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Proton exchange membrane (PEM) fuel cells have attracted grate attention in recent years as a
promising replacement for traditional engines. The performance of PEM fuel cells is known to be
influenced by many parameters such as operation temperature and humidification of the gas streams.
In this work, a testbench was developed to monitor and control a 300W fuel cell stack. Series of
polarization curves with different fuel cell operation temperatures and humidification temperatures
have been studied. From the polarization curves the values of kinetic parameters such as the Tafel
slope and the cell resistance have been calculated with the fit of the experimental data to an empirical
model. The effect of the fuel cell and humidification temperatures on the Kinetic parameters has been
studied.

Keywords: PEM, Fuel cell stack, humidity and temperature, empirical modeling, monitoring voltage
of individual cell.

1. INTRODUCTION

Fuel cells are electrochemical devices where the energy of a chemical reaction is converted
directly into electricity by combining hydrogen fuel with oxygen from air. Water and heat are the only
by products if hydrogen is used as fuel source [1-3]. Among many kinds of fuel cells, the polymer
electrolyte membrane (PEM) fuel cell has received much attention in the last two decades because of
its lightweight, compactness, high power and low cost [3-6]. PEM fuel cells have been widely
recognized as the most promising candidates for future power generating devices in the automotive,
distributed power generation and portable electronic applications [3-10].
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Fuel cells in the range of 1 W-100 kW sizes are being considered for near term service in
several remote and mobile applications where they provide quiet operation, high reliability, potentially
high energy density and ultra-low emissions. In recent years, research and development in fuel cells
and fuel cell systems have accelerated, and although significant improvements in polymer electrolyte
membrane fuel cell technology has been achieved over the past decade, the performance, stability, and
reliability for today’s fuel cell technology is not sufficient to replace internal combustion engines. On
the other hand, the cost of fuel cell systems is still too high for them to become viable commercial
products. A number of fundamental problems must be overcome to improve their performance and
reduce their cost [1-14].

In a PEM fuel cell stack, the cells are electrically connected in series and the polarization
curves of the individual cells can be measured by measuring the current of the entire stack and the
voltages of individual cells. For a given set of operating parameters such as system pressure,
temperature, humidification, and gas stoichiometry, the fuel cell voltage is essentially determined by
the applied current [11-16].

The polarization behavior of a fuel cell exhibit similar voltage/current relationships and it’s the
result of three types of phenomena: electrode kinetics, ohmic losses, and transport limitations. The
activation polarization loss is dominant at low current densities and is present when the rate of the
electrochemical reaction at the electrode surface is controlled by sluggish electrode kinetics. The
processes involving adsorption of reactant species, transfer of electrons across the double layer,
desorption of product species, the number and distribution of active sites, and the nature of the
electrode surface can all contribute to activation polarization. Ohmic losses vary directly with current,
increasing over the entire range of current density. These are due to the resistance to the flow of
protons in the electrolyte membrane and resistance to flow of electrons through the stack materials,
electrode materials, electrode backing, interconnects current collector plates and constant resistance
between various interfaces. The ohmic losses can be reduced by using thinner electrolyte membranes
with proper humidification, better conductivity cell stack materials, design of the flow field and current
collection plates and by reducing contact resistances at various interfaces. The concentration
polarization losses occur due to the mass transport limitation to reactants/products to or from the
electroactive sites. These voltage losses occur over the entire range of current density, but become
prominent especially at high currents, when it is difficult to provide enough reactant flow to the
reaction sites. The mass transport voltage losses can be reduced by making the gas distribution over the
electrode surfaces more uniform, higher porosity of the backing layer without losing conductivity, or a
right combination of the hydrophobic and hydrophilic properties of materials used to construct
electrode layer for efficient water removal [3, 11-21].

