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Article Highlights

« Simplicity is one of the specifications of empirical/semi-empirical models

e The analytical models are helpful for one-dimensional designs with short-time
computing processes

¢ Mechanistic models explain the basic actions of a fuel cell, like the distribution of
current density

o The present study enlightens the importance of combining different modeling
strategies

¢ Optimization algorithms like genetic algorithms are used to increase the precision of
the model

Abstract

Fuel cells are electrochemical devices that convert chemical energy into
electrical energy. Among various fuel cells proton exchange membrane fuel
cell (PEMFC) is considered one of the most promising candidates for the
next generation power sources because of its high-power densities, zero-
emission, and low operation temperature. In recent years, modeling has
received enormous attention and interest in understanding and studying the
PEMFC phenomena. This article reviews recent progress in PEMFC
modeling. Empirical/semi-empirical, analytical, and mechanistic models,
zero-to-three dimensional models, and multiphase flow models, such as
multiphase mixture, multi-fluid, and VOF models, are different types of
PEMFC modeling approaches, respectively, in terms of parametric,
dimensional and two or three-phase flow. The present study enlightens the
importance of combining different modeling strategies and parameter
identification in PEMFC modeling to achieve precise models to reduce the
time and cost of experiments.

Keywords: proton exchange membrane fuel cell, PEMFC, modeling, fuel
cell performance, empirical/semi-empirical, multiphase flow model.

The serious condition of climate change and
global warming in the 21% century is mainly because of
the drastically increasing amount of carbon dioxide in
the earth's atmosphere. The reason for this incident is
the growth in fossil fuel-based energy consumption
through inefficient converters and conventional energy.
Therefore, detecting a new energy converter, which is
low pollution emission and high energy conversion
efficiency, becomes a significant matter. Among
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numerous possibilities, fuel cells that convert chemical
energy directly into electrical energy through
electrochemical reactions without including any moving
part are one of the most encouraging energy converters
in the coming years [1].

Full cells have 40-50 % higher energy conversion
efficiency and less noise than internal combustion
engines because fuel cells do not have moving parts
[2]. Proton exchange membrane fuel cells (PEMFCs),
alkaline fuel cells (AFCs), direct methanol fuel cells
(DMFCs), molten carbonate fuel cells (MCFCs),
phosphoric acid fuel cells (PAFCs), and solid oxide fuel
cells (SOFCs) are various kinds of fuel cells [3].
PEMFCs have attracted the most attention and
investment among the six fuel cell types. PEMFCs,
working at low temperatures (60—80 °C), are more
appropriate for portable and automotive power
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applications. PEMFCs are featured by zero emissions,
low noise, easy scale-up, rapid startup, and high-
energy conversion efficiencies. The schematic view of
a PEMFC is shown in Figure 1.

Fundamentals of PEMFCs

A PEMFC is an appealing choice for various fuel
cell types as a strong contender for an alternative clean
energy generation for stationary and automotive
applications. It is mainly because of PEMFC's rapid
startup, low operating temperature, low pressure, high
efficiency in energy conversion with zero greenhouse
gas emission, and high power density [4,5]. However,
for a PEMFC's wide-range commercialization, several
technological obstacles must be overcome, including
cell durability and degradation triggered by water and
heat management problems [5,6]. Therefore, the cell
performance of PEMFCs is mainly determined by
numerous factors, including the manufacturing
process, the mechanical design, the electrochemical
reaction kinetics, the transport phenomena in the cells,
and the operating conditions [7].
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Figure 1. A schematic view of operation in PEMFC [8].

Governing equations for PEMFC modeling

The electrochemical reaction that occurs in the
PEMFC [7]:

On the anode side: 2H, — 4H" +4e”
On the cathode side: O, +4H" +4e” — 2H,0
Reaction in the cell: 2+, +0, —»2H,0

Mass, momentum, chemical species, ionic and
electrical current, and thermal energy are the physical
quantities transported in a PEMFC. For example, three-
dimensional PEMFC transport equations are given as
follows [8]:

Continuity equation:
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where velocity in the X, y, and z directions present
respectively by v, v, and w, pis the density of reactant
gases. The continuity equation concerns membrane
and electrode porosity (&).
6(psu)+6(pgu)+6(pga))
ox oy 0z
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=S,

m

Mass conservation:

In the gas diffusion layers and gas channels, there
is not happening any reaction therefore S, (kg m=s™)
that presents mass source term is considered as zero.
The next equations calculate the mass source term in
the catalyst layer because there is a reaction of
reactants; therefore, the mass source term is not zero.
Mass source terms for hydrogen, oxygen, and the
dissolved water content (A) in the catalyst layer are:
For gas channels and GDLs: S =0

For the anode catalyst layer: s, - _A:;_f R,

For the cathode catalyst layer: 5, - Mo R ,—%R )
2 2F T 4F 7

where Mis the molecular weight (kg/mol) of the species
and Fis the Faraday constant.
Momentum Conservation:

ot
where p is the dynamic viscosity, Smis the source term
of momentum conservation, and Pis the pressure. For
porous media, the momentum conservation equation
can be written as follows:

+V(sp|/ V] =—eVP+euV?V+S,

where K is the permeability.
Species conservation:

e C B AN B

where p is density, Skis the species source term, wx is
the species concentration, and Dk is the species
diffusion coefficient.

