Ended Anode (DEA), which is fed by dry
hydrogen at a regulated inlet pressure or a flow-through (FT) configuration. A DEA system provides savings in
costs, volume and weight compared to a FT system, as it does not require a hydrogen recirculation loop with the
specific auxiliary components, such as a pump, water separator and humidifier. The water back diffusion through
the membrane in the anode during DEA operation leads to a certain degree of self-humidification. Thus, the anode
may be fed by dry hydrogen.

However, there are some major problems involved in the DEA operation. Water accumulation in the anode CL
and GDL can significantly reduce the performance, as stated above Nitrogen permeation from the cathode through
the membrane and accumulation in the anode leads to a similar decrease in performance, as recently investigated
by Siegel et al. [2]. Thus, the anode has to be purged regularly in order to remove accumulated water and nitrogen.
Improper control of the purge can lead to hydrogen starvation along the channel due to the accumulation of water
and nitrogen, which in turn could increase the carbon corrosion rate significantly [3].

However, purging with hydrogen means wasting energy and thus decreasing the overall system efficiency. In
order to minimize the waste of hydrogen, the need for a purge has to be evaluated online, depending on the actual
operating conditions. Feeding the purged hydrogen back into the fuel supply line does not solve the efficiency
problem due to the extra power consumption of a necessary hydrogen pump. Moreover, purging is still required in
order to prevent nitrogen accumulation in the recirculation loop.

Recently several articles were published that describe experimental and modeling work on DEA single cells
[2,3,4]. In the work of Siegel et al. [2] the effect of nitrogen blanketing is studied in detail, which was extended
later by Chen et al. [4] to account for liquid water transport and accumulation. In the work of Chen et al. [3] DEA
operation effects on carbon corrosion due to hydrogen depletion along the channel are highlighted.

This work contributes to the literature with a thorough experimental analysis of performance losses during
DEA operation of a 20-cell, open-cathode PEM fuel cell stack for the purpose to optimize purge strategies.
Possible degradation effects due to improper purge intervals are proved experimentally. Moreover, a comparison

to a FT system in terms of system efficiency is provided.



2. EXPERIMENTS
2.1 Open-cathode PEM fuel cell system

The system under observation in this work is the commercially available 100 W, 20 cell PEM fuel cell stack
H-100 from Horizon Fuel Cells Technologies. This open-cathode system with an active area of 22.5 cm®is self-
humidified and air-cooled. It includes a cooling fan directly attached to the fuel cell housing, which removes heat
from the stack by forced convection and at the same time provides oxygen to the cathode. The anode inlet is
supplied with dry hydrogen and the outlet features a normally-closed electromagnetic valve for dead-ended
operation and purging. A manual forward pressure regulator maintains the anode inlet pressure to about 0.4 bar.
This system by default operates in a constant purge period mode (10 s), which has to be optimized, as explained in
section 1.

Due to the open-cathode nature of the system, the cathode is always exposed to relatively dry ambient air,
which demands for a system design that keeps water in the MEA and also achieves fast humidification. Therefore,
the bipolar plate on the anode side does not feature flow channels but an interdigitated flow field, which is
integrated directly into the GDL. Moreover, both anode and cathode provide micro-porous layers (MPL) between
GDL and CL. Thus, DEA operation leads to fast accumulation of water in the anode. However, the related
negative effects of liquid water accumulation result in a decreasing performance. The anode and cathode flow
field geometry of the studied stack as well as the structure of the diffusion layers have been discussed in more

detail in the work of Strahl et al. [5].

2.2 Electrochemical Impedance Spectroscopy (EIS)

In order to relate the performance loss during DEA operation to activation, mass transport and ohmic losses,
EIS were carried out before, during and after DEA operation. At the beginning of the test the stack was dry, as it
has not been operated for about 3 months. Thus, it had to be humidified by operation with humidified reactants.
During initial flow-through operation it was switched from dry hydrogen to humidified hydrogen at 30°C dew
point at a fuel cell temperature of 33 °C and a current density of 0.04 Acm™. EIS from 10 kHz to 1 Hz were
performed before and after the anode humidification in order to study to effect of humidification on Ohmic and
Faradaic resistance. EIS are carried out using the Agilent 35670A Dynamic Signal Analyzer in conjunction with
the electronic load TDI RBL488. Vaisala HMM211 humidity sensors measure the anode and cathode inlet and

outlet dew point temperatures.