Operation of PEM Fuel Cells at high temperatures is considered an effective way to improve
performance in terms of reaction kinetics, catalyst tolerance, heat rejection, and water management.
With respect to water management, a high relative humidity is required in order to obtain a practical
performance, even when the fuel cell is operated a high temperatures [20-23]. Water management
represents one of the main critical and design issues of PEM fuel cells because the membrane
hydratation in a PEM fuel cell determines its performance and its durability. If the membrane is not
properly hydrated, it exhibits higher ionic resistance and can even be irreversibly damaged in extreme
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cases. Polymer membrane materials used in PEM fuel cells must be hydrated in order to maintain high
proton conductivity, and at the same time excess water must be removed to prevent flooding.
Membrane hydration is affected by the water transport phenomena in the membrane itself, which in
turn is affected by the condition of the inlet gases and the operating parameters of the fuel cell.
Therefore, it is very important to maintain an optimal water balance during the operation of PEM fuel
cells [20, 24-27].

In this work, the effect of the operation and humidification temperatures on the performance of
a 300 W fuel cell stack is studied. Polarization curves at different fuel cell temperatures and at
different humidification temperatures have been obtained. From the polarization curves the values of
Kinetic parameters such as the Tafel slope and the cell resistance have been calculated with the fit of
the experimental data to an empirical model, and the effect of the fuel cell operation and
humidification temperatures on the kinetic parameters have been studied. The fuel cell stack has been
operated in dead-end mode. In dead-end mode, the hydrogen outlet is blocked and thus the anode is
pressurized. Complete blocking of the hydrogen outlet may cause serious flooding problems in long
term operation due to water accumulation in the anode compartment. Dead-end operation also affects
the water balance of the cathode due to decreased total water removal from the cell. Therefore, the
anode outlet should be equipped with a purge valve to remove excess water [28].

On the other hand, the voltages of the individual cells have been monitored in order to detect
possible voltage drops, as if only the stack voltage is monitored, the breakdown of a single cell in a
large stack is difficult to detect [11, 29-30].

2. EXPERIMENTAL SET UP

Figure 1 shows a scheme of the experimental arrangement. It consists of a 300 W fuel cell
stack with 20 individual cells. Under optimal conditions with regard to pressure, humidity, reactants
flow, and temperature, the electrical output capability of the stack is 300 W. The supply of air to the
cathode is handled by a compressor and the hydrogen is stored in a high-pressure tank at up to 200 bar.
Using reduction valves, mass flow controllers, and an external humidifier, hydrogen and air are fed to
the fuel cell stack. Purge valves were used to assist the removal of water droplets in the flow channels.
The liquid cooling loop consists of a continuous-controlled pump and a heat exchanger. The
temperatures are measured by thermocouples. All experiments were carried out under galvanostatic
conditions using a 500 W H&H electronic load.

The system is fully instrumented to measure energy and mass flows between the different
components. A computer-based control and data acquisition system, based on a LabVIEW software
developed application, collects and multiplexes the respective signals and feeds them into the PC
responsible for the overall system control. A master control virtual instrument (V1) supervises the
high-level control and data monitoring activities. The individual cell voltages are monitored trough this
system. Control of the individual components is achieved through the use of RS-232 communication
ports.
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Figure 1. Diagram of the experimental arrangement, consisting of a fuel cell stack, air supply,
hydrogen supply, cooling system, humidifier system and data acquisition system. (1) reduction
valves, (2) mass flow controllers, (3) purge valves.

In this work, the fuel cell stack performance was evaluated at different fuel cell operation
temperatures from 20 to 80°C, and humidification temperatures from 40 to 70°C. Hydrogen was
supplied to the fuel cell stack in the dead-end mode, at the exact rate at which is being consumed. In
this mode of operation the measurements the hydrogen flow rate was only measured but not controlled,
while air was supplied with a stoichiometric ratio of 5. The operation pressure was 1 bar.

3. RESULTS AND DISCUSSION

3.1. Effect of the operation temperature on the fuel cell stack performance in absence of
humidification.

The fuel cell stack performance was first evaluated from the polarization curves at operation
temperatures from 20 to 60°C in absence of humidification. Figure 2 shows the polarization curves of
the fuel cell stack at these temperatures. The polarization curves indicate that the fuel cell stack
performance was improved with increasing temperature from 20 to 40°C, it remains almost constant
between 40 and 50°C, and finally decreases for temperatures above 50°C.

