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Proton exchange membrane fuel cell (PEMFC) is the most promising power unit in UAV. There are a
number of factors that affect the performance of PEMFC, such as operating pressure, operating
temperature and relative humidity. In this work, models were adopted to explore the effects of parameters
such as operating pressure, operating temperature, and diffusion layer thickness on the steady-state
performance of the PEMFC. The results demonstrate that increasing the cathode and anode working
pressure is beneficial to the overall performance of the battery. The cathode working pressure has a
significant effect on improving the cell efficiency when the cell is operated at a high current density. The
increase in operating temperature results in the decrease of the hydrogen partial pressure and oxygen
partial pressure, with the effect on the hydrogen partial pressure being more significant. The cell
temperature increases in a certain range of operating temperature, while the thermodynamic potential,
ohmic polarization potential and activation polarization potential all decrease.

Keywords: Proton exchange membrane fuel cell; Hydrogen-oxygen partial pressure; Steady-state
model; Simulation analysis; Current density

1. INTRODUCTION

An unmanned aerial vehicle (UAV) is an aircraft that can be controlled and reused to perform
multiple missions. It consists of an unmanned airframe, propulsion system, flight control, mission
equipment, and recovery devices [1-3]. From the research on UAV, it was found that the battery is more
prone to problems than other important components. Once a power supply problem occurs, the
consequences are often serious and can even affect the safety of the entire UAV [4-6]. The power
management system is to manage the fuel cell effectively, being able to monitor the fuel cell stack and
each individual cell in real time [7,8]. Meanwhile, it needs to realize the online estimation of remaining
power and the safety protection function to improve the overall performance of the fuel cell [9,10].

With the development of technology, several types of fuel cells have been developed. A common
way of classification is based on the operating temperature and electrolyte [11,12]. According to the
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electrolyte used for fuel cell operation, there are five types, namely alkaline fuel cell (AFC), proton
exchange membrane fuel cell (PEMFC), phosphoric acid type fuel cell (PAFC), molten carbonate fuel
cell (MCFC), and solid oxide fuel cell (SOFC) [13-16]. Among them, the PEMFC converts the chemical
energy stored in the fuel and the oxidizer directly into electrical energy [17-19]. The fuel of the PEMFC
is hydrogen and the oxidizer is oxygen. The reaction process is that the oxidizer reacts with the fuel
through the electrode to produce electrical energy. The catalytic oxidation reaction occurs at the anode
and the catalytic reduction reaction occurs at the cathode of a proton exchange membrane fuel cell [20—
37].

With the continuous development of computer technology, computer simulation plays an
increasingly important role in scientific research. In the study of PEMFC, an accurate and effective
mathematical model can clearly describe various fundamental phenomena in fuel cells [38]. In addition,
it can also predict the performance of the cells under different structural and operating conditions to
optimize the design of the cell system. In order to better understand and thus optimize the fuel cell
system, a number of researchers have performed modeling and computer simulations of H2/O, PEM fuel
cells. Through different stages of development, the models have gradually developed from simple one-
dimensional half-cell mathematical models to complex three-dimensional full-cell mathematical models.
Moreover, the development of CFD technology has promoted an increasing application of CFD in the
modeling of PEMCF [39,40]. Currently, the purpose of numerical simulation mainly focuses on the
development of mathematical models that can be used to analyze the effects of specific battery design
and battery material parameters on battery performance. In this work, a steady-state model of a proton
exchange membrane fuel cell was developed based on heat transfer, mass transfer, and electrochemistry
in an environmental interface. The model was compared with experimental results. With the established
steady-state model, the effects of cell reaction gas pressure, cell temperature, and relative humidity on
cell characteristics were examined. The effect of reaction conditions on various cell potentials and cell
efficiencies was further investigated through simulations.

2. EXPERIMENTAL

2.1. Battery parameters

The experimental single cells were designed and assembled by Jilin Engineering Normal
University. The cell air flow channel is a serpentine flow channel. The main cell parameters are shown
in Table 1.

Table 1. Battery parameters.

Parameter Value
Catalyst platinum loading (mg/cm?) 0.3
Cell reaction area (cm?) 40
Film thickness (um) 41
Cathode and anode diffusion layer (mm) 0.5

Size 12x6x%3
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2.2. Test Systems

The experiments were conducted with an ElectroChem test system being the main test
equipment, which is capable of displaying control parameters and test results in real time. The system
includes a working pressure test, a reaction gas flow test and a reaction excess factor test. The cathode
is supplied with air (20% oxygen, 80% nitrogen). The anode is supplied with hydrogen gas. The test
conditions are shown in Table 2.

Table 2. Test conditions.

