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ABSTRACT

Management of the water in the stack is a major problem in achieving optimal performance of a
Proton Exchange Membrane (PEM) fuel cell. One of the problems caused by water imbalance in
the PEM system is the formation of liquid water on the side of the cathode. High water content
in the PEM fuel cell stack causes liquid water and flooding, and decreases its performance. The
presence of liquid water on the cathode side of the fuel cell leads to a decrease in the amount of
oxygen reacting in the catalyst layer. The results of this study indicate that a general increase in
water content results in a decrease in the performance of PEM fuel cell systems. The highest
water content occurs at a current density of 0.9, with Rha and RHc of 90%. In this condition,
system performance is relatively stable at 0.67 volts, with 0.00016 gr/cm? of liquid water content
produced. Above this water content, system performance decreases significantly.
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1. INTRODUCTION

Development of the design system process to improve the performance of PEM systems is
currently still being undertaken. The aim is to obtain good fuel cell stack durability and high
system efficiency (Kaluza et al., 2015). A single cell PEM fuel cell in the form of an Electrolyte
Membrane Assembly (MEA) is arranged like a sandwich between two bipolar plates. The MEA
consists of two electrodes; the anode and cathode are separated by a proton conducting
membrane. In the anodic membrane interface, hydrogen is oxidized and the resulting protons are
transported through the membrane. In the cathode interface, oxygen is reduced and then produces
water, which flows out through the gas flow channel. Systems on stack PEM fuel cells are formed
and arranged from many single cells that create a balanced operating system.

The balance of the amount of water content in the system is one of the most important factors
that always needs to be controlled in the PEM fuel cell. The purpose is to ensure the membranes
in the stack are always hydrated. The membrane system on the stack fuel cell will be dry and
cracked if the water content is very low. Furthermore, if the water content is too high in the fuel
cell system, condensation and flooding will occur on the cathode side (Falcéo et al., 2009).
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Situation related to the transfer of water content in the system are include electro-osmotic drag
(EOD) from the anode to the cathode side; diffusion of water back from the cathode to the anode
side; and a process of liquid water formation on the anode and cathode side (Kraytsberg & Ein-
Eli, 2006).

EOD is the transport of protons together with water molecules passing through the membrane
from the anode to the cathode side in the stack fuel cell. Water that migrates with protons will
join with the water generated by electrochemical reaction and accumulate on the cathode side.
Back diffusion in the fuel cell system occurs if there is a gradient between the amounts of water
from the anode to the cathode side. The presence of water in PEM fuel cells has good and bad
effects. On one side of the water needed to ensure good conductivity of the membrane proton,
but the other side of the water can block the flow of reactants moving to the surface of the catalyst
to react. If the proton exchange membrane is dry, protons cannot migrate, so ionic conductivity
is low (Guvelioglu & Stenger, 2007). Another influence is blocking of the access of protons to
the catalyst surface (Liu et al., 2006a; Liu et al., 2006b). Although flooding can occur on both
sides of the electrode (anode and cathode) fuel cell system, floods that occur at the cathode can
have a serious effect, because the oxygen reduction reaction can also produce water (Rao et al.,
2007). At a low current density, back diffusion is more dominant than electro-osmotic drag
(EOD) in the fuel cell stack. Conversely, if current density increases, the EOD will become
dominant. As a result, hydration takes place in the anode, while the cathode side will be flooded.
Protons cannot migrate if the membrane dries under conditions that cause low ionic conductivity
values.

Water content in the system can have several effects: it can affect the transport of protons to the
surface of the catalyst; and increase the value of activation polarization because the reactivity
value produced by the fuel cell system is lower (Stumper et al., 2005). In contrast, the amount of
water in many flow field channels and on the electrode gas pores will cause decreased activation
of the catalyst. If there is a large amount of water in the stack, flooding can occur, which decreases
system performance. Generally, floods in fuel cell stacks will affect the resulting current density,
while removing the water content from the flow field depends on the interaction and operating
conditions (Sun et al., 2007). Flooding occurs as a result of a low current density value caused by
certain operating conditions, such as low temperatures, humidity levels and gas flow rates,
meaning the gas phase saturates more rapidly with water vapor (Spernjak et al., 2007). Although
flooding can occur at the electrodes on the anode and the cathode sides of the fuel cell system,
that which takes place at the cathode is crucial, as there is an oxygen reduction reaction that can
also produce water (Rao et al., 2007). Amirinejad et al. (2006) conducted research on the optimal
operating system conditions that occur at the highest pressure, showing that the pressure on the
cathode side had more influence on the performance of PEM fuel cells. Park and Caton (2008)
conducted research on the influence of humidity on the cathode. Their results indicate that it
affects the EOD at low current densities and also affects the water content in the membrane,
especially at the cathode. Increasing the current density, or decreasing the EOD coefficient, will
increase the water supply to the anode side of the membrane. Yan et al. (2006) studied whether
cell performance could be improved by increasing the concentration of gas flow into the cathode
and its temperature and humidity. Li and Sabir (2005) studied a design capable of removing water
by flowing gas through a channel, with no stagnant areas formed on the surface of the cathode as
a result of the accumulation of water.