Once high and low frequency resistance reached steady-state values EIS experiments during DEA operation
were initiated without changing the operating conditions. The drawback of EIS is that the data are only
representative if performed at stable operating points and constant operating conditions. Thus, low current
densities were chosen (0.04 and 0.09 Acm™) and the time for one “fast” EIS from 10 kHz to 10 Hz was optimized
to about 20 s. At these current densities the stack voltage drop from the beginning to the end of such a “fast”
spectroscopy was only a few millivolts, which was considered to be negligible and therefore the EIS data are

valid.

2.3 Analysis of DEA Operation Effects on Performance

The cell configuration explained in section 2.1 promotes the hypothesis that liquid water accumulation in this
system occurs much faster than the accumulation of nitrogen in the anode. One reason is, that the diffusivity of
water vapor through Nafion is three orders of magnitude higher than the diffusivity of nitrogen [5,6]. In order to
detect and quantify the nitrogen accumulation in the anode gas chromatography (GC) experiments were
performed. The GC data were analyzed in relation with the electrical data collected during the experiment.

An Inficon 3000 Mirco GC gas chromatograph was used to measure the hydrogen, nitrogen, and oxygen
content of gas samples taken from purges during DEA operation at different current densities. Argon was used as
the carrier gas at a flow rate of 20ml/min and a thermal conductivity detector determined the gas composition. The
sampling time of the chromatograph was set to 60 s to ensure proper detection of nitrogen, which has a retention
time of about 40s.

The stack was fed with dry hydrogen. The exhaust gas of 10 purges at the selected current densities was
collected in gas sampling bags and analyzed afterwards in the chromatograph. The purge interval was kept
constant at 60 s. The purge duration was set to 100ms in order to refill the entire anode volume of 6ml with fresh
hydrogen.

Since the system does not feature any additional heaters, the constant stack temperature of 45°C was chosen,
because it is the maximum temperature reached at the lowest test current density of 0.09 Acm™. The ambient
conditions were maintained constant at 25 °C and 35 % RH via an environmental chamber. These conditions were
the most common ambient conditions to which the stack was exposed in the air-conditioned laboratory before the
testing. Performance tests with the specified stack at different ambient conditions have been discussed in a
previous publication of the authors [7]. However, since the focus in this study is the hydrogen purge strategy
without adding any other parts to the system (heaters, coolers, humidifiers) the most common operation conditions

were chosen.



LabVIEW data acquisition software was used in conjunction with the National Instruments Analog Input
Module for Fuel Cells NI-9206 to measure the stack voltage and each single cell voltage. The stack current is

measured with a Chauvin Arnoux E3N current clamp.

2.4 Analysis of Purge Effects During DEA Operation and Different Operation Conditions

To analyze the effects of purges on system performance, the anode was purged periodically with a purge
interval was 30 s and a purge duration of 100 ms. In that configuration the single cell and stack voltage responses
to changes in stack current, temperature and cathode inlet flow rate were studied. As in the previous experiment,

dry hydrogen was fed into the anode.

2.5 Evaluation of Flooding Detection Method

The capability of detecting anode flooding via monitoring of the anode inlet pressure during purges was
analyzed. In order to evaluate this hypothesis, the anode inlet pressure transients during purges at dry and wet
conditions were compared. The stack was flooded by operation at high current densities, wet ambient conditions
and long purge intervals. The ambient conditions were controlled to 10 °C and 95 %RH by the environmental
chamber. The anode was supplied with dry hydrogen. The applied current density was 0.2 Acm™. The purge
interval was set to 60 s with a purge duration of 500 ms. The pressure sensor MPX5100 from Freescale

Semiconductor is integrated into the hydrogen supply line to monitor the anode inlet pressure.

