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Abstract

Fuel cells, providing an advanced alternative energy source, are devices that can convert
chemical energy into electrical energy. Modeling of a fuel cell provides improvements to the
design of the fuel cells as well as providing cheaper, better and more efficient fuel cells. Three
basic voltage losses occur in the fuel cell: activation polarization, ohmic polarization and
concentration polarization. In this study, simulation of voltage losses in PEM (proton exchange
membrane) fuel cells was performed by using Matlab@Simulink program. Polarization and
power curves were obtained for different operating temperatures by considering these losses.

1. Introduction

Energy consumption is one of the most important
requirements of countries with high levels of
development and has been continuously increasing. In
fact, most of the energy we consume is supplied from
fossil fuel sources such as coal, oil and natural gas [1,
2]. However, there are basically three problems in the
use of such fuels worldwide [3]. The first problem is
that fossil fuels will be depleted in the near future, and
the second problem is the increase in environmental
pollution, and finally the increase in human health. It
is possible to define renewable energy as an energy
source that can be obtained from natural resources and
renews itself continuously [4]. The most important
feature that distinguishes renewable energy from other
types of energy is that it can renew itself naturally and
does not disappear. In addition, renewable energy
types are very important in terms of reducing the
carbon emissions that can harm the environment [5, 6].

Fuel cells are one of the renewable energy sources that
will become the power source of the near future. Fuel
cells have energy efficiency, low environmental
pollution and unlimited fuel supply, as well as the
potential to meet environmental expectations while
moving confidently towards commercialization [7, 8].
Fuel cells can power everything from cell phones to
tools at home and even cars.

Polymer electrolyte membrane (PEM) fuel cells, one
of the most popular, are available in a variety of fuels,
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from hydrogen to ethanol to biomass-derived materials
[91. A PEM type fuel cell [10] consists of two
electrodes one is positively charged (cathode), another
is negatively charged (anode), and an electrolyte
membrane. Oxygen is reduced to the cathode while
hydrogen is oxidized to the anode. Transportation of
protons from the anode to the cathode occurs through
the electrolyte membrane, whereas electrons are
transported to the cathode above the outer circuit.
Hydrogen protons in fuel cells remain ionic by passing
from molecule to molecule using special materials.
Protons circulate through a polymer membrane
consisting of persulfonic acid groups with a Teflon
backbone. Electrons are attracted by conductive
materials and go to the charge if necessary. In the
cathode, oxygen reacts with protons and electrons to
form water and generate heat. The stabilization of the
electrode structure and minimization of the catalyst
particle play important role for future material
developments. The studies on the highly efficient
electrocatalysts for the oxygen evolution reaction
(OER) were presented in [11-14]. A basic PEM fuel
cell stack consists of a proton exchange membrane,
catalyst and gas diffusion layers, flow field plates,
gaskets, and end plates. A stack with multiple cells has
“membrane electrode assembly (MEA)” sandwiched
between bipolar flow field plates and only one set of
end plates.

Fuel cells are still showing intense development. The
combination of new and optimized materials, advanced
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product development, new architectures, more
efficient handling processes, design optimization and
integration are expected to result in significant gains in
performance, efficiency, reliability, productivity and
cost effectiveness. Computational Fuel Cell
Engineering (CFCE) tools that allow systematic
simulation, design and optimization of fuel cell
systems may facilitate the integration of such
advances, allow less reliability of hardware
prototyping, and reduce development cycles. A new
model for combined protonics and water transport in
polymer membranes is presented in [15]. A method for
reducing the model of a nonlinear dynamic fuel cell
stack suitable for control and diagnostic studies is
performed in Ref. [16]. In order to meet the
increasingly stringent application requirements in the
PEM type fuel cell, performance gains and
productivity gains are crucial. Computational fluid
dynamics (CFD) is an ideal tool for achieving these
improvements. A comprehensive CFD-based vehicle
that can accurately simulate the main transport event
occurring ina PEM fuel cell was presented in Ref. [17].
The results of the study were compared with the
numerical model results and the results of Ref. [18]. It
is seen that the study performed at low current values
shows better agreement. A study on the modeling,
simulation and analysis of the dynamic behavior of the
5kW PEM fuel cell system [19]. The model used in the
study includes hydrogen fuel regulator and PEM fuel
cell stack. The model was used to investigate the effect
of temperature on fuel cell voltage and power flow at
various temperatures. A series of fuel cell studies have
been performed to investigate heat and mass transfer in
reactive gas channels and water supply to protect the
moisture of the membrane [20-26].