The species source term for the liquid water is:

For gas channels and GDLs: s, =0

1 1

For the catalyst layers: 5§ =—— R , S =——R_,
y y Hy 2F an 0, 4F cat
1
S, =——R._.
H,0 2F cat
Energy conservation:
6(5pcp7')

ot
where k is the thermal conductivity, 7 is the
temperature, ¢pis the specific heat at constant pressure
and Sk is the energy source term.

+ v(gpcprl?j =V(KVT)+S,
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Electrical current:
~V(o.V4,)=S,

lonic current:
V(o Vh)=S5,

where Se and S; are respectively the electron and
proton flow source term, ®=and @; are the solid phase
potential and membrane phase potential and o= and o/
represent the electrical conductivity.

Butler-Volumer equation can calculate the
transfer current. In the anode s =R, and S, =-

and s =-R

cat *

an’

however, on the cathode side S, =-R,

cat

Current density in anode and cathode are as
followings:

rei C 2 ” aaﬂ EIIF’]aﬂ aca anFnan
R,=RY (CZ,] {eXp( 'RT ]—exp[ LRT H

Hy

Yeat
C X et 1, Ay oaF 1,
Rca — R;f 0O, |:eXp [_ cat,cat cat )_ exp( an,cat’ cat j:|
' ’[cgj] RT RT

where, n is the local surface overpotential, ya» and year
are concentration dependence, a is the transfer
coefficient and R.* and Rf*, respectively, are the
reference current density of anode and cathode.

Figure 2. Schematic view of three-dimensional PEMFC mode/

9

The combination of thermodynamics, fluid
dynamics, and electrochemistry create a complicated
system, which is PEMFC. To understand fuel cells'
dynamic and static behavior, the mathematical models
greatly help estimate control strategies and optimize
fuel cells' design. In addition, by applying mathematical
models to study fuel cells, there is a reduction in

experimental tests, saving time and effort. In these
models, the influence of temperature distribution,
thermal stress, operating conditions, and other
variables could be understood simply through the
simulation.

In recent years, modeling has received colossal
attention and interest in understanding and studying the
fuel cell phenomena. To reduce the time and cost of
experiments, fuel cell designers and engineers could
get the benefits of using parametric models to predict
the fuel cell performance by given operating conditions,
geometries, and properties of materials. There are
three types of fuel cell models in terms of parametric:
empirical/semi-empirical, analytical, and mechanistic.
In the following section, these models are described,
and the methods that have been applied recently for
their optimization are explained. The two other
modeling approaches which explain the models in
terms of dimensional and phase change are
respectively zero to three-dimensional models and
multiphase models and are described in this paper.

PEMFC models
Empirical/semi-empirical

There is enormous interest in PEMFC modeling,
which saves time and effort as its simulation results will
significantly agree with experimental ones [10].
Figure 2 demonstrates a three dimensional PEMFC
model. Each application and operating condition has
specific features based on experimental data called
empirical/semi-empirical models. The details presented
by these models are not more than theoretical ones;
though, they have a quite favorable advantage in
modeling fuel cells and other engineering fields. The
empirical/semi-empirical models are designed for
particular fields and should be changed for every
operating condition or application. For example, the
polarization curve of PEMFC, described by O0-
dimensional models, are empirical and simple models
[11]. Semi-empirical and 0-dimensional models are
suitable for beginner researchers trying to find a model
for the fuel cell. Simplicity is one of the specifications of
empirical/semi-empirical models, and in some fields,
these models illustrate better performance than
theoretical models [12]. For example, the overpotential
of output voltage significantly impacts the reduction
factor of fuel cell output [13]. The computation of ohmic
overpotential is simplified in empirical/semi-empirical
models.The main emphasis of empirical/semi-empirical
models is on the correlation between input and output.
Besides, these models provide a calculation for the
performance of PEMFC in a short time [14]; therefore,
the empirical/semi-empirical models are more suitable
for problems that focus on controlling.
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Analytical models

The analytical models are useful for simple and
one-dimensional designs with short-time computing
processes and calculating water management and
voltage losses [15]. However, the results of analytical
models may not be excessively precise. The advantage
of analytical models is introducing practical surveys for
certain conditions, which provide information easily
without requiring a numerical program to run in many
cases. However, when the analytical solutions
exclusively work for specific elements like catalyst
layers and calculate their potential, oxygen
concentration, and current density, they neglect the
interactions with other parts of PEMFCs [16]. Tafel
kinetics and potentials, which are close to open-circuit,
are the conditions for achieving the analytical solutions.
Furthermore, the analytical approach does not include
membrane resistance or mass transport restrictions,
which are important for PEMFC performance. By
utilizing just mathematical models because of nonlinear
problems, it is hard to solve the PEMFC problems,
though numerical approaches can solve them. In other
words, for every problem, there are computational
requirements and a wide range of meshing [17].

Mechanistic models

The difficulty of modeling the PEMFC systems is
because they are electrochemical, nonlinear, and
multivariable systems [18]. For their explanation, it is
necessary to understand internal phenomena at the
molecular level of PEMFC. Therefore, the publications
aim mainly at the internal phenomena of the PEMFC
systems and introduce a model for describing this
target. The mechanistic model focuses on
thermodynamics, fluid dynamics, and electrochemistry.
Being theoretical, these models apply the Stefan-
Maxwell, Nernst-Planck, and Butler-Volmer equations
for gas phase, species transport, and cell voltage,
respectively [19]. In addition, mechanistic models
explain the basic actions of a fuel cell, including flow
pattern, pressure drop, distribution of current density,
and voltage.