2.6 Emulation of a Hydrogen Recirculation System

In order to compare the purged system to a recirculation system in terms of efficiency, the DEA experiment
(section 2.3) was carried out in FT mode with humidified hydrogen at the current densities 0.13, 0.18 and 0.27
Acm™. Both system designs achieve performance improvement via anode humidification, although in a different
way. Since the experimental setup does not feature a recirculation pump, the anode humidification via a
recirculation loop was emulated by the use of a Cellkraft P-10 humidifier. The entering hydrogen was humidified
to a dew point temperature of 25 °C, at a constant flow rate of 2 SLPM and a fuel cell temperature of 45 °C. These
conditions are realistic in a well-designed recirculation system that maintains the gas temperature in the

recirculation loop above the ambient temperature by proper system insulation.

2.7 Oxygen Permeation Through the Membrane



In DEA systems oxygen permeation and its presence in the anode plays a crucial role in terms of degradation
[3]. During DEA operation the anode may suffer from locally fuel-depleted regions, which promotes the
accumulation of permeated oxygen, while in a flow-through mode with sufficient hydrogen, this oxygen would be
instantaneously reduced to water.

In order to quantify the amount of oxygen that accumulates in the anode during DEA operation, gas samples
collected during purges were analyzed for traces of oxygen by means of gas chromatography, as explained in
section 2.3. The exhaust gas of 10 purges of 100 ms was collected in gas sampling bags at a current density of
0.09 Acm™. The test was carried out at various purge intervals from 60 to 300 s. Low current densities were
chosen in order to maximize the time between purges before reaching the minimum cell voltages due to hydrogen
starvation. The obtained data provide important information for degradation rate estimation as a function of the

purge strategy.

3. RESULTS AND DISCUSSION
3.1. Effects of Humidification and DEA Operation on Stack Impedance Spectra

As explained in section 2.2, the stack was initially dry and had to be humidified. The impedance spectra before
and after humidification are shown in Figure 1. The high frequency resistance (Ryr) represents the sum of the
membrane resistances of the 20 cells in the stack [8]. Figure 1 shows a decrease of Ry from 0.3 to 0.2 Q within
the first 10 min of running on humidified gas due to the very dry initial membrane states. Moreover, the low
frequency resistance (R g) decreases as well from 2.5 to 2 Q. The difference between Ry and Ry is the so-called
Faradaic resistance (R¢), which gives information about the reaction kinetics of the electrochemical interface [8].
As depicted in Figure 1, R¢ decreases significantly during humidification, which is a result of improving activation
polarization due to higher water content in the anode and cathode catalyst layer [9]. The electrolyte material in the
catalyst layer requires the presence of water for the H' ions to reach the so-called three-phase-contacts between
reactant gas, electrolyte, and electrode catalyst [10], as shown in Figure 2.

After reaching a steady-state for Ryr and Ry r the DEA experiments were initiated. The Nyquist plots of the
“fast” EIS (from 10 kHz to 10 Hz) at 0.04 Acm™ are shown in Figure 3. The plots show that Ry increases
significantly once the anode outlet valve is closed due to accumulation of water whereas Ryr remains constant.
This means that the membrane is well humidified but the excess water in the anode increases the mass transport
resistance. The EIS data recorded right after opening the outlet valve (curve 4) show an even better performance
in terms of Ry than at the beginning of the test (curve 1). This is the result of the improved state of humidification

of the cathode catalyst layer due to water diffusion from anode to cathode during DEA operation.



The experiment at different current densities required about 5 hours. The comparison of the Nyquist plots at
the beginning and the end of the experiment, as depicted in Figure 4, shows that after 5 hours of dead-ended and
purged operation the overall stack performance improved significantly. The major part of the improvement in Ry
from 0.3 to 0.18 ©Q was obtained only by running the stack on humidified hydrogen for about 10 min at the
beginning. However, even though Rygr has not been changing anymore afterwards, the system was still not
optimally humidified, as indicated by the following decrease in Ry from 2.5 to 1.6 Q throughout the experiment.
So the majority of the performance improvement by proper water management in this stack is not related to the

membrane but rather to an optimal humidification of the catalyst layers.

