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Abstract This study employed numerical analysis to eval-
uate the sustainability of Serpentine Flow-Field and Straight
channel PEM fuel cells, focusing on critical parameters such
as reactant velocity, temperature, current density, water
content, membrane hydration, and polarization behavior
curve. The model incorporated the transportation of gases,
water, and electrical current within the fuel cell’s layers,
emphasizing the importance of optimizing performance and
reducing costs through the design of the membrane elec-
trode assembly (MEA). Utilizing the finite element method
and ANSYS Fluent, the model allowed for adjustments in
parameters such as membrane thickness and protonic con-
ductivity coefficient, both of which significantly impact
cell performance. The findings indicated that both fuel cell
designs performed well, with a slight advantage observed
for the Straight channel configuration in terms of produc-
tion. However, the performance difference was relatively
small, with the Straight channel design outperforming the
Serpentine Flow-Field configuration by approximately 5%
in terms of production. Despite this slight discrepancy, both
designs demonstrated good performance overall. Moreo-
ver, the study underscored the critical role of MEA design
optimization in achieving maximum performance and cost-
effectiveness. While Straight channel PEM fuel cells may
be slightly more cost-effective for certain applications, Ser-
pentine Flow-Field PEM fuel cells offer enhanced efficiency
and durability, making them preferable in many scenarios. In
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conclusion, this research provides valuable insights into the
sustainability of these two fuel cell designs, indicating that
while both are viable options, Serpentine Flow-Field PEM
fuel cells offer slightly better performance and durability,
thus warranting consideration for future applications.

Keywords Hydrogen production - PEM fuel cells -
Serpentine flow field - Straight channel - Modelling - CFD -
ANSYS fluent

1 Introduction

Compared to other types of fuel cells, PEM fuel cells pro-
duce more power for a given volume and weight. This type
of fuel cell requires little time to start due to low tempera-
ture, and this feature makes them the best option for in-
vehicle applications as an alternative to diesel and gasoline
internal combustion engines. These systems are also suitable
for use in home generators, small power plants, transpor-
tation and military industries (Mei et al. 2022). Fuel cell
applications range from low-power to high-power systems.
Fuel cells are powered by hydrogen and therefore must be
equipped with a hydrogen production system (Kyriakopou-
los and Sebos 2023; Kyriakopoulos and Aravossis 2023).
Increasing performance and improving water and thermal
management are some of the challenging problems in the
PEM fuel cells(Henriques et al. 2010). Numerical analy-
ses in the fuel cell can include a complete study of the
fuel cell system (Ahsan et al. 2021), the study of bipolar
plates (Barnoon et al. 2022), the study of the gas diffu-
sion layer (Kanchan et al. 2020), the study of the catalyst
layer (Zhang et al. 2021) and the oxygen production system
(Jia et al. 2021). Sun et al. (Sun et al. 2006) investigated a
3-D, steady, and single-phase flow of a PEM fuel cell with
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a helical configuration. They studied pressure distribution
and flow through the GDL. The gas flow channel with a
trapezoidal cross-section was introduced in their study. The
results showed that the aspect ratio of the trapezoidal cross-
section has a significant effect on the flow rate. As this ratio
increases, the throughput flow through the GDL increases.
This ratio also has a large effect on the change in field pres-
sure. Ahmed and Song (Ahmed and Sung 2008) simulated
a PEM fuel cell with a three-dimensional, non-isothermal
and raised membrane electrode assembly. In their study, the
adjacent shoulders had different heights. The effect of vari-
ation of membrane electrode assembly on cell performance
was investigated by maintaining the same reaction area and
boundary conditions at high current densities. They found
that the cathode voltage drop decreases significantly with
increasing swelling of the membrane electrode set so that the
reactants are more evenly distributed on the reaction surface.

X. D. Wang et al. (Wang et al. 2012) numerically inves-
tigated the effect of cathode channel shape on transmission
features and performance of a PEM fuel cell in a 3-D model
and two-phase flow. They found that at high operating volt-
ages, cells with various channel configurations performed
similarly. Atyabi and Afshari (Bernardi 1990) introduced a
numerical model that provided a complete understanding of
the basic principles of transfer phenomena in the fuel cell of a
polymer membrane with a honeycomb flow field. The results
showed that increasing the operating pressure leads to more
oxygen distribution in the cathode electrode and increasing
the permeability of the gas diffusion layer increases the uni-
formity of oxygen distribution and consequently the current
density. Ghanbarian and Kermani (Mohammad Jafar Kerm-
ani 2014) studied a proton exchange membrane fuel cell con-
sidering the single-phase flow of the reactant-product mixture
at the air cell side electrode. The results show that channel
indentation can increase the oxygen concentration content
at the surface of the catalyst layer by up to 18%. In 2015,
Vazifehshenas et al. (Vazifeshenas et al. 2015) numerically
investigated the effects of the flow field on improving the
performance of a PEM fuel cell. They showed that changing
the flow field design could still be used as a practical way to
improve performance.