The mechanistic models are rigorous in
calculations because of the fundamental and partial
differential equations they need in a repetitive method
to solve a problem. The complexity in mechanistic
model confirmation is because it is impossible to
compute the pressure, temperature, concentration of
species, and other important parameters in a fuel cell
with an extreme environment.

By applying electrochemical or physical
equations, the operating conditions in PEMFCs occur
in mechanistic models. The mechanistic models do not
fit applications that aim for control; however, they are
64

suited for optimization and design applications.
Furthermore, there are no huge differences between
mechanistic and empirical models [19].

Lu [20] indicated that by using both empirical and
mechanistic techniques as combination models,
predicting the performance of the PEMFCs becomes
more effective. The reason to use a hybrid model that
consists of mechanistic and empirical approaches is
that the usage of both approaches has advantages in
improving the model and defeats the disadvantages of
each of them. For example, in a hybrid model, the
parameters for operation are reduced because of the
fewer input dimensions. The other advantages of the
combined model over the empirical and mechanistic
model are that it can easily be utilized for any operating
condition and application without requiring extensive
range calculation.

Optimization methods in PEMFC models

System parameters, different flow field designs,
and operation conditions affecting the PEMFC's
performance can be analyzed using mathematical
modeling and computational tools. The complexity of
mechanistic fuel cell models is why they are difficult to
use in a simulation. However, the precise
empirical/semi-empirical models are suitable and easy
for simulation.

The results of different studies in recent years
show that to examine the PEMFC performance, the
effective and suitable model is parametric. Therefore,
to achieve the best performance, the precise model
parameter identification of PEMFCs is significant and
possible by applying different algorithms [21].

The latest researchers have paid huge attention
to fuel cell optimization by classifying different
parameters and models, like a genetic algorithm (GA)
and other evolutionary computation techniques. These
techniques increase the precision of model parameter
identification in the fuel cell.

Abdi et al [22] presented particle swarm
optimization (PSO) as a practical algorithm. The PSO,
in comparison with GA, has better and more precise
performance in the convergence of problems by
providing global and stable optimization solutions.
Furthermore, as a straightforward algorithm, the PSO is
useful for successfully optimizing the extensive
collection of tasks. Similarly, multidimensional
elements with velocity and location can be modeled by
PSO.

Different modeling techniques and strategies to
study the dynamical and statistical performance of fuel
cells are changed by varying the purpose of the study.
Many of these modeling approaches to examine the
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heat and water management, membrane, electrodes,
and cathode performance are highly important to the
mechanical and chemical phenomenon. By simulating
and studying these modeling techniques, the most
favorable operating conditions, high and developed
performance, and durability of the fuel cell can be
achieved. However, because of the complexity of
mechanistic models, implementing these models
requires quite a huge amount of parameters that
indicate the technology and physics of materials
engaged.

In fuel cells' procedure to express the
electrochemical and physical phenomena, another
model depends on empirical/semi-empirical equations.
This model is more appropriate for analyzing fuel cell
systems. The critical and challenging point for fuel cell
application designers is identifying every parameter for
each fuel cell. Empirical nature and technological
nature are two types of parameters that should be
identified for the fuel cell. Because of the difficulty and
complexity of the parameters and identification
process, some designers apply values for parameters,
and the simulation results are achieved with medium
quality. Recent years' promising solution is an
optimization method that achieves the identifying
parameters in fuel cell systems. Intending to solve real
problems, modified particle swarm optimization
(MPSO), as a nature-inspired algorithm, is suitable for
many engineering applications [23]. The optimal result
can be attained by applying MPSO and classifying
different parameters for a semi-empirical PEMFC
model. Furthermore, to gain the results of a simulation
with high accuracy is a rigid mission for extensive
operation conditions. The MPSO technique can identify
and calculate the parameter's value fora PEMFC under
different temperatures and normal conditions [23].

For parameter optimization of real problems, a
simple and efficient technique is a Hybrid adaptive
differential evolution (HADE) algorithm [21]. For
identifying the PEMFC model parameters, the HADE
algorithm initiates a dynamic crossover possibility and
an adaptive scale factor to progress the convergence of
the simulation. As a result, the performance of the
HADE algorithm in space with high or low dimensions
and comparison with GA, PSO, and a standard and
adaptive DE algorithm is better and more reliable.

The Simulink technique, which is applied in
Matlab-SIMULINK, is suitable for various operating
conditions and fuel cell systems. Moreover, it is easy to
apply for different applications; because this modeling
is simple, and there is no need for extensive time for
computation [24].

The best model for designing, developing,
optimizing, and calculating the performance of fuel cells

is a mathematical model. Several studies are about one
or three-dimensional, non-isothermal, and non-isobaric
mathematical models and identify separate parameters
like liquid water transportation, thermal conduction, and
gaseous diffusion. In real-time design control
applications, applying these models is problematic and
complex because they identify parameters for material
structure. A steady model, achieved from mechanistic
models and can identify the voltage-current features, is
unsuitable for real-time control design. PSO algorithm
[25] was developed to suit a model for real-time control
design applications. LM algorithm can simply be
trapped in the minimum neighborhood. The PSO
algorithm is established to solve this problem. The PSO
and LM algorithms can be used at the beginning of the
global and local search stage. For that reason, a hybrid
algorithm that consists of LM and PSO algorithms can
be used for optimization. This hybrid algorithm can
investigate the PEMFC model with voltage and
temperature parameters. The advantage of a hybrid
algorithm is that it sets aside both algorithms'
disadvantages and failing points and attains the
application's aim. Furthermore, the simulation of the
dynamic performance of PEMFC by this hybrid
algorithm has high reliability and uniformity compared
with a physical model. The other advantage of this
hybrid algorithm over other models is that it is not
complicated and can make the model prediction
happen quickly [25].