3.2. Effects of Water and Nitrogen Accumulation During DEA Operation

The experiment explained in section 2.3 was carried out at current densities from 0.09 to 0.27 Acm™. The
resulting stack voltage transients during the purged operation are shown in Figure 5. The voltage decay between
purges strongly depends on the current. While at 0.27 Acm™ to voltage drops about 0.8 V, at 0.09 Acm™ the
voltage drop during 60 s of DEA operation is negligible.

Figure 6 shows the results of the gas chromatography at the different current densities. The measurement
points at a current density of zero refer to a sample volume of pure H, that just passed the stack after purging it
with a constant hydrogen flow for about 5 min. The detected N, mole fraction of less than 1 % may result from
residual N, that was still present in the tubing or the porous media. The maximum mole fraction of N, that has
been reached within 60 s is about 10 %. This concentration of N, in the anode by itself is not responsible for the
monitored voltage drop at 0.27 Acm™ after 60 s, compared to the published literature. In the work of Siegel et al.
[2], for instance, N, mole fractions up to 0.7 are demonstrated at a comparable voltage drop and similar current
densities, however at much longer purge intervals. Moreover, the voltage drop depicted in Figure 5 changes
significantly by reducing the current density from 0.27 to 0.18 Acm™ while the N, mole fraction stays almost
constant. The decrease in N, mole fraction at lower current densities is related to the drying of the membrane. As
shown in the work of Kocha et al. [6], the permeability of nitrogen through the PEM can change more than one
order of magnitude from a dry to a wet membrane, since the permeability of nitrogen through water is higher than
through the polymer.

This analysis shows that the open-cathode design of the system under study results in a less important effect of
nitrogen blanketing, because the voltage drops faster than expected, if caused by 10 % of N, in the anode. Instead,
the formation and accumulation of liquid water is the limiting factor for DEA operation. Moreover, the voltage

drop is not a cathode-related phenomenon but can be attributed to the reduction of active sites in the anode. This is



indicated by the instantaneous voltage jump in Figure 5 once the outlet valve is opened. The pressure driven flow
through the anode manifold and porous media during only 100 ms removes water and nitrogen. Thus, blocked
pores and active sites are cleared, which results in a complete recovery of the stack voltage.

For a successful application of DEA fuel cell systems the voltage drop during DEA operation has to be
minimized to an acceptable limit, which is related to the overall system efficiency and performance. Thus, anode
purges have to be performed with operating conditions dependent purge rates. The effects of periodic purges

during DEA operation on performance, efficiency and durability are explained in the following sections.

3.3 Effects of a Step in the Stack Current During Purged Operation

Figure 7 shows the transients of selected cell voltages and the stack temperature right after a step in the stack
current from 0.22 to 0.27 Acm™. For the sake of clarity not all cell voltages are plotted. Instead, only those are
depicted that show a different behavior than the rest of the cells (e.g. cell 16) or those that change due to the
applied perturbation (e.g cell 4). Cell 7 is plotted in order to represent the rest of the cells, which all show a similar
dynamic response to the applied perturbations. The stack temperature increases due to the higher heat production
rate at higher current densities. On the one hand, cell 1 shows a voltage increase due to the increase in temperature
but remains unaffected by the purge action. The little voltage spikes on cell 1 result from the drop in anode
pressure during purges. On the other hand, cell 16 experiences a large purge-related effect, which is expressed by
the comparatively big cell voltage swing of 50 mV during purge cycles. The voltage drops during DEA operation
due to water accumulation in the anode, as explained in the previous section. Cell 4 shows a similar response to
the current step as cell 1 at the beginning. However, after 2.5 min the cell starts to suffer from hydrogen starvation
due to water accumulation, which leads to a dropping voltage during DEA operation, similar to other flooded
cells. The reason is the higher water production rate at higher currents, as described for a single cell by equation
(1). Thus, the liquid water accumulation problem intensifies in the anode of cell 4, which in turn starts to affect the

cell performance.

iy (t) = % [mol s™'] (1)

The stack temperature plays a key role for the mitigation of the liquid water accumulation problem, due to the
possibility of liquid water evaporation in the anode and the related change in water partial pressure. Hence, excess

water in the dead-ended anode can leave the stack at the cathode by diffusion through the membrane. Moreover,



this diffusive water flux humidifies the cathode catalyst layer, which is explained in section 3. An optimal
temperature control strategy thus has to consider water accumulation related effects in order to achieve a high

system performance. Therefore the effects of temperature during DEA operation have been investigated.