The increase in the fuel cell stack performance between 20 to 40°C, in terms of the measured
voltage, can be explained by the increase in the gas diffusivity and membrane conductivity at higher
temperatures and to the increase of the exchange current density with the increase of the operation
temperature, which reduces the activation losses. The gas diffusivity improves with increased fuel cell
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temperature; therefore, the fuel cell stack performance is improved at higher temperatures. Therefore,
the Kkinetics reaction is improved by the high temperatures [31].
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Figure 2. Effect of the operation temperature on the polarization curves in absence of humidification.

However, if the operation temperature is high enough, the membrane conductivity decreases
because of the reduction in the relative humidity of the reactant gases and the water content in the
membrane. Therefore, the fuel cell performance was worse when the fuel cell stack temperature was
increased to 60°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 produced water, the membrane will start to dry out [13, 25-27]. The increase of the
resistance when the membranes dry out causes the decrease in the fuel cell stack voltage observed in
Figure 2 at the higher operation temperature of 60°C [32].

3.2. Effect of the humidification temperature on the fuel cell stack performance.

In this work, the simultaneous effect of the operation and humidification temperatures on the
performance of the fuel cell stack has been studied. In this way, sets of experiments were carried out
where the operation temperature of the fuel cell stack was varied from 20 to 80°C, and the
humidification temperature was varied from 40 to 70°C. The polarization curves obtained for each set
of experiments are shown in the following figures.

Figure 3 shows the polarization curves of the fuel cell stack for an operation temperature of
40°C and different humidification temperatures.

In Figure 3 can be observed that the performance of the fuel cell stack increases with the
humidification temperature, but at this low operation temperature, this increase is not very important.
However, when the operation temperature increases, the effect of the humidification temperature is
more pronounced, as can be seen in Figures 4 and 5, where the effect of the humidification temperature
on the polarization curves are presented at two operation temperatures of 60 and 70°C respectively.
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Figure 3. Effect of the humidification temperature on the polarization curves for an operation
temperature of 40°C.

Figure 4 shows that at an operation temperature of 60°C the performance of the fuel cell stack
improves with the increase of the humidification temperature, especially at high currents, due to the
improvement of mass transport as a consequence of the increase of the gas diffusivity.
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Figure 4. Effect of the humidification temperature on the polarization curves for an operation
temperature of 60°C.

At an operation temperature of 70°C, there is an important improvement of the fuel cell stack
performance with the increase of the humidification temperature from 40 to 70°C, such as can be
observed in Figure 5. This is because for this high operation temperature, the improvement achieved in
the humidification of the membrane is better than at lower operation temperatures, and this increase
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the proton conductivity. The limiting current also increases with the increase of humidification
temperature, due to the improvement of mass transport.

20
——40°C
——50°C
. ——60°C
> 151 —=—70°C
X
3
8
(%]
- 10
5 T T T T
0 0.1 0.2 0.3 0.4 0.5

Current density (A/cm?)

Figure 5 Effect of the humidification temperature on the polarization curves for an operation
temperature of 70°C.

The effect of the operation temperature on the performance of the fuel cell stack is shown in
Figures 6 and 7 for two humidification temperatures of 40 and 70°C respectively. As can be seen in
Figure 6, for a humidification temperature of 40°C and different operation temperatures from 50°C to
70°C, the performance of fuel cell stack decrease when the operation temperature increase. At this low
humidification temperature, an increase of the operation temperature, causes the membrane to dry, the
membrane conductivity decreases and the fuel cell stack performance decreases.

However, for a humidification temperature of 70°C, the performance of the fuel cell stack
increases with the operation temperature from 30 to 70 °C, as can be seen in Figure 7. When the
membrane is well hydrated, increasing the operation temperature improves the performance of the fuel
cell stack, due to the increase of the exchange current density, which reduces the activation losses, and
to the increase in the gas diffusivity and membrane conductivity at higher temperatures. The hydration
of the membrane is better at low temperatures than at high temperatures, but the kinetics was slower at
low operation temperatures that at high temperatures. The trade-off between water retention an Kinetics
may be responsible for the similar performances in the low current range. At higher current, the
positive impact of accelerated reaction kinetics at high temperatures on the performance may
overwhelm the negative impact of less hydration of membrane, resulting in higher performance. If the
operation temperature is high enough, the performance of the fuel cell stack decreases, as can be seen
in Figure 7 for an operation temperature of 80°C. This could be because at this high operation
temperature, the membrane material in the catalyst layer may not be fully hydrated. The water is more
easily vaporizes at high temperatures. This could cause a decrease in the membrane conductivity and
in the active surface area of the catalyst, and then, a decrease of the fuel cell stack performance [32].
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Figure 6. Effect of the operation temperature on the polarization curves for a humidification
temperature of 40°C.
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Figure 7. Effect of the operation temperature on the polarization curves for a humidification
temperature of 70°C.