Although operating conditions are important for a fuel
cell performance, the main factors in this performance
are the structure, material and performance of the
elements used in each unit of the fuel cell. For this
reason, studies on materials and equipment used in fuel
cells are of great importance. In this study,
performances of fuel cell elements were simulated
using Matlab@Simulink simulation program.

2. Materials and Methods

A typical PEM fuel cell has the following reactions:
Anode reaction: H, - 2H* + 2e~ (@)

Cathode reaction: 1/20, + H* + 2e~ - 2H,0 (2)

General reaction: H, +1/20, - 2H,0 +

electrical energy + heat 3)

The reactants are carried by diffusion and/or
convection to the catalyzed electrode surfaces where
electrochemical reactions take place. Water and waste
heat generated by the fuel cell must be removed
continuously. Otherwise, PEM may cause critical
problems for fuel cells. The maximum electrical
energy output and the voltage difference between the
cathode and the anode are obtained when the fuel cell
is operated under thermodynamically reversible
conditions. This maximum possible cell potential is
called “reversible cell potential’. The net output
voltage of a fuel cell at a given current density is the
reversible potential minus the irreversible potential and
can be written as:

V(i) =V = Virr (4)
Here V, is the maximum voltage of the fuel cell (i.e., =
E/) and Vi is non-reversible voltage loss (i.e, over-
voltage) occurring in the fuel cell. The actual work in
the fuel cell is less than the maximum useful work due
to other irreversible processes in the process. The
irreversible voltage loss is indeed the summation of
activation potential (vact), ohmic over-voltage (vohmic)
and concentration over-voltage (vconsan) and it is
represented by the following equations:

Vovervoltage = Virr = Vact + Vonmic + Vconsan (5)

V(i) = V;“ — Vact, — Vact, — Vconsan, — Vconsan, —
Vohmic (6)
As can be seen from Eqn. 6, activation polarization
(Vact,and  vgee,) and  concentration  polarization
(Uconsan, aNd Ueonsan, ) OCCUr at both in the anode and
cathode, while the resistive polarization (vopmic)
represents ohmic losses across the fuel cell. The
equation for the fuel cell polarization curve is the
relationship between fuel cell potential and current
density. It can be written as follows:

=5, Sn(:)-Zn() -
aF io,c agqF i0,a
“in (—) - S (—) — iR, )
nF i, c—t nF i,a—1
where E; is the standard reversible voltage, R is the
ideal gas constant, T is the absolute temperature, F is
the Faraday constant, n is the number of moles of
electrons transferred per fuel consumed, a is the charge
transport constant, i_, and i.¢ are the limiting current

density at the anode and cathode, and i is the operating
current density of fuel cell, respectively.

3. Results and Discussion

3.1. Voltage losses from activation

359



Baytar et al. / Cumhuriyet Sci. J., 42(2) (2021) 358-363

Although many progresses have been achieved in the
area of electrode kinetics, however, it is clear that
methods still need to be developed to fully understand
the anode and cathode kinetics. The electrochemical
reactions that occur in the anode and cathode when
modeling fuel cells need to be understood as they
control the power generation rate and cause activation
voltage losses. The over-voltage required to cross the
energy barrier for the electrochemical reaction to take
place is called polar activation polarization. Such
polarization dominates losses at low current density
and measures catalyst activity at a given temperature.
The catalyst lowers the height of the activation barrier
but causes voltage loss due to the slow oxygen
reaction. The total activation polarization over-
potential generally ranges from 0.1 to 0.2 V, which
reduces the maximum potential to less than 1.0 V even
in open circuit conditions. Activation over-potential
expressions can be derived from the Butler-Volmer
equation. In PEM fuel cells, the anode for hydrogen
oxidation is very high compared to the cathode for
oxygen reduction. Therefore, the contribution of the
cathode to activation polarization is often neglected.

The parameters in the equations to be used in
polarization and power curves modeling for the fuel
cell are: cell area, hydrogen pressure, air pressure,
temperature, Faraday constant, ideal gas constant,
internal resistance and Gibbs energy in liquid state
(J/mol). The parameters and their values used in the
present study for the simulation of polarization and
power curves are given in Table 1.