3.4 Effects of Temperature and Flow Rate During Purged Operation

As explained in section 2.1 the stack temperature is controlled by a PID controller that actuates the cathode
fan. Hence, for analyzing temperature-related effects, the fan flow rate was varied during the experiment. The
current density was kept constant at 0.2 Acm™. Figure 8 shows the responses of stack voltage, stack temperature,
anode inlet pressure and cathode inlet air velocity after a change in the set point of the temperature controller from
50 to 60 °C. While the temperature is starting to increase, an initial stack voltage increase of 0.2 V can be
observed. This voltage gain is the sum of several temperature and flow rate related effects, such as improving
reaction kinetics, excess water evaporation in the anode, diffusion towards the cathode and less water removal
from the cathode catalyst layer. However, after 2 min the voltage starts to drop while temperature is still
increasing. The stack voltage drops 0.7 V in only 6min due to cathode catalyst drying which now predominates
the positive temperature-related effects, as explained above.

Following the manufacturer’s guidelines, the limiting stack temperature is 60 °C. Therefore the test was
repeated at a lower end temperature. Figure 9 shows selected cell voltages, stack temperature and the cathode inlet
air velocity during the change in the temperature set point from ambient to 50 °C. The performance improvement
due to the rising temperature, as explained above, can be observed in the cell voltages. Moreover, cell 16 and 7
show a decreasing DEA related voltage swing and thus a diminishing sensitivity to DEA operation due to water
evaporation in the anode. However, as in the previous experiment the cathode drying-related performance loss
predominates the overall voltage trend. Thus, anode flooding and cathode catalyst drying are both present at the
same time. After dropping the temperature from 50 to 45 °C in order to counteract the cathode catalyst drying, the
cell voltages stabilize again. Positive effects of the temperature increase are that the anode flooding-related
performance losses in cell 16 diminished significantly and the effects on the voltage of cell 7 vanished completely
compared to the beginning of the test. This shows the possibility of reaching a performance optimized equilibrium
point by intelligent temperature control.

Cathode surges were performed towards the end of the test in order to check the sensitivity to the cathode fan
flow rate. The temporarily resulting voltage spikes due to an increase of cathode stoichiometry during the surge,

are preponderated by the water removal effect of the surges. This negative effect is indicated by the change in the



voltage slope of cell 1, which shifts from an increasing to a decreasing voltage transient, once the cathode surges
appear.

In order to eliminate any flow rate related effects, the same experiment was repeated using an external heater
for raising the stack temperature from 50 to 55 °C and keeping the cathode inlet air velocity constant at 0.2 ms™.
The result is a similar stack voltage drop as in the previous experiment of about 0.8 V, which leads to the
conclusion that the performance loss is only dependent on temperature and not the on cathode air flow rate. The
reason is that even the minimum cathode flow rate guarantees a stoichiometry of about 20.

EIS were performed at both temperatures and the resulting Nyquist plots are shown in Figure 10. The
comparison shows not only an increase in Ryr due to membrane drying, but also a more severe increase in Ryp.
Similar results were obtained by Ciureanu [9] after interruption in cathode humidification.

Analyzing the Bode diagram shows that the phase angle hardly changes despite the increase in Rir, as shown
in Figure 11. This indicates a reduction in the number of available active sites as a result of the dehydration of the
electrolyte present in the cathode catalyst layer. On the contrary, a change in the dielectric properties of the double
layer capacity would change the phase angle [9].