Hu et al. (Hu et al. 2004) designed a three-dimensional
model that considers both liquid and dissolved water trans-
port in a PEM fuel cell. Prior simulations were limited to
low-humidity feed streams and constant temperature (Nguyen
et al. 2004; Sivertsen and Djilali 2005).Wang et al. (Wang et al.
2003) and Djilali (Berning 2002) use a single-phase model
but did not consider the effect of liquid water on gas diffusion
electrode transport. The impact of liquid water remains unstud-
ied. Verbrugge (Bernardi and Verbrugge 1992) and Springer
et al. (Bernardi 1990) developed the initial 1D models for PEM
fuel cells, which focused exclusively on changes across the
membrane. These models were fundamental in developing

future multidimensional models and understanding fuel cell
mechanisms. Fuller and Newman (Fuller and Newman 1993),
Nguyen and White (Nguyen and White 1993), and Yi (Yi and
Nguyen 1998) later created 2D models that included both
membrane changes and bulk flow direction, emphasizing the
importance of water and thermal management in achieving
high fuel cell performance. While Gurau et al.(Gurau et al.
1998) used CFD to construct 2D models, they neglected the
effect of ribs in flow channels. You et al. (You and Liu 2002)
developed a 2D model that studied transport in regions with
two-phase flow, but only considered the cathode side of a PEM
fuel cell and included just the gas channel, diffuser, and cata-
lyst layer. This model did not address two-phase transport on
the anode side, water distribution in the membrane for humidi-
fication, or flooding in the gas diffuser near the rib area.
Monsef et al. (Tamerabet et al. 2017) investigated the
effects of channel width, the number of coil channels, and
flow direction on the consumption of reactants in a PEM fuel
cell with cochlear flow field design numerically using FVM
in cylindrical coordinates. Their findings show that the ratio
of channel width to rib influences cell performance. The
larger the ratio, the more important the contact area between
the channel and the GDL, the more reactants penetrate the
GDL, and the more uniform the distribution of reactants.
Sun et al. (Sun et al. 2006) studied channel-to-channel flow
in a PEM-fuel cell using a serpentine channel with a trap-
ezoidal cross-sectional shape. Their results show that for
both modes the pressure drop is significant but for cross-
flow, the pressure drop tends to decrease across the chan-
nel. A literature review shows that robust studies have been
performed in relation to fuel cell simulations. However, most
studies focus on the study of physical parameters (relative
humidity, cell voltage, stoichiometric ratio, mass flow rate,
etc.) and their impact on fuel cell performance. This study
develops a 3D numerical and isothermal model to analyze
the impact of operating voltage on key factors within the
core of a of a Serpentine Flow-Field, the straight channel
Proton Exchange Membrane Fuel Cell (PEMFC). The model
includes the transport of gases in the GDL, electric current,
and water in the membrane. The study’s key findings include
the creation of a mathematical model for mass transfer in the
PEMEFC core, as well as the numerical solution of governing
equations using ANSYS Fluent and MATLAB 2022a.

2 Mathematical description

2.1 Model description

PEM fuel cells utilize an electrochemical reaction between
hydrogen and oxygen to produce electricity, heat, and water.

Key to their function is the membrane electrode assembly
(MEA), consisting of a proton exchange membrane (PEM),
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anode, cathode, and catalyst layer. Hydrogen undergoes oxi-
dation at the anode, producing protons and electrons. Pro-
tons pass through the PEM to the cathode, while electrons
travel through an external circuit. At the cathode, oxygen
combines with protons and electrons to form water. The gen-
erated electrical current powers devices or can be stored.
Water vapor is the only byproduct. Efficiency depends on
factors like PEM quality, electrode design, and reactant dis-
tribution (Babay et al. 2021). This section presents the model
and equations employed to examine gas, water, and electrical
current transport within various layers of the fuel cell. The
equations encompass mass, momentum, and energy conser-
vation, alongside the Nernst and Butler-Volmer equations.