Previous research has focused on the effect of water balance on various phenomena in the fuel
cell stack, and the operating conditions of the system to achieve optimal fuel cell system
performance. Furthermore, it is necessary to study the effect of liquid water on the cathode side
on the system performance achieved. The focus of this study is the influence of several operating
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conditions of the PEM fuel cell system on the formation of concentrations of liquid water flowing
out from the cathode. Moreover, the study also aims to determine the effect of liquid water content
flowing out the cathode side and its effect on system performance stability. The condition of this
system is based on its water balance, which is influenced by several factors, such as the value of
relative humidity at the anode (Rha) and the cathode (Rhc), and current density. The regulation
of water balance settings can be predicted using a mathematical model.

2. METHODOLOGY

2.1. Research Design

Several methods are used to achieve the balance of water content in the PEM fuel cell stack. One
approach to achieving sufficient water content is to use an external humidifier on the PEM fuel
cell system, which is a type of membrane. The external humidifier function in this study is to
make hydrogen humidity as a reactant before flowing into the anode side, and oxygen humidity
before flowing to the cathode side (Li & Lv, 2018). The components flowing out from the side
of the anode are reused as reactants and supplied to the anode. Water vapor that flows out from
the cathode side is used again for hydrogen humidity as a reactant before flowing into the anode
side, and air humidity before flowing into the cathode side. The design of this study is based on
research conducted by Mulyazmi et al. (2013); the research scheme is shown in Figure 1.
Mulyazmi et al. studied the factors that influence the balance of the amount of water in PEM fuel
cells by varying the operating conditions of the system, such as flow rate and the humidity of the
reactants flowing into the anode and cathode, system temperature, water transport in electro-
osmotic drag, the amount of water diffused from the cathode to the anode side, and the formation
of water condensation on the anode and cathode sides. Mulyazmi et al. (2017; 2018) conducted
a studies of the influence of operating conditions (relative humidity, temperature, stoichiometric
ratio and pressure) on the performance of the PEMFC system. Their results show that optimal
system performance occurs between 70% and 90% Rhc and 70% Rha.
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Figure 1 Design of the PEM fuel cell system process
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The purpose of this study is to determine the effect of system operating conditions on the amount
of maximum water content flowing out from the cathode side, and to determine the effect of water
content on system performance stability.

The amount of membrane water content is influenced by several factors, including the relative
humidity of hydrogen at the anode, the relative humidity of oxygen at the cathode side, and the
level of current density. The operating parameters of the study are shown in Table 1.

Table 1 Operating parameters in the PEM fuel cell system

Parameter Value
Relative humidity on the anode side (Rha) 50% to 90%
Relative humidity on the cathode side (Rhc) 75% and 90%
Thick dry membrane 0.0051 cm for Nafion 112
Catalyst load 0.0002 g cm
Thick catalyst 0.0005 cm
Pressure on the anode and cathode sides 1atm
Stoichiometric ratio for hydrogen 1.2
Stoichiometric ratio for oxygen 2
Current density 0.50.7 and 0.9 A/cm?

2.2. Mathematical Model
The principle for determining the concentration of reactants flowing into PEM fuel cells has been
described by Mulyazmi et al. (2013). The model can be used to determine the concentration
related to system design. The amount of liquid water that flows out of the PEM fuel cell includes
the water which flows into the fuel cell stack and that from the reaction results in the system.
Based on the calculation of the material mass balance by (Mulyazmi et al., 2018) the
concentration of water vapor dissolved in hydrogen that flows Ny, in g, in the anode side is
defined as follows:
®. Py,

Pa - Q. PVS

where Sy, is the stoichiometry of hydrogen; Ny, the concentration of hydrogen (mol sh;
Neceu the number of cells; ¢ relative humidity; P, pressure on the anode side (atm); and Py,
saturated vapor pressure (atm).