The loss of active sites is reflected in the increase in activation losses. This has been demonstrated
experimentally by applying the voltage loss dissection method presented in the work of Husar et al. [7], which
combines fast current sweeps and EIS data. The fast current sweeps provide low current density performance loss
information at any steady-state operating point without changing the operating conditions. Figure 12 shows the
increasing average activation overvoltage per cell due to the change in temperature.

Finally, all these observations have to be incorporated in an optimal purge and temperature control strategy. A
trade-off between maximum power, stability and system efficiency is necessary when the question for the need of
a purge has to be evaluated. Deciding on an appropriate strategy must consider fuel cell and ambient operating

conditions. Evaluation tools that use additional sensor information other than voltage and current may be helpful.

3.5 Anode Flooding Detection

If a purge is needed or not depends on how much water has been accumulated in the anode and on the
tolerated voltage drop. As explained in the previous sections, the voltage drop may be very different depending on
the operating conditions. However, flooding detection in the anode may include other indicators in order to create
redundancy and also clarity in the case of uncertainty. With the experiment described in section 2.5 the suitability
of the anode inlet pressure as such an indicator was evaluated. The measured anode inlet pressure curves during

purges at dry (blue) and flooded (red) operating conditions are compared in Figure 13.



An interesting curve characteristic is the maximum pressure difference during a purge, which is defined as the
difference between the highest and the lowest point of the curve. It can be seen that this pressure difference
decreases with cell flooding compared to dry conditions because water in the pores of the GDL impedes hydrogen
transport through the anode. Thus, the low-pressure part of the curve increases due to the interdigitated flow field
configuration on the anode. Therefore the anode inlet pressure can be used for online flooding detection.

If a controlled pressure regulator would be used, the anode inlet pressure could be increased by a small
amount within the allowed operating range of 0.4 to 0.6 bar in order to push the extra water out. However, this
would not only increase the cost and complexity of the system but as well the amount of hydrogen wasted during
a purge.

Figure 13 also shows the average cell voltage during a purge. The anode purge prevents the stack from
flooding and thus improves performance, as depicted by the increasing voltage during a purge at flooded
conditions. However, at dry conditions the voltage actually decreases during a purge due to the lower partial
pressure of hydrogen and returns to its previous value afterwards. Thus, hydrogen and energy is wasted, which

shows the importance of a proper purge strategy in order to improve the system efficiency.

3.6 Performance and Efficiency

DEA operation allows for a simpler system design compared to a hydrogen recirculation system. However,
there is a trade-off in system efficiency, which includes the energy waste due to hydrogen loss during a purge on
the one hand, and the power consumption of a recirculation pump on the other hand.

The assigned power loss of periodic hydrogen purges can be calculated with Gibbs free energy referred to

hydrogen’s lower heating value AGLHV (T"), which is the amount of energy that can be converted into electricity

at a temperature T and the formation of water vapor.
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In equation (2) ¢ is the purge duration and 7,  is the purge interval. The volumetric flow rate of hydrogen
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loss during a purge is equal to the difference of the flow-through configuration flow rate VF};Z (¢) and the

hydrogen consumption flow rate VCZ; (¢). The latter is a function of current, as described by equation (3).

Equation (4) calculates the average volumetric flow rate of the hydrogen loss.
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Thus, the total system power of a purged system and a recirculation system can be calculated by the equations
(5) and (6), respectively. The power consumption of a recirculation pump f;f imp is in the order of 3 to 5 W for a
flow rate of 2 SLPM, as for example the 4002 Series Diaphragm Pump of Gardner Denver Thomas. The stack

power of the purged system Plflc was calculated by using average stack voltages due to the decaying voltage

,purge

resulted directly from the humidifier experiment, as described above.
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Figure 14 shows the obtained total system power output at different current densities of both the recirculation

system with a 3 W pump and the purged system with a purge interval of 60 s and a purge duration of 100 ms. At

was always slightly higher as P due to higher stoichiometry

the three different operating points P, FC, purge

el
FC,recycle
and more uniform humidification. However, the comparison shows that the total system efficiency of both
systems is similar, which means that the applied purge strategy is comparable to the use of a 3 W pump in a
hydrogen recirculation loop.