3.3. Monitoring the individual cell voltages.

Since all cells in a stack are electrically connected in series, the reliability of a stack depends on
a satisfactory operation of all individual cells. Monitoring of only the stack voltage makes it difficult to
distinguish the accumulation of slight deteriorations in all cells from the breackdown of a single cell. A
single cell might have failed due to the blocking of channels or reaction sites by excess of water, due to
overheating by temporarily insufficient cooling or due to mechanical failure of the membrane.

The individual cell voltages at an operation temperature of 70°C and different humidification
temperatures of 40°C and 70°C can be observed in Figure 8 for a current of 10 A. At the lower
humidification temperature of 40°C, the individual cell voltages dropped practically in all cells due to
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the dehydration of the membrane and a decrease of the conductivity. If the humidification temperature
is increased to 70°C, an increase of the individual cell voltages can be observed, and a more uniform
distribution of the individual cell voltages is achieved due to the increase of the membrane
conductivity with the humidification temperature.
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Figure 8. Individual cell voltages at two different humidification temperatures of 40°C and 70°C and at
fuel cell stack operation temperature of 70°C.

Figure 9 shows the individual cell voltages at three polarization levels of the fuel cell stack for
humidification and operation temperatures of 70°C. When the stack is working at 2 A, the distribution
of the individual cell voltages is practically uniform. At 12 A the distribution of the individual cell
voltages is less uniform, the voltage of the firsts and lasts cells are lower than the voltage of the
internal cells. At 20 A, the distribution of the individual cell voltages is similar than at 12 A, but the
mean voltage is lower as the fuel cell stack is operating in the mass transfer control zone. For given
operation and humidification temperatures, with the increase of current, the water production rate
increases proportionally. The higher rates of water production can cause flooding in some cells and the
uneven distribution of the individual cell voltages observed at high currents.
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Figure 9. Individual cell voltages at humidification and operation temperatures of 70°C at different
currents of 2 A (activation loses), 12 A (ohmic loses), and 20 A (mass transfer loses).
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The voltage changes found previously in the individual cells at the different operating
conditions can be attributed to different phenomena occurring throughout the stack, such as
dehydration of the membranes or flooding of the gas diffusion electrodes, depending on the operation
and humidification temperatures, and on the applied current. These phenomena cause a slight
deterioration in every cell. Therefore, the monitoring of only the stack voltage makes it difficult to
distinguish the accumulation of slight deteriorations in all cells from the breakdown of a single cell.

3.3 Effect of the humidification and operation temperatures on the kinetic parameters of the fuel cell
stack.

The kinetic parameters of the fuel cell stack can be obtained by the non-linear regression fit of
the experimental data to the following empirical equation [33-36]:

E=Eo—b-log||—R-I—m~exp(n-|) [1]

0

Where E and | are the experimentally measured potential and current respectively, Eq is the
open circuit potential, Iy is the exchange current, b is the Tafel slope for the oxygen reduction reaction,
and R represents the resistance. The parameters m and n describe mass-transport limitations. The m
value affects both the slope of the linear region of the polarization curve, and the current at which there
is departure of this plot from linearity. The n value has a major effect on the dependence of
polarization curve after the linear region, the rapid fall-off of potential with increasing of current, the
major mass-transport limitation region. The value of n has only a small effect on the slope of the linear
region; its dominant effect is in dramatically changing the slope of the polarization curve in the major
mass-transport limitation region [34].
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Figure 10. Variation of Tafel slope with the operation temperature at different humidification
temperatures.
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The Tafel slope, b, which represents the voltage losses due to activation polarization, calculated
from the fitting of the experimental data to equation [1], is represented in Figure 10 as a function of the
operation temperature and the humidification temperature.