Table 1. The parameters and their values used in the present
study for the simulation of polarization and power curves

Parameters Values
Ideal gas constant (R) 8.314 J/imolK
Faraday’s constant (F) 96487 Columbs
Hydrogen pressure 2 atm

Air pressure 2 atm

Cell area 55 cm?
Number of cells 1

Inner resistance 0.245 Ohm-cm?
Charge transport constant 0.4
Amplification constant 0.1

Exchange current density
Limiting current density 1.5 (A/lcm?)
Gibbs energy -228170 (J/mol)
Mass transport constant 1.1

Ideal gas constant (R) 8.314 J/imolK

109486 (Alcm?)

In this study, activation losses in anode and cathode as
function of temperature and current density were
simulated with Matlab® Simulink program. The
variation of activation loss was investigated for 4 °C
increased temperature values in the range 40 to 80 °C
and increased current density values in the range 0 to
1.1 A/ cm? As shown in Figure 1, the loss resulting

from activation increases linearly with temperature,
while a functional change as in the graph is observed
with the current density. The increased temperature
appears to cause a voltage drop in the activation
polarization zone.
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Figure 1. Change of activation loss with respect to current
density (A/cm?) and temperature (K).

3.2. Ohmic losses

The voltage loss due to the charge carrying resistance
of electrons and ions, which are charged particles, is
defined as “ohmic losses”. General methods of
reducing ohmic losses are to make the electrolytes as
thin as possible and to use high conductivity materials
that are well connected to each other. In this study, the
ohmic loss was simulated by using the effective surface
area of the fuel cell, the thickness of the electrolyte
layer and electrical conductivity parameters. The
obtained result is shown in Figure 2. The change in
ohmic loss was investigated by increasing the cell area
with 10 in the range of 50 to 100 cm? and the current
density with 0.1 in the range of 0.1 to 1.1 A. As shown
in the graph, ohmic loss is very sensitive to current
density and surface area of the cell. At the same time 5
different thickness electrodes were used to see how this
sensitivity of ochmic loss changes with the thickness of
the electrode. In order to see the effect of electrolyte
thickness in detail, the change in ohmic loss according
to the current density for a 100 cm? cell is shown in
Figure 3. It is clear that ohmic loss increases with
respect to electrolyte thickness.
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Figure 2. Change of ohmic loss as a function cell area (cm?)
and current density (A/cm?)
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Figure 3. Change of ohmic loss (V) with respect to current
density (A/cm?) for an electrolyte having different
thicknesses.

3.3. Voltage losses from concentration

When a fuel cell is filled by fuel and oxygen generates
electricity, the product water must be continuously
removed to maintain efficiency and provide
appropriate fuel and oxidant in the catalyst layers.
Another source of voltage losses is mass transport
constraints, which can significantly affect fuel cell
performance. Losses caused by mass transport are also
called “concentration losses”. In the simulations
performed in this study, the limiting current density
values in the cathode and anode were taken as
1.5A/cm?,

The polarization curve and the power curve with
respect to the different operating temperatures
obtained using the Matlab® Simulink program are
shown in Figure 4.
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Figure 4. a) Polarization curves and b) power curves
obtained for a PEM type fuel cell at different temperatures

These curves may not exactly match the actual curves
obtained for a fuel cell stack. However, it is a good start
to perform simulation of a PEM fuel cell. Individual
modeling of the structure of the proton exchange, the
gas diffusion layer, the catalyst layers and the fuel flow
plates for a complete PEM fuel cell simulation will
allow for more realistic polarization and power curves.

4. Conclusion

With a wide range of applications, from dynamic
mobile systems to stationary systems, PEM fuel cells
are one of the potential tools for generating clean
energy. Although it has important features such as
wide usage range and high efficiency, it has a
disadvantage in terms of durability and cost. In order
to compete with other power systems today, many
studies focus on reducing PEM fuel cell costs and
better durability. It is important to model and simulate
these technological developments before the
application.

In this study, our aim is to simulate voltage losses that
can occur in PEM fuel cells by considering the various
operating temperatures and thickness of electrodes.
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According to the simulation, the increased temperature
leads to a voltage drop in the activation polarization.
As a result, to derive a final decision on the PEM fuel
cell properties, all the parameters need to be taken into
account during the simulation.
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