(1)

Nu,o inty, = Sty Ny Neenr-

The concentration of water vapor dissolved in oxygen flowing into the cathode side is:

So,- . ®. Py,
Niyo0ino, = 4__;-1-77cell P =P, (2)
where S, is the stoichiometry of oxygen; F the Faraday constant; and i the current density value
(A cm).

Water in the liquid phase on both sides of the fuel cell stack occurs when the relative humidity is
above 100%.

_ Psqt
NHzo in Hy out — NHZ un reac- Ncell- W (3)

sat

where Ny, un reac 1S hydrogen that does not react on the anode side (mol); P, is the saturated
vapor pressure (atm); and P is total pressure (atm).
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The concentration of water vapor in oxygen at a relative humidity is 100% is as follows:

_ Psat
NHZO in air,out — Nair,out TNcell W (4)

sat

where Ny oy is the concentration of oxygen out of the cathode side (mole); Ny, o in 1, out IS the
water vapor flowing out of the anode side (mole); and Ny, ¢ in air,0ut 1S the water vapor flowing
out of the cathode side (mole).

The number of protons that pass through the membrane from the anode to the cathode side in the
EOD phenomenon Vg, Can be calculated by the following equation (Yu et al., 2005; Zhou et
al., 2006; Zong et al., 2006):

Ng .
Narag = Fl (5)
where n is the coefficient of EOD.

The coefficient of the EOD value n, is defined as follows:

2.5 Apem
et s 6
Ng 20 (6)
where Apem is the water content in the membrane.
The water content of the membrane in the fuel cell stack is:
A =10.0043 + 17.81ay,0 — 39.85 a%,p + 36.a3,0 0<ay <1 (7)
where ay, o IS the water activity on the membrane.
The water activity on the membrane ay,,, is calculated using the following equation:
a ,a+ ,
hap = H20 - QAh20, € ®)

Ap20,a 1S the water activity in the membrane on the fuel cell anode; and ay;o - is the water
activity in the membrane on the fuel cell cathode.

The amount of water that moves across the membrane from the cathode to the anode side of the
fuel cell in the back diffusion phenomenon NV ;¢ ¢ 2 is defined by Zong et al. (2006), Gao et al.
(2010) and Real (2007) as:
(Ccp-Cav)
Naiff 20 = Dw o 9)
xm

D,, is the diffusion coefficient on the fuel cell membrane; C. ,, is the water content on the cathode
side of the fuel cell (mol); C, ,, is the water content on the anode side of the fuel cell (mol); and
X, 1S the membrane thickness (m).

Hassan et al. (2009) show that water diffuses from the anode to the cathode side as follows:
Jw = kg (ya - yc) (10)
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k, is the mass transfer coefficient; y, is the molar moisture content at the anode; and y, is the
molar moisture content at the cathode. The fuel cell system mass transfer coefficient is:
1_k 1
kg kg ke.

K is the moisture coefficient; k4 is the condensation coefficient; and k. is the evaporation mass

transfer coefficient. The water vapor flowing out of the anode side is as follows:
0Py, ma(0)I(x)
By — . Py, F

(11)

NHZO out anode — <5H2-NH2- Neetr- ) + kg (ya - yc) (12)

The concentration of water vapor flowing out of the cathode side is as follows:

NHZ O out,cathode

2 P. PVS N Nstupply n nd(x)l(x)> (13)

=1S,..n No
T\ X0, P.— ¢.Py, Su, F
- kg (ya - yc)

3. RESULTS AND DISCUSSION

The formation of liquid water produced by PEM fuel cells affects the performance of the system.
Optimal system performance is achieved using operating conditions such as pressure on the anode
and cathode sides of 1 atm; stoichiometric ratio of 1.4 for hydrogen and 2 for oxygen; and Rha
from 50% to 90%. Water vapor is formed if the value of relative humidity is below 100%, if the
relative humidity above 100% will form liquid water. This condition is based on the optimal
values obtained in the research conducted by Mulyazmi et al. (2013). The following is a
description of the effect of certain parameters on the formation of the liquid water value and the
system voltage of the PEM fuel cell system.