Parameters Value
Temperature (K) 338
Anode pressure (kPa) 200
Cathode pressure (kPa) 220

2.3. Activated polarization potential

The polarization potentials for anode and cathode activation are as follows.
Vact = =61+ & T+&5 T In(Cop,) + &4 T - In(D)]
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Where AG,. is free energy of chemisorption activation in the standard state. F is Faraday constant
(96487 C/mol). A is the effective active area of the battery. k2 is the intrinsic rate constant of the anode
reaction. k2 is the intrinsic rate constant of the cathode reaction. R is the gas constant.

Based on the report published by Mann et al. [41] &, = —0.948

§, = 0.00286 + 0.0002InA + (4.3 x 107°)InCy;,
§&3=7.6%x107°
&, =-192x107*

For the currently used PEMCEF, this paper adopts the Fmincon function in the Matlab
optimization toolbox to optimize the parameters of R, B, I;hax §1, €2, €3, &4 TO Optimize this function,
we need to understand the range of optimization parameters, and set the following parameter ranges:

R, = 0.001
B=10.5
Lax = 1250
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2.4. Battery efficiency calculation

The calculation of the battery efficiency can be expressed by the following equation:

VFC °1
n = Ur :
E:Nernst 1

Where ¢ is fuel utilization, which indicates the ratio of the mass of fuel reacting in the cell to
the mass of fuel entering the battery. The estimated value used in this paper is 0.95. Vgc, | and Eyernst
are refer to cattery output voltage, operating current and thermodynamic potential, respectively.

3. RESULTS AND DISCUSSION

Figure 1A-D shows the effect of anode pressure on the various potentials of the cell. It can be
seen that the anode pressure has no effect on the ohmic polarization potential, activation polarization
potential, or concentration difference polarization potential. The thermodynamic potential increases with
the anode side pressure [42], but the increase is small. Therefore, the variation of the anode side pressure
has little effect on the performance of the cell.

Figure 1E-H shows the effect of cathode pressure on various potentials of the cell. It can be found
that when the cathode pressure increases from 50 kPa to 220 kPa, the ohmic polarization potential and
the concentration polarization potential do not change, while only the thermodynamic potential and the
activation polarization overpotential change. The cell thermodynamic potential only increases by nearly
0.02 V, while the activation polarization overpotential of the cell decreases by nearly 0.06 V. Therefore,
increasing the pressure on the cathode can reduce the loss of activation polarization potential, thus
improving the cell performance.
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Figure 1. Effect of anode pressure on (A) thermodynamic potential, (B) activated electrode potential,
(C) ohmic polarization potential and (D) concentration difference polarization potential. Effect
of cathode pressure on (E) thermodynamic potential, (F) activated electrode potential, (G) ohmic
polarization potential and (H) concentration difference polarization potential.
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Figure 2 shows the effect of temperature on each diffusion coefficient. It can be seen from the
figure that each diffusion coefficient increases with the temperature. The diffusion coefficient of
hydrogen-oxygen on the anode side is larger than that of the gas on the cathode side [43]. It increases
from 295K to about 360K in the temperature range where the cell often works. Water vapor-oxygen and
nitrogen-oxygen increase by nearly 50%, and the diffusion coefficient of water vapor-hydrogen becomes
25% larger. Therefore, the increase in temperature has a greater effect on the diffusion of gases on the
cathode side than on the anode side [44].
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Figure 2. Effect of temperature on hydrogen-oxygen, water vapor-oxygen and nitrogen-oxygen
diffusion.

Figure 3A shows the variation of hydrogen and oxygen partial pressures with the cell operating
temperature. It can be seen that as the temperature increases, both hydrogen and oxygen partial pressures
decrease gradually [45]. With the same range of temperature change, the hydrogen partial pressure varies
more than the oxygen partial pressure. Therefore, the difference between the hydrogen and oxygen
partial pressures gradually becomes smaller as the battery temperature increases [46]. At temperatures
above 340 K, the hydrogen-oxygen partial pressure decreases more rapidly as the cell temperature
continues to rise.

Figure 3B shows the variation of the battery voltage with the battery operating temperature being
under a stable current operating condition. From the figure, it can be noted that the battery voltage
increases as the operating temperature rises [47]. However, when the temperature exceeds 350K, the
battery voltage drops rapidly, indicating that the battery can achieve the best results at this operating
temperature. The above investigations reveal that the effective partial pressure of the reactive gas in the
cell drops relatively lower when the cell operating temperature exceeds 350K, which indicates that the
temperature affects the pressure of the reactive gas, leading to the change of the battery efficiency.
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Figure 3. (A) Effect of cell operating temperature on the partial pressure of hydrogen and oxygen. (B)
Variation of a battery voltage with battery operating temperature.