The fuel cell operates by utilizing hydrogen as fuel and
oxygen from the air as an oxidant, leading to a controlled
reaction akin to the reverse of water electrolysis. This pro-
cess generates electrical energy through the combustion of
hydrogen (Babay et al. 2024b, 2024c).

H, + %Oz — H,0 + Electricity + Heat €))
H, — 2H" + 2e” 2)
%Oz +2H* +2¢~ - H,0 (3)

A thorough investigation into water dynamics within fuel
cell layers is essential for optimizing the efficiency and dura-
bility of PEM fuel cells under various operating conditions.
The present model meticulously examines the steady-state
transport of reactants and water within the fuel cell, providing
a comprehensive analysis that covers both anode and cathode
mass, as well as momentum transport phenomena, including
for serpentine low-temperature PEM fuel cells (Fig. 1).

This investigation delves into the intricate network of
flow channels, gas diffusion layers (GDLs), and gas diffusion

electrodes (GDEs), revealing the complex interactions gov-
erning the cell’s behavior. Additionally, the model expands
its scope to include the nuanced realm of electrochemical
currents, meticulously studying their impact within the
GDLs, GDEs, and polymer membrane. By exploring these
multifaceted aspects, the model aims to clarify the intrica-
cies of transport processes and electrochemical phenomena,
offering valuable insights into the performance and behav-
ior of the fuel cell under examination. The analysis encom-
passes the entire spectrum of mass and momentum transport,
providing a holistic perspective that contributes to a refined
understanding of the cell’s operational dynamics, with spe-
cific parameters detailed in Tables 1 and 2.

2.2 Assumptions

The assumptions made for the equations are outlined as
follows:

e Steady fluid flow within the fuel cell channel is assumed,
a common practice in PEMFCs due to the absence of
phase change modeling.

e The flow is presumed to be incompressible and laminar,
justified by low pressure and velocity gradients.

e Gases are assumed to adhere to the ideal gas law, exhib-
iting behavior akin to ideal particles under various tem-
perature and pressure conditions.

e Both cathode and anode are assumed to have 100% rela-
tive humidity, as higher fuel cell performance is associ-
ated with fully humid intake gases.

e Gravity’s influence is neglected, as convective and vis-
cosity forces outweigh weight forces significantly.

e The porous media within the cell are treated as homo-
geneous and isotropic, a realistic assumption reflecting
uniformity in material structure across all directions.

Table 1 Operation parameters of the straight channel fuel cell sec-
tion

Fig. 1 Geometries of a Serpentine Flow-Field PEM-FC
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Parameters Units Symbol Case
Cell length mm L 10
Channel width/height mm W/H 0,5
Gas diffusion layer thickness mm DGDL 0,015
Catalyst layer thickness mm DCL 0,008
Membrane thickness mm DMEM 0,02
Table 2 Inlet mass fraction Species Value

Inlet H, mass fraction 0.96
0.037
0.202

Inlet H,O mass fraction

Inlet O, mass fraction
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e Darcy’s law is employed to model the porous medium,
offering good accuracy in combination with laminar flow.

e The flow is simplified as single-phase, reducing simula-
tion complexity and facilitating a clearer understanding
of the problem’s physics.

2.3 Governing equations

The general form of the continuity equation is represented
as follows (Babay et al. 2021, 2024a, 2023),

V-(pu) =S .
{Em:gd V=0 )

In Eq. (4), S, represents the mass source, p represents the
density, € represents the porosity in the gas diffusion layer
and the catalyst layer, and u represents the velocity. The
fluid flow in the gas diffusion layer and the catalyst layer is
in a porous medium, and there is a mass source in it because
the chemical reaction of the fuel cell, which leads to the
production of water and oxygen consumption, takes place
inside the catalyst layer. In practice, the amounts of water
production and oxygen consumption in different areas of the
catalyst layer is not constant and have a direct relationship
with the amount of current density produced in the catalyst
layer, which is obtained from the Faraday relation. Since the
channel is not a porous medium and there is no mass source
in it, the continuity equation in the channel area is simpler
(although the gas diffusion layer is a porous medium, there
is no mass source in that area because no chemical reaction
occurs).