At high current densities the purged system loses power due to the big voltage drop, as shown in Figure 5. At
this operating point the stack suffers from the accumulation of excess water in the anode. However, at moderate
current densities at which the stack creates less water, optimal humidification is reached in the purged system.
This improves the voltage and leads to higher efficiencies compared to the recirculation system. Considering that
the purge duration and interval in these experiments are not optimized supports the hypothesis that a purged

system is capable of reaching higher system efficiencies than a recirculation system.



As explained in section 1 space, weight and costs can be saved using a purged system. The hydrogen loss of a

purged system can be translated directly into system cost increase over operation time by equation (7).

. PM t
COStincrease = Vlf&: ) (R—YI;IZ) ) ﬂ ’ COStHZ ) t [$] (7)

The hydrogen cost target from the DOE for 2015 for central production of hydrogen from water electrolysis
using renewable power is 3 $ per gasoline gallon equivalent (gge) [11]. 1 gallon of gasoline happens to be the
energy equivalent of 1 kg of hydrogen [15]. The durability target from the DOE for 2017 for small power systems
and transportation applications is 5000 hours [11]. Feeding these values together with the same purge duration and
interval as above into equation (7) results in a total system cost increase of 0.44 $ after 5000 h. This is far less than
the costs of installing a recirculation loop including the necessary pump. Thus, even though a recirculation system
would run more efficiently in terms of electrical power output as shown at high current densities in Figure 14, a
purged system will always be more cost-efficient for stacks for low power applications, such as the studied one.
The key factors however are the hydrogen flow rate, the power output and the expected lifetime. Hence, large
systems may be more cost-effective and also more efficient in the recirculation mode. Finally even a recirculation
system has to be purged regularly in order to prevent nitrogen accumulation in the anode loop, however the purge
intervals may be in the order of several minutes [2].

Not only performance and efficiency is affected by purged DEA operation but also the durability, which is

highlighted in the following section.

3.7 Degradation Effects During DEA Operation

As explained in section 1, local hydrogen starvation on the anode may lead to corrosion of the carbon support
in the cathode catalyst layer. Corrosion causes the support structure to fall apart and the platinum particles to
agglomerate, which decreases the electrochemically active surface area. The carbon catalyst support itself is
thermodynamically unstable due to its low equilibrium potential of 0.207 V with respect to the reversible
hydrogen electrode (RHE) at 25 °C. However, at fuel cell potentials below 1 V and temperatures below 100 °C
these degradation effects are negligible due to the slow thermodynamic reaction kinetics [12]. Nevertheless, short
bursts of high potential transits up to 1.5 V during start-up and shut-down through formation of a Hy/Air boundary

in the anode channel can cause severe carbon corrosion, as shown experimentally by Tang et al. [13] and Reiser et



al. [14]. As a result, not only an accelerated carbon corrosion reaction occurs at the cathode catalyst layer, but also

water electrolysis, as described by the following equations:

C+2H,0—CO, +4H" +4e¢” ¢, =0207V (8

2H,0 <> O, +4H" +4e” @, =1.23V ©)

Hydrogen starvation during DEA operation combined with oxygen permeation through the membrane lead to a
similar effect. Due to the lack of H' in the fuel depleted region of the anode, the back reaction of equation (9) does
not consume all permeated oxygen molecules, which in turn leads to oxygen accumulation in the anode. Although
diffusion processes during DEA operation prevent the formation of a sharp boundary as explained above, the
convective flux due to hydrogen consumption leads to the accumulation of permeated oxygen at the end of the
channel [3]. This consequently promotes a similar reverse-current decay mechanism and high cathode potentials
in the starved region, as presented in the work of Reiser et al. [14].

In order to prove this degradation-related DEA operation phenomenon, gas samples collected during purges
were analyzed for traces of oxygen by means of gas chromatography, as explained in section 2.7. Figure 15 shows
the measured mole fractions of oxygen and nitrogen at purge intervals of 60, 200 and 300 s. As depicted no
oxygen could be detected in the previous tests, discussed in section 3.2 at a purge interval of 60 s. However,
increasing the time between purges leads to more severe hydrogen starvation situations and thus to the
accumulation of oxygen in the anode. These results can be used to estimate the carbon corrosion rate as a function
of the respective purge strategy. Based on this, limitations for the interval between purges can be obtained and
incorporated in a control strategy that takes into account the lifetime of a DEA system.

Referring to the comparison of a DEA system and a recirculation system, as presented in section 3.6, the latter
may suffer from the same effect, dependent on the purge strategy. As mentioned, a recirculation system has to be
purged regularly in order to avoid nitrogen accumulation in the anode, which can lead to hydrogen starvation and
therefore to the same degradation mechanism as explained above in a DEA system. Optimizing the durability of
both systems is directly related to avoiding hydrogen starvation in the anode by either water or nitrogen

accumulation.

4. CONCLUSIONS



The presented experimental work on DEA fuel cell systems and hydrogen purges showed that this kind of
system still has a great potential for optimization based on water and thermal management. Electrical and
chemical experiments, such as EIS and gas chromatography highlight the water-related performance challenges.
On the one hand, water is building up in the anode during DEA operation, which causes the blockage of active
sites and thus a voltage drop due to local hydrogen starvation. On the other hand, even during anode flooding, the
cathode catalyst layer is very sensitive to elevated fuel cell temperatures and tends to dry, which in turn leads to a
continuously dropping voltage. Future research has to focus on how to make use of the excess water in the anode
for cathode humidification.

It has been shown that monitoring the drop in anode inlet pressure during a purge gives information of the
accumulation of liquid water. Thus, it may be used as an indicator for the online adjustment of the applied purge
strategy.

The overall system efficiency gain of a DEA system compared to a recirculation system depends on the stack
size and the power output. However, it has been shown that optimization of the purge strategy can significantly
improve the DEA system performance and its cost-efficiency.

The acceleration of carbon corrosion during DEA operation has been proved experimentally, since oxygen in
the anode was detected at the longer purge intervals. Carbon corrosion rates can thus be estimated and
incorporated in a purge control strategy to account for system durability. Based on the presented experimental
results adequate CFD models for water and thermal management will be developed in future work. These models
help to design controllers for applying the optimal purge strategy for different performance, efficiency and
lifetime objectives. Altogether, the presented work helps to improve the understanding of water transport related

phenomena in a PEM fuel cell and thus facilitates the development of control strategies.
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Figure 1: Comparison of EIS data before and after anode humidification at 0.04 Acm™.

Figure 2: Electrolyte distribution on carbon support and between catalyst particles [10].

Figure 3: Comparison of EIS data before, during and after DEA operation at 0.04 Acm™. The legend refers to
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Figure 4: Comparison of EIS data at the beginning and the end of the experiment (5h) at 0.04 Acm™.
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every 60 s.
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each as a function of current density.

Figure 7: Selected cell voltages and stack temperature after a current step from 0.22 to 0.27 Acm™.

Figure 8: Stack voltage, stack temperature, anode inlet pressure and cathode inlet air velocity during a change in

the stack temperature from 50 to 60 °C at a constant current density of 0.2 Acm™.

Figure 9: Selected cell voltages, stack temperature and cathode inlet air velocity during a change in the stack

temperature from 27 to 50 °C at a constant current density of 0.2 Acm™.

Figure 10: Comparison of EIS data at 50 and 55 °C at a constant current density of 0.2 Acm™.

Figure 11: Comparison of Bode phase plots of EIS data at 50 and 55 °C at 0.2 Acm™.

Figure 12: Comparison of average activation overvoltage per cell at 50 and 55 °C at steady-state operating points

at0.2 Acm™.



Figure 13: Anode inlet pressure during purges at 0.2 Acm™ (5A), flooded and dry operating conditions.

Figure 14: Comparison between a recirculation system and a purged system in terms of total system power output

at different current densities.

Figure 15: Mole fractions of oxygen and nitrogen in the sample volume collected during 10 purges of 100 ms each

at different purge intervals and a current density of 0.09 Acm™.
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