The polymer electrolyte must contain enough water, for the reason that the proton conduction
capacity of the electrolyte is directly proportional to the water content. However, an excessively high
moisture content will cause electrolyte flooding and lead to water blockage of the orifices in its
connected electrode or gas diffusion layer [48,49]. Despite that the product of PEMFC is water when it
works, the drying effect of air on the electrode at a higher temperature usually exceeds the rate of reaction
to produce water. The most common solution to this problem is to humidify the reaction gas before it
enters the cell. In this study, we assume that the membrane is at optimal water saturation and we only
study the effect of the actual relative humidity inside the cell on the effective partial pressure of hydrogen
and oxygen [50-52]. Figure 4A shows the effect of relative humidity on the partial pressures of hydrogen
and oxygen, which presents that an increase in relative humidity has a large effect on the effective
pressure of both hydrogen and oxygen. As the relative humidity increases from 50% to 100%, the
effective partial pressure of hydrogen decreases by nearly 100 kPa, and the effective partial pressure of
oxygen decreases by nearly 35 kPa. Therefore, excessive humidification is not good for improving the
battery efficiency. In actual battery operation, when excessive humidification is applied, the battery is
prone to form water droplets, resulting in flooding and deterioration of battery efficiency.

The PEMCEF gas diffusion layer consists of a conductive porous material that supports the
catalytic layer, collects the current, conducts the gas and discharges the water, which realizes the
redistribution of reaction gas and product water between the flow field and the catalytic layer, and is one
of the key components affecting the performance of the electrode.

Figure 4B shows the pressure variation of hydrogen gas along the diffusion direction for different
current density operation of the cell. It can be noted from the figure that the effective partial pressure of
hydrogen gas follows an almost linear trend with the diffusion distance. As the diffusion distance
becomes larger, the effective hydrogen pressure gradually decreases, while the overall pressure decrease
is not large. The effective partial pressure of hydrogen decreases faster as the working current density of
the cell becomes higher, the main reason for which is the increase in the amount of consumed hydrogen
as the operating current density becomes higher.

Figure 4C shows the pressure variation of oxygen along the diffusion direction for different
current density operation of the cell. The figure presents that the effective partial pressure of oxygen
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follows a nearly linear trend with the diffusion distance, which is similar to that of the anode side. As
the diffusion distance becomes larger, the effective pressure of oxygen gradually decreases. In addition,
the effective partial pressure of oxygen decreases faster as the working current density of the cell
becomes higher, the main reason for which is the increase in the amount of oxygen consumption due to
the higher operating current density.

Figure 5 shows the changes of battery efficiency and battery power. As the working current
density of the battery increases, the efficiency of the battery tends to decrease, and when the power of
the battery reaches the maximum, the efficiency of the battery decreases by about 30%. When the
working current density increases, various irreversible voltage losses become larger, which generally
shows a decreasing trend in the battery efficiency. When the power reaches the maximum, the
performance of the battery is mainly affected by the reactant mass transfer and the efficiency decreases
rapidly.
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Figure 6A compares the effect of cathode pressure on cell efficiency at different current densities,
which reveals that the increase in cathode pressure leads to an increase in cell efficiency at different
operating current densities. Figure 6B compares the effect of anode pressure on cell efficiency at
different current densities, which reveals that the increase in anode pressure leads to an increase in cell
efficiency at different operating current densities. However, the overall change in efficiency is not
significant, and the effect of increasing anode pressure on the improvement of cell efficiency is not
obvious.

Increasing the reactant gas working pressure facilitates the increase of Hz and O partial pressure,
which increases the thermodynamic potential. Particularly, increasing the cathode side pressure can
facilitate the decrease of activation polarization potential, compared with increasing the anode pressure
[53,54]. The cell is more affected by the mass transfer of reactants at high operating current density, thus
the reaction gas pressure increase has a more obvious effect on the cell efficiency promotion [55-58].

Figure 6C shows the effect of cell temperature on cell efficiency at different current densities.
As the cell temperature rises from 278K to 368K, the cell efficiency increases more significantly in all
cases. When the temperature approaches 360K, the cell efficiency reaches the maximum of high current
density. Thereafter, there is a slight decline indicating that the effect of increasing the temperature on

the battery efficiency is gradually weakened. In the case that the temperature continues to increase, the
battery efficiency will decrease.
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Figure 6. Effect of (A) cathode, (B) anode pressure and (C) temperature on cell efficiency.

4. CONCLUSION

In this study, a steady-state model of PEMCF was developed to simulate the effects of cell
operating pressure, operating temperature, and diffusion layer thickness on battery efficiency. Increasing
the operating pressure of both cathodes and anodes can improve cell performance and cell efficiency.
However, increasing the cathode pressure is more beneficial to the cell performance compare with the
increase of the anode pressure, especially in the high current density operation region. Increasing the
operating temperature of the battery within a certain range is conducive to reducing the activation
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polarization potential and enhancing the battery efficiency. The higher the operating current density is,
the more obvious the increase in battery efficiency is. Increasing the cathode and anode pressure with
the cell being at a high operating current density can substantially increase the cell efficiency.
Nevertheless, as the operating current density becomes higher, the efficiency of the battery gradually

decreases.
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