As can be seen in Figure 10, for a given humidification temperature, the increase of the fuel
cell temperature improves the electrochemical reaction, decreasing the necessary activation energy to
improve the transference of electrons and decreasing the Tafel slope. The effect of the humidification
temperature on the Tafel slope depends on the operation temperature. The lower values of the Tafel
slope are obtained when the combination of the operation temperature and the humidification
temperature produce the best conditions for the access of reactants to the electroactive sites.

Figure 11 shows the effect of the operation and the humidification temperatures on the
resistance calculated from the fitting of the experimental data to equation [1]. The resistance, R,
represents three resistive factors of the fuel cell stack, the resistance for the transportation of electrons,
the resistance of contact of the constituent members of the cell and the resistance transport of protons
through the membrane. Resistance and conductivity of protons are related to the operation temperature
and with the current. If the operation temperature is excessive and the humidity decrease, the resistance
increases. Otherwise, when the current increase there is an increase of the water production and the
water transfer by electro-osmosis from the anode to the cathode, therefore, the anode is dehydrated and
the cathode is flooded.
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Figure 11. Variation of resistance, R, with the operation temperature at different humidification
temperatures.

In Figure 11 can be observed that for the lower humidification temperature of 50°C, the
resistance remains almost constant up to operation temperatures of 60° from where the resistance
increases because at these high operation temperatures the water is evaporated, the membrane is dried
and the corresponding conductivity decrease produces an increase of resistance. At the humidification
temperature of 60°C, can be observed that the resistance decrease slightly with the operation
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temperature, while for the greater humidification temperature of 70°C the decrease of the resistance
with the increase of the operation temperature is more pronounced. When the membrane is well
humidified, the resistance decreases with the operation temperature due to the improvement of the gas
diffusivity and membrane conductivity at higher temperatures.

As it has been found previously, the operation temperature and the humidification temperature
have a great influence on the performance of the fuel cell stack. In order to select the operation and
humidification temperatures for the best performance of the fuel cell stack, in Figure 12 is represented
the maximum power generated by the fuel cell stack as a function of the humidification and operation
temperatures. In this figure can be observed that the highest power is achieved either at low
humidification temperatures and intermediate operation temperatures or at high humidification
temperatures and high operation temperatures, since in these conditions a good balance between the
different factors affecting the performance of the fuel cell stack is reached. Maintaining an optimal
water balance between the anode and the cathode cause a good hydration of the membrane material in
the catalyst layer, and this causes the increase of the active surface area of the catalyst layers, and
improves the reactant transport and the electrode reaction kinetics.
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Figure 12. Maximum power generated by the fuel cell stack at different humidification and operation
temperatures.
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4. CONCLUSIONS

In this work, the effect of the operation and humidification temperatures on the performance of
a 300 W PEM fuel cell stack has been studied. In absence of humidification the polarization curves of
the fuel cell stack showed that the fuel cell performance was improved with increase temperature from
20°C to 40°C. At higher temperatures, the performance of the fuel cell stack decreases as the
membranes can be dried. This causes a decrease on the mean stack voltage and an uneven distribution
of the individual cell voltages.

The effect of the humidification temperature on the fuel cell stack performance depends on the
operation temperature. At the higher humidification temperatures, the membrane material in the
catalysts layer is better hydrated, which causes the increase of the active surface area of the catalyst
layers and leads to improvement of the fuel cell performance. But if the fuel cell temperature is very
high, water is evaporated; the membrane start to dry, the conductivity decrease and the fuel cell
performance is deteriorated. Therefore, when the operation temperature is high, higher humidification
temperatures are required. On the contrary, for low operation temperatures, an excess of water due to
high humidification temperatures causes flooding in some individual cells.

The effect of the operation and humidification temperatures on the Tafel slope and the
resistance has been studied in this work. For a given humidification temperature the Tafel slope
decreases with the operation temperature. The resistance was strongly influenced by water content of
the reactants and by the operation temperature. When the membrane is well humidified, the resistance
decreases with the operation temperature due to the improvement of the gas diffusivity and the
membrane conductivity at higher temperatures.
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