The momentum equation is generally in the form
expressed as follows (Babay et al. 2024a; Kone et al. 2018):

V - (peul) = —eVP+ V - (s,ueﬂ'Vﬁ) +f,+ S, 5)

In Eq. (5), S, represents source term, P represents pres-
sure, u°" represents effective viscosity, and f, represents
volumetric force. Considering the continuity equation and
the momentum equation, at the inlet of the gas channels, the
boundary condition of the mass flow rate is used. At the out-
let of gas channels, the pressure outlet is used. The interior
boundary condition is used to communicate with the internal
parts of the fuel cell. For initial conditions, the temperature
is assumed to be 353 K and the gauge pressure to be O Pa.
The equation of chemical components is generally expressed
as follows (Kone et al. 2018),

V- (elic) =V - <D2ﬁ Vck> +5, ©6)
In Eq. (6), S, represents the source term, ¢, represents the

mass fraction, and szf represents the diffusion coefficient.
In general, the index k represents the k™ component of the

chemical reaction. The Faraday equation in the catalyst layer
of the PEM fuel cell is expressed as follows,

. I 1
Mo, = =50 = 55 (7

In Eq. (7), F shows the Faraday constant, I indicates the
generated electric current in the catalyst layer, and

n

represents the number of moles of oxygen and water. In the
catalyst layer, there is the expression for the source of the
components, the value of which can be obtained according

to the Faraday constant and the electric current produced.
Therefore, it can be written as follows,

S _—
— leffective O 4F x hcl
®)

Equation (8) expresses the relationship between the oxygen
consumption in the cathode electrode and the generated cur-
rent density. A negative sign indicates oxygen consumption
in the catalyst layer. M, represents the mass of a mole of
oxygen, h, indicates the height of the catalyst layer, and i rep-
resents the output current density. If, like oxygen for water, the
necessary simplifications are made, the relationship between
water production at the cathode side and the current density
generated in the catalyst layer results from Eq. (9). It should
be noted that the positive sign indicates the water production
in the catalyst layer.

Y L .
nop, = _%17’1 = I X Agpeciives o, = Mo, o, _ My,
— () —
S02 = _V_’Vd A thl
cl

MHZOI

Spo=——
0= S ©)

The energy equation is generally for the porous medium in
the form of Eq. (10). Each component of the phrase related to
the energy source is shown in Eq. (11) [37,38]:

V- (epC,iaT) =V (ko - VT) + Spe'ey (10)

Sur = Su + Su! + SuP® + S (11)

The charge equation is in the form of Eq. (12), and the
source term due to the production of electric charge in the
catalyst is expressed as follows (Babay et al. 2021, 2024a):

V(eV®) = Su® (12)

+j Anode catalyst
—j Cathode catalyst (13)
0  other location

Su® =
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The Butler-Volmer equation expresses the relationship
between the operating voltage and the current density of the
fuel cell so that according to the physical characteristics and
operating conditions, the amount of operating voltage at any
current density can be determined. The Butler-Volmer equa-
tion is expressed as follows (Baca et al. 2008):

RT | /G .
Vcdl - Vrev - _Fl . gO — ol (14)
@, lO/Cre}

In Eq. (18), V., represents the operating voltage, V,., rep-
resents the reversible roltage, a, represents the cathode
charge coefficient, and i is the current density after which
the roltage drop starts and its value is constant. CZ; repre-
sents the oxygen concentration in standard conditions (tem-
perature of 25°C and pressure of 1 atm), C;z represents oxy-
gen concentration in fuel cell operating conditions. Also, o
represents the specific surface resistance. Since in the fuel
cell, an electric current is generated in the catalyst layer, the
Butler-Volmer equation is established in this region and the
generated current is zero in the GDL and inside the
channels.

The useful work of a fuel cell is only obtained when a
current is drawn, but the actual potential of the cell (E ;)
is decreased relative to its thermodynamic equilibrium
potential (E) due to irreversible losses. The cell potential is
obtained by subtracting all the overpotentials (losses) from
the thermodynamic equilibrium potential with the following
expression:

Ecell =E- Nohm ~ Mmem ~ Mpif (15)

The equilibrium potential is determined using the Nernst
equation:

Ecell =E- Nohm ~ Mmem — Npitf

E = 1.229 — 0.83 * 1073(T — 298) + 4.3085 (16)

_ 1
% 107°T # [InPy; 5 InP, |

The anode and cathode activation overpotentials are
calculated from the Butler-Volmer equation (Eqgs. (21) and
(22)). The current densities are calculated as follows, on the
anode side:

0.5
C o F a.F
. -0 H2 a c
= —,) — —— 17
B la(C;e;) [exp( RT M) = exp( RT )] a7

And on the cathode side:

0.5
C a,F a.F
o =m2 Dby exp(el
.= lc <Cl§£ ) [exp( RT nc) CXp( RT nc)] (18)
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where:

a, and a, are the two charge transfer coefficients, and
Cyp and Cy, are the hydrogen and oxygen concentrations at
the membrane/electrode interfaces. They are calculated by
Henry’s law:

P X
C _ _a H2 19
= e (19)
PcXo,
Co, = —Ko (20

Ky, and K, being Henry’s constants for hydrogen and
oxygen. In Egs. (21) and (22), the activation overvoltages
1, are determined from the local potentials of the electrodes
and the membrane:

P, X
na,c = (pa,c - P~ Ez?cCHZ = ;{_Hz (21)
H2
With E? the equilibrium potentials of the anode and
cathode. The equilibrium potential of the anode is zero, and
that of the cathode depends on the battery temperature (in

Kelvin) according to the expression:

ES = 1.23 - 0.83 % 1073(T - 298) (22)

3 Simulation model

The system is governed by a set of boundary conditions
designed to ensure its smooth operation: e Internal bounda-
ries maintain continuity. eChannel walls enforce a no-slip
condition, optimizing fluid dynamics. e Initial values across
the system are uniformly set to zero for consistent starting
conditions. eThe channel outlet experiences no backpres-
sure, benefitting from convective flux boundary conditions.
eBoth the inlet and outlet have their outer edges constrained
to zero for stability. eElectrically, bipolar plates on either
side of the cell are grounded and aligned with the opera-
tional potential. éRemains insulated, securing its perfor-
mance from external environmental influences.

The analysis delved into key considerations, such as regu-
lating reactant gas flow at outlets by adjusting pressure and
implementing mass flow inlets at entrances. Sealed plates
enveloped the gas diffusion layer (GDL) and catalyst layer
at both inlet and outlet points, ensuring a no-slip velocity
condition and preventing species mass transfer. To address
crossover and pressure-related issues, the membrane-elec-
trode interface was treated as a wall. Anode and cathode
terminals maintained a constant reference voltage of zero,
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with inlet boundary conditions predetermined based on stoi-
chiometric flow rate, temperature, and mass fraction.

The Dirichlet condition is used at the inlet of the cathodic
and anodic channels for the species, heat and mass conserva-
tion equations. The mass flow rates are considered constant
at each channel inlet in all cases of the realized simulations
(Table 3).

In Fluent CFD, the software’s momentum equation
solver employed a pressure correction technique to handle
varying pressures in different gas channels, with pres-
sure conditions applied at the outlets. The ionic poten-
tial in the membrane was set to zero at the anode-side
interface, while the cathode-side interface received a
designated negative flux representing proton consump-
tion. Water flux was determined from the gradient of the
chemical potential, assuming equilibrium between water
in the membrane and water vapor in the electrode. This
study utilized a mathematical model in ANSYS Fluent
to analyze PEMFC cells, with computational areas des-
ignated as porous, excluding current collectors and wall

Table 3 Operation parameters for the straight channel fuel cell sec-
tion

Parameter Value Unit
Inlet temperature, anode and cathode 80 ‘C
Anode side pressure 2 atm
Cathode side pressure 2 atm
Anode stoichiometric flow rate 3 -
Cathode stoichiometric flow rate 3 -
Relative humidity of inlet gases 100 %
Oxygen/nitrogen ratio 0.21/0.79 -

terminals. Computational domains were created using
ANSYS Design Modeler and ANSYS Meshing, laying
the foundation for comprehensive simulations.

In addition, for the serpentine Flow-Field PEM-FC,
ANSYS Fluent provides a comprehensive mesh quality anal-
ysis. The skewness of mesh elements is well within desir-
able parameters, with an average angle of approximately
0.31095. The maximum skewness angle, at around 0.91685,
is also acceptable, as values close to zero or less than 1
are preferred to prevent excessive distortion of elements.
The standard deviation, measuring the spread of skewness
angles around the average, is 0.18663, indicating a reason-
ably uniform distribution. In terms of mesh statistics, the
simulation involves 220,361 nodes and 802,283 elements,
highlighting a well-balanced mesh with satisfactory skew-
ness angles. This aspect is crucial for ensuring the accuracy
of numerical simulations. While these results offer an overall
understanding of mesh quality, a more detailed evaluation
may be necessary depending on the specific requirements
of