The polarization curve depicts the fuel cell
voltage-current characteristics, showing the fuel cell
performance. The parameters that depend on fuel cell
voltage-current characteristics are power conditioning
design, simulators design for fuel cell systems,
operating conditions optimization, and system
controller design. These show the significance of the
polarization curve for the fuel cell. The physical models
of fuel cells use electrochemical or empirical
mechanisms. The electrical revolution model for fuel
cells, uses an electrical element's circuit to depict
voltage-current characteristics. Another model that
utilizes mathematical strategies to obtain steady-state
and high accurate voltage-current characteristics is the
mathematical model. The PEMFC model with dynamic
voltage-current characteristics and steady state-
integrated mathematical model derives from a
technique with the smallest squares by electrochemical
equations where other input parameters can be
computed. In addition, the modeling can be very
effective in optimizing output power, power-
conditioning design units, operation points, and
simulation of PEMFCs [26].

As the PEMFC performance is studied in a short
time, in comparison with experimental study, the
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modeling of PEMFC attains much interest among the
researchers. But unfortunately, a particular PEMFC has
various parameters which are unidentified. This
problem causes trouble in illustrating the polarization
curve; it needs to identify each parameter for the
PEMFC model exactly.

As mentioned before, there are not sufficient and
precise statistics and rates for particular PEMFC model
parameters, which makes inaccuracy in PEMFC
performance in a wide range when comparing the real
PEMFC with the model. Therefore, the optimization
approaches have developed with parameters
identification as a numerical problem to obtain the most
precise PEMFC model and solve the problem. Thus,
these optimization techniques have recently attained
much attention and interest. However, creating a
perfect and accurate multi-parameter, combined
dynamic system, and complicated nonlinear PEMFC
system is not a simple and unimportant task.
Furthermore, the parameters of the model affect
PEMFC performance, indicating the importance of
accurately identifying various parameters of the
PEMFC model by investigating the optimization
approaches. Therefore, there is an essential need for a
precise and accurate model for studying and enhancing
the performance of PEMFCI.

DE (differential evolution) [27] is an optimization
approach that is not too complicated to implement and
has a few parameters. However, its difficulty, which is
the prevention of untimely convergence, highly
depends on operators and related control parameters.
Nevertheless, it is a valuable technique to implement
by merging it with added solutions like adaptive
differential evolution. ADE adaptive differential
evolution characteristics are high equilibrium between
examination and discovering high potential. By setting
up the control elements and various operators online,
ADE becomes the development version of DE.
Compared with DE and other optimization techniques,
the results obtained by ADE show that it is in good
agreement with the experimental model. Therefore, the
ADE algorithm can be a promising strategy to create,
control, optimize the PEMFC model, and improve the
precision [27].

In every PEMFC system, the parameters should
independently be categorized. For this explanation, the
empirical equation applies. However, there is huge
significance in setting up the parameters in the
electrochemical module as they are adjusted in steady-
state conditions and where the optimizing reliability of
models is the next task after tuning the parameters.

The modules of energy balance, mass balance,
and electrochemical phenomena are individual in the

PEMFC system. The electrochemical model expresses
66

the voltage-current actions of PEMFC. When voltage is
lost because of numerous issues, the production of
maximum voltage in PEMFC is impossible. Ohmic loss,
concentration, and activation overvoltage are different
losses in models. The loss terms mentioned above lead
to the output voltage of the fuel cell, where the Nernst
equation computes the thermodynamic potential. The
genetic algorithm in the electrochemical models of
PEMFC can provide accurate parameters, which leads
to trustworthy outcomes [28].

Nernst equation [12]:

E:Eoﬁm[

Py, p021/2
2F

Pr,0

where pis the partial pressure of Hz2, O2 and H20.

The PEMFCs need a precisely adjustable model
to design steady-state, dynamic, and control
simulations because the output voltage of PEMFCs is
not regulated. The typical modeling strategy is to
achieve an accurate thermal PEMFC model by
considering the fuel cell's mass and momentum's
conservation, thermodynamics, and physical power
concepts. However, in real-time studies, because of
some parameters in nature that cannot be computed in
the model, these classic models are unsuitable for such
applications. Therefore, to develop models to achieve
high accurate performance results in comparison with
real PEMFCs, it is necessary to identify the values of
parameters in the models precisely.

Different meta-heuristic approaches have been
investigated in recent years for identifying parameters
in the PEMFC models. The dragonfly algorithm, genetic
algorithm, Multi-verse optimizer, differential evolution,
particle swarm optimization, and many other
optimization approaches are examples of meta-
heuristic methods for accurate parameter identification
in PEMFCs. Although these meta-heuristic methods
are more capable of enhancement, they are trendy
because they produce highly accurate results in
PEMFCs. The benefits of this algorithm are the
closeness of the parameter values to the actual
computed values and the short convergence time.
Therefore, the PSO [29] is a secure, capable, precise,
and valid optimization approach for PEMFC.

A predictive control system is essential for output
power to achieve the best effectiveness of fuel cells by
optimizing humidity, the pressure of reactants in the
membrane, and temperature. The support vector
regression machine (SVRM) benefits nonlinear system
modeling and makes it valuable in time sequence
applications. Furthermore, this optimization approach
is part of statistical learning and is sustained by
mathematical theory. Therefore, the control system of
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PEMFC's output power can be developed by this
approach.

In nonlinear population-based optimization
applications, PSO is appropriate to apply. The PSO
approach needs a small number of parameters, and its
implementation is effortless. By modeling the control
system for the output power of PEMFC on SVRM and
combining it with the PSO algorithm for the optimization
process, the produced PEMFC model is more accurate.
The need for a short time and short memory in PSO
optimization makes this approach suitable and easy to
implement. Besides, the mathematical operators that
apply in this method are uncomplicated. In results of the
studies, which use this optimization approach, are
validated, qualified, and successful. In the PEMFC
optimization process, it is significant to design a control
system to improve the output power by setting up the
relative hydrogen humidity [30].

Nowadays, in studies to identify parameters in
PEMFCs, bio-inspired optimization approaches
achieve much interest and attention. One of the new
methods with the features like simple implementation
and few parameters is the seagull optimization
algorithm (SOA) [31], which is used in nonlinear
modeling problems of PEMFCs for parameter
identification. Moreover, a balanced SOA (BSOA) can
be used instead of the standard SOA to improve the
convergence of the application. In modeling
complicated nonlinear PEMFCs, this technique
promises accurate and precise results [32].

Zero to three dimensional PEMFC models

In terms of dimensions, there are four models for
PEMFC. The evaluation of the inner quantities of
PEMFC because of its spatial dimensions is not a
simple task. Computational fluid dynamics (CFD) is a
suitable approach to examining every part's
temperature gradients, pressure distribution, and
species concentrations. The dimensions of the
problem, which should be zero, one, two, or three-
dimensional, depend on the number of independent
spatial variables of the differential equations.

Zero dimensional models

The simplest fuel cell modeling can be achieved
by neglecting the spatial alterations, taking time into
account, and is called the zero-dimensional or lumped-
parameter model. Based on illustrating the polarization
curve of PEMFC, zero-dimensional models, which are
usually empirical, are uncomplicated in discovering the
different losses that occur in the system, comparing
them with each other, and concluding the kinetic
parameters. Therefore, zero-dimensional and semi-
empirical PEMFC models are simple and helpful for

examiners at the start point [11].

To explain the state of health of a PEMFC based
on the degradation of the cathode catalyst layer, a zero-
dimensional PEMFC model was investigated by
Schneider et al. [32]. The developed model is suitable
for PEMFC design and control because it is fast and
reliable and can understand the degradation
mechanisms in the cathode catalyst layer. Du et al. [33]
investigated a method for parametrizing control-
oriented zero-dimensional PEMFC. A two-step
parameterization method was introduced by separating
the model into two sub-models. This method reduces
the solution space significantly. Furthermore,
parametrizing a fuel cell model with measurement
demonstrates an advantage in the sensitivity analysis.

One dimensional mode/

One dimensional model is the first model that
researchers established to study the fuel cell. It was a
complicated model with a sandwich domain in the y-
direction. These models give massive details in
different operating conditions for fuel cells by examining
the temperatures, mass concentrations, electrical
potentials, and fluxes. A one-dimensional, semi-
empirical, and steady-state model of an HT-PEMFC fed
with a gas mixture is developed by Nalbant et a/. [34] to
study the effects of different cell temperatures, Pt
loading, phosphoric acid percentage, and different
binders on the performance of the fuel cell were
examined.

In the precise calculation of the PEMFC
performance by Sohn et al. [35], a one-dimensional
PEMFC model has been developed. Instead of three-
dimensional with more detailed models, they preferred
a macro-scale one-dimensional PEMFC model, which
consists of control volumes for the cathode catalyst
layer to compute the liquid water production and fuel
concentration.

The characteristics and mechanisms of cold start
must be understood; therefore, Jiang et al [36]
developed a one-dimensional PEMFC model to
simulate the PEMFC cold start to improve fuel cells'
startup ability and durability. Salva et al. [37] used a
one-dimensional analytical model to simulate a PEMFC
stack to validate the experimental data. Mass transfer
of reactants and electrochemistry are the parameters
considered in this work.

Two dimensional model

The Sandwich model in the y~zor x-y directions is
a two-dimensional, upgraded version of the one-
dimensional model. These two-dimensional sandwich
models could examine the influence of channel

geometry, bipolar plates, heat, mass transfer, and
67
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fluxes on fuel cells. Like three-dimensional models that
significantly contribute to fuel cell modeling studies with
their precise and accurate results, both one and two-
dimensional models can contain conservation
equations by choosing boundary conditions cautiously
to achieve results with a high range of exactness.

Liu et al [38] developed a PEMFC with two-
dimensional analytical models with the dead-end anode
to study the effect of cathode parameters on PEMFC
performance. Their results show the model's
importance in guiding the practical work of PEMFC with
a dead-end anode.

Liu et al [39] examined the reactants' mass
transfer, gas flow in channels, and electrochemical
reactions on the electrodes by developing a two-
dimensional analytical model of PEMFC. The results
illustrated that the concentration of hydrogen and
oxygen in the direction of flow along the channel and in
the catalyst layers decreased. They presented that
improving PEMFC performance could improve oxygen
mass transfer from the cathode channel to the cathode
catalyst layer. A two-dimensional model of a low-
temperature PEMFC was used to study the effect of
bipolar plate geometry on mass transport, current
density, and PEMFC performance by lonescu et al.
[40].

Three dimensional model

The most appropriate model to analyze PEMFC in
every detail, for instance, current density distribution,
the influence of flow field design on fuel cell
performance, or bipolar plate blockage impact, is the
three-dimensional model, which is in the x-)~zdirection.

Saco et al. [41] developed a three-dimensional
model to examine the flow field design influence on
PEMFC performance. Because of fast water removal
from the gas channels, minimum pressure drop, better
proton conductivity, and better hydrogen and oxygen
consumption, they introduced the straight zigzag flow
field with the best performance among serpentine
zigzag, serpentine parallel, and straight parallel flow
fields.

To study the influence of membrane geometry on
PEMFC performance, a three-dimensional PEMFC
model has been investigated by Jourdani et al. [42].
The numerical results indicated that higher current
density could be obtained by a thinner membrane,
hydrogen and oxygen consumption, and high water
production.

Caglayan et al [43] developed a three-
dimensional model for a PEMFC with a
1000 °C-1800 °C range of temperature. Their result
showed that because of high membrane proton
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conductivity and fast reaction kinetics, the increase in
temperature improves the PEMFC performance. In
addition, they suggested that the current density is
uniform in high operating voltage.

Multiphase flow

Fluid flows, which contain two or three phases,
including gas-solid flow, liquid-solid flow, gas-liquid
flow, and liquid-liquid flow, are different types of two-
phase flow. Three-phase flows are gas-liquid-solid
flows, gas-liquid-liquid flows, gas-oil-water flows, and
solid-liquid-liquid flows. The mass, momentum, and
energy transfer occur in the interface that divides
different phases. In the PEMFC, the liquid water
production and the phase change processes develop
by multiphase transport.

The gas phase consists of hydrogen, water vapor,
oxygen, and nitrogen. The liquid phase is liquid water
in a two-phase PEMFC model study. VOF model,
multiphase mixture, multi-fluid, and some other models
have been used in the multiphase flow PEMFC
modeling studies.

VOF model

The interface in the gas-liquid flow, as shown in
Figure 3, is detected and transported by the VOF
model. This model recreates the interface profile; then,
the interface transportation occurs in the velocity field.
The VOF model can record the surface tension as a
significant force in the micro-channel flows. The
disadvantage of the VOF model is that it is only
examined with a gas-liquid interface [9,44,45]. Zero and
one, respectively, are the volume fraction for the gas
and liquid phase in the VOF model. The continuity,
mass, and momentum equations are as follows [9]:

Continuity equation:
VU =0

Mass conservation:

%+V(D,)+V[Dr}/(1—y)}:0

Momentum conservation:

a(plj) - - - - - -
T+V(pUU]7V[/NU]7(VU)V,u:7VPd -gXVp+T,

r air

interface

liquid water

wall
Figure 3. The interface between the gas-liguid phase [46].
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Multiphase mixture model

The multiphase mixture model examines a mix of
phases instead of separated phases. There is one set
of conservation equations for the mixture phase.
Among various phases, relative velocity, density, and
other mixture quantities are estimated afterward [9].

Mass conservation:

v(,ﬂ?):o

Momentum conservation:

v--Kvp

pu

The density and velocity of the mixture are as
follows:

p=sp+(1-5)p,

Species conservation:

- C -
V(yk Vck] =V(DyurVe, )—v{{:/;—pkg}/,}sk
k g

where the convection correction factor yis a function of
the liquid saturation.

Applying the multiphase mixture model is more
proficient in the pressure of the gas phase than the
pressure of the liquid phase.

Multi-fluid mode/

The equations for mass and momentum of every
phase in the multi-fluid model are solved separately.
However, the two phases are coupled because of
phase change and relative permeability [9].

Mass conservation:

V(spg Vg) =5,

V(gp, I7/J =S,

Momentum conservation:

> K
Vg = *(1*5)7QVR‘7
Hg

v, :—S&VPg -D(s)V,
H
In high conditions of saturation, the multi-fluid
model works effectively. However, the multi-fluid model
tends to be unstable because of the coupled phases
and variables in high amounts.

IR 3 . T+ o B A AT, i W ST 7 T DL T
I S0 S S S T e NPT T~ I I 1 TG F IR S AC TN
A A T ¥ T LT ST L M WA T a——
(B0 el SSTTEEETITER LY. TD W ST AT IO e T U ——
B SRR T e DAT O U A
e i e e e i S —— L
PR SR T T 1 I A S ST S AT TS S T

Figure 4. Visualization of two-phase flow in PEMFC channels
7]
Two-phase flow models

Various models based on the water flow in MEA
and the gas channels have been investigated to
understand water transport within PEMFC [48]. A
visualization of two-phase flow in PEMFC channels is
illustrated in Figure 4. For example, a steady-state,
non-isothermal, and single and two-phase flow PEMFC
model, with various temperatures on anode and
cathode and extension in cross-section ratio of channel
geometry, has been investigated to improve the fuel cell
performance [49]. High temperature apparently affects
kinetics rise and liquid water reduction and increases
PEMFC's performance. The other factors that enhance
PEMFC's performance are the gas channel cross-
section and the anode side's temperature.

The single and two-phase flow PEMFC model
performance are close to each other at low current
densities because of the consequence of low
transportation of mass and slow reaction rate. High
current density causes a reduction in cell voltage. It is
detected that mass transport resistance enhancement
makes a fast reduction of current density at low
voltages. To achieve highly accurate polarization curve
estimation, two-phase models are better than single-
phase ones.

Zhang et al. [50] employed a three-dimensional
mathematical model to study the influence of
temperature, operating pressure, and relative humidity
on PEMFC performance. Also, for processing the liquid
water transport in PEMFC, the non-isothermal two-
phase flow was simulated. According to the findings in
their study, high operating pressure and temperature
improve the PEMFC performance. Moreover, two
things improve the water removal process:
1) increasing the contact angle at the interface of the
GDL/channel and 2) adding the baffles in the cathode
channel. Zhang et al. [51] presented a multiphase
three-dimensional PEMFC model that includes a
detailed study of two-phase flow in the PEMFC. The
influence of gravity, surface tension, wall adhesion,
pressure drop, and mass transport were studied in this
simulation. According to their study, there is an
improvement in the water removal process by adding
baffles in the cathode channel and increasing the
contact angle at the interface of the GDL/channel.

CFD software for fuel cell modeling

The measurement of internal quantities of
69
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PEMFC is not a simple task because of its spatial
dimensions. However, examination of pressure
distribution, temperature gradients, and species
concentrations in every part of PEMFC is achievable by
utilizing computational fluid dynamics (CFD).
Furthermore, the PEMFC performance could be
predicted by implementing CFD in various operating
conditions.

~

Fuel cell modeling combines electrochemistry
and thermodynamics in porous media over
transportation phenomena to the science of material
[52]. Improvement of recent computers' calculation
abilities and parallel computation make the CFD
simulation on a large scale achievable. In fuel cell
system investigation, CFD models - influential design
devices - have an important role in enhancing robust,
effective, powerful, and modern solver algorithms. One
fuel cell modeling software with influential pre- and
post-processing options is Fluent. By using different
solvers, it is possible to apply single or double-precision
infinite volume computations. Comsol Multiphysics
(FEMLAB), another CFD software, can solve
multidimensional PEMFC models by applying chemical
engineering modules and using finite elements.
MATLAB/Simulink is another suitable software for
small-scale fuel cells and parallel computing on a
multicore processor. CFD-ACE+, OpenFOAM, and
STAR-CD are CFD software based on the finite volume
method and suitable for multidimensional fuel cells.
NADigest FDEM also provides durable solutions based
on a strong error estimation method.

There are several conditions in PEMFC
simulation to improve the system's performance. First,
one uses different flow field designs [53—55]. Flow field
design greatly affects reactants’ mass transport and
liquid water removal in the gas channels. Therefore,
uniform mass transport and distribution of reactants in
the flow channel and water transport in the gas channel
improve the performance of the PEMFC. Figure 5 is

Single-phase flow

demonstrated four different PEMFC flow field designs.

i |

r

a . b
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Figure 5. Various types of flow field design, a) Straight channel,
b) Serpentine channel, c) Interdjgitated channel, d) Pin type
channel [56].

The other significant concern that influences
PEMFC performance is water management. Different
water formation in PEMFC flow channel is illustrated in
Figure 6. The amount of water in the PEMFC is a crucial
subject; excess water is the reason for flooding in the
gas channel, catalyst layer, and gas diffusion layer and
causes a problem in reactants transportation. While
proton conductivity depends on membrane hydration,
inadequate water in the membrane is the reason for
membrane dehydration, resulting in a reduction in
proton conductivity. There must be a balance between
flooding and hydration to enhance PEMFC
performance [57]. Figure 7 is shown different sites of
PEMFC that are possible for flooding.

Many studies have investigated water
management to improve the PEMFC performance and
proposed some solutions, for instance, optimization of

stray droplets
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stable droplet
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Figure 6. The various form and distributions of liquid water in the flow channel [58].
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porous media of gas diffusion layer, catalyst layer, and
bipolar plate. The results of the partial flooded two-
dimensional PEMFC model [59] presented that one of
the factors in decreasing the chance of flooding is high
temperature. Partial flooding makes the distribution of
current density uneven, and it has an unfavorable
influence on PEMFC performance. Mammar et al. [60]
investigated a fuzzy logic technique to study the

Flow channel

membrane's hydration level.

Intending to study water flooding and how to solve
this problem in PEMFC, Li et a/. [61] have evaluated
several studies in the field of water management in
PEMFC. Modifying the structure and the material of
membrane electrode assembly and system design and
engineering are two strategies to reduce the flooding
issue in PEMFC.

Reactant
flow

Electrochemical
reaction sites

Figure 7. The possible sites of flooding in a PEMFC [62].

CONCLUSION

In recent years, modeling has attracted
tremendous attention and interest in understanding
PEMFC phenomena. To reduce the time and cost of
experiments, fuel cell designers and engineers could
get the benefits of using parametric models to predict
the fuel cell performance by given operating conditions,
geometries, and properties of materials. This review
summarizes the different modeling methods for
PEMFC and explains their characteristics.

The empirical/semi-empirical models are
designed for particular fields and should be changed for
every operating condition or application. These models
provide a calculation for the performance of PEMFC in
a short time; therefore, the empirical/semi-empirical
models are more suitable for problems that focus on

controlling. The analytical models are helpful for simple
designs with short-time computing processes and
calculating water management and voltage losses. The
analytical approach does not include membrane
resistance or mass transport restrictions, which are
important for PEMFC performance. Mechanistic
models focus on thermodynamics, fluid dynamics, and
electrochemistry and explain a fuel cell's basic actions,
including flow pattern, pressure drop, distribution of
current density, and voltage. The mechanistic models
are suited for optimization and design applications.

Hybrid models have better performance and
overcome the pure models' disadvantages. The reason
to use a hybrid model that consists of mechanistic and
empirical approaches is that the usage of both
approaches have advantages in improving the model
and defeats the disadvantages of each of them, and
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improves the performance of the PEMFCs.
Furthermore, in a hybrid model, the parameters for
operation are reduced because of the fewer input
dimensions. The other advantages of the combined
model over the empirical and mechanistic model are
that it can be utilized for any operating condition and
application and easily does not need extensive range
calculation. This review illustrates optimization
methods for parametric PEMFC models by applying
different algorithms, like GA, PSO, etc.

The zero-dimensional model is uncomplicated in
discovering the different losses that occur in the
system, comparing them with each other, and
concluding the kinetic parameters and general ohmic
resistance from data. One dimensional model is the first
model that researchers established to study the fuel
cell. It was a complicated model with a sandwich
domain in the y-direction. These models give massive
details in different operating conditions for fuel cells by
examining the temperatures, mass concentrations,
electrical potentials, and fluxes. The Sandwich model
in the )~z or x-y directions is a two-dimensional,
upgraded version of the one-dimensional model. Two-
dimensional sandwich models could examine the
influence of channel geometry, bipolar plates, heat,
mass transfer, and fluxes on fuel cells. A three-
dimensional model in the x-)~-z direction is the most
appropriate model to analyze PEMFC in every detail,
for instance, current density distribution, the influence
of flow field design on fuel cell performance, or bipolar
plate blockage impact. It also presents the multiphase
flow; there are two and three-phase flow in the PEMFC.
Some models, such as the VOF model, have used
multiphase mixture and multi-fluid to examine phase
change and water production in PEMFC. The interface
in the gas-liquid flow can be detected and transported
by the VOF model. The VOF model can record the
surface tension as a significant force in the micro-
channel flows. The multiphase mixture model examines
a mix of phases instead of the separated phases.
Applying the multiphase mixture model is more
proficient in the pressure of the gas phase than the
pressure of the liquid phase. The multi-fluid model
works effectively in high saturation conditions, although
the multi-fluid model tends to be unstable because of
the coupled phases and variables.

The characterization of PEMFC simulation has an
essential part. This review shows that the influence of
different parameters on PEMFC performance can be
identified more easily by applying CFD coding. Hence,
other CFD softwares are also explained in PEMFC
modeling.

Flooded models are important to examine water
management in PEMFC. These models can investigate
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the water in the PEMFC and present solutions to
improve the performance.
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List of Abbreviations

ADE Adaptive Differential Evolution
AFC Alkaline Fuel Cell
BSOA Balanced Seagull Optimization Algorithm

CFD Computational Fluid Dynamics
DE Differential Evolution

DMFC Direct Methanol Fuel Cell

GA Genetic Algorithm

GDL Gas Diffusion Layer

HADE Hybrid adaptive differential evolution
LM Levenberg-Marquardt

MCFC Molten Carbonate Fuel Cell

MEA Membrane Electrolyte Assembly
MPSO Modified Particle Swarm Optimization
PAFC Phosphoric Acid Fuel Cell

PEMFC Proton Exchange Membrane Fuel Cell

PSO Particle Swarm Optimization
PTFE Poly Tetra Fluoro Ethylene
SOA Seagull Optimization Algorithm

SOFC Solid Oxide Fuel Cell
SVRM Support Vector Regression Machine

VOF Volume of Fluid
Greek Letters

1% Convection correction

o Conductivity (S m™)

P Density (kg m?)

u Dynamic viscosity (Pa s)

® Electric potential (V)

Qm Mass accommodation coefficient
€ Porosity

List of symbols

cr Specific heat capacity (J g K™
D Diffusivity (m?s™)

D Diameter (m)

E Cell potential (V)
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T v on X T

=1

Su
Sk
Se
Se
Si

<!

Faraday's constant (96485 C mol' e")
Permeability

Universal gas constant (8.314 J mol' K')
Pressure (Pa)

Partial pressure (Pa)

Velocity (ms™)

Mass conservation

Momentum conservation

Species conservation

Energy conversion

Electrical charges

lonic charges

Temperature (K)

Time (s)

Velocity (m s™)

Mass fraction
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MODELOVANJA VODONICNE GORIVNE CELIJE:
PREGLDENI RAD

Gorivne celjje su elektrohemijski uredaji koji pretvaraju hemijsku u elektricnu energiju.
Medu njima, vodonicna gorivna celjja se smatra jednim od najperspektivnijih kandidata
za izvore energife sledece generacije zbog svoje velike gustine snage, nulte emisije i
niske radne temperature. Poslednjih godina modelovanje je dobilo ogromnu paznju i
Iinteresovanje za razumevanje I proucavanje fenomena vodonicnih gorivnih celjja. Ovaj
pregledni rad prikazuje nedavni napredak u modelovanju vodonicnih gorivnih celjja.
Empirijski, polu-empirijski, analiticki i mehanisticki modeli, nulto do trodimenzionalni
modeli i modeli visefaznog toka, kao sto su visefazne smese, multifluidni i VOF model,
su razlicite vrste pristupa modelovanju vodonicnih gorivnih Celja u smislu
parametarskog, dimenzionalnog i dvo- ili trofaznog protoka. On osvetljava vaznost
kombinovanja razlicitih strategija modelovanja i identifikacije parametara u modelima
vodonicnih gorivnih celjja, kako bi se postigli precizni modeli koji smanjuju vreme i
troskove eksperimenata.

Kljucne reci: vodonicna gorivna cellja, modelovanje, performanse gorivne celjfe,
empirijski/polu-empirijski model, model visefaznog toka.
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