3.1. Formation of Liquid Water on the Cathode Side with Relative Humidity in the
Cathode (Rhc) of 75%
This phenomenon occurs because the increase in Rha causes the increased water in the vapor

phase to move through the MEA together with hydrogen from the anode side to the cathode side
by EOD (Mulyazmi et al., 2013). Furthermore, increasing Rhc results in an increase in the amount
of water vapor that flows with air into the cathode side. As a result, the amount of liquid water
flowing out of the cathode side increases. The same case also occurs with an increase in current
density, which results in increased water produced by the reaction within the PEM fuel cell stack.
Figure 2 shows that an increase in the Rha value leads to increased system voltage. Optimal
system performance occurs at 90% Rha. Conversely, an increase in the current density value leads
to a decrease in PEM fuel cell system performance. The optimal voltage value occurs at a current
density of 0.5 mA/cm?. The value of the PEM fuel cell system voltage causes a very significant
decrease in the value of the PEM fuel cell system voltage, occurring at a volume of liquid water
above 0.00006 gr/cm? for condition 1a, above 0.00009 gr/cm? for condition 2b, and above 0.0001
gr/cm? for condition 2¢c. PEM fuel cell system performance slightly decreased with lower volumes
of liquid water. PEM fuel system performance slightly decreased from 0.66 to 0.63 volts for
condition 2a; 0.62 to 0.56 volts for condition 2b; and 0.59 to 0.53 volts for condition 2c.
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Figure 2 Effect of liquid water formation on the voltage of a PEM system with an Rhc value of 75%

and different current densities: (a) current density of 0.5 mA/cm?; (b) current density of 0.7
mA/cm?; (c) current density of 0.9 mA/cm?

3.2. Formation of Liquid Water on the Cathode Side with Relative Humidity in the
Cathode (Rhc) of 90%

Figure 3 shows that the performance of the PEM fuel cell system is relatively more stable in
relation to the increase in the amount of liquid water flowing out of the cathode side. Condition
3a shows that the performance of the system is relatively stable at 0.73 volts to liquid water
content of 0.00009 gr/cm?; condition 3b at 0.7 volts to liquid water content of 0.00013 gr/cm?;
and condition 3c at 0.67 volts to liquid water content of 0.00016 gr/cm?. Above these operating
conditions, the system of PEM fuel cells showed a significant decrease in performance. Based on
Figures 2 and 3, optimal system performance is shown in Figure 3c, with Rha and Rhc values of
90% and current density of 0.9 mA/cm?. This condition shows that PEM fuel cell performance is
relatively stable to 0.67 volts with liquid water content on the cathode side up to 0.00016 gr/cm?.
But for PEM fuel cell system application the condition shown by Figure 3b can be used. This
condition occurs at a value of 90% Rha and RHc, current density of 0.7 mA/cm?, and system
performance is relatively stable to 0.00013 gr/cm? liquid water content.
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Figure 3 Effect of liquid water formation on the voltage of a PEM system with an Rhc value of 90%

and different current densities: (a) current density of 0.5 mA/cm?; (b) current density is 0.7
mA/cm?; (c) current density of 0.9 mA/ cm?

3.3. Validation

This section, the study shows the relationship between the current density of the fuel cell system
to the total content of water flowing out from the cathode side. Validation was made by comparing
the results of this study with other studies, and simulation was performed by employing modeling
using the same parameter conditions as the comparative research, and using Matlab Simulink.
Figure 4a show a comparison between the simulation of this study and the research conducted by
Cai et al. (2006). Our research shows that the increase in current density results in a total increase
in water on the cathode side. The simulation results of this study also produce higher amounts of
water compared to the study by Cai et al. (2006), but they show the same trend.

Figure 4b shows a comparison of the simulation results with the research by Cai et al. (2006); the
two sets of results show the same trend. The amount of water flowing out from the cathode side
is slightly different if the current density is below 0.4 A cm, but if it is above 0.4 A cm™ the
amount of water flowing out of the cathode is relatively similar.
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Figure 4 Simulation results compared with other studies by Cai et al. (2006)

4. CONCLUSION

Water management in PEMFC system operation is one of the important factors in avoiding
reduced performance and improving cell resilience. This research shows that optimal liquid water
content flowing out from the cathode side of the PEM fuel cell system occurs at 90% Rha and
Rhc and with current density at 0.9 mA/cm?. The performance of the system decreases
significantly at 75% Rhc if the liquid water content flowing out of the side of the cathode is above
0.00013 gr/cm?. Conversely, if the liquid water is below 0.00013 gr/cm? system performance is
relatively stable at 0.7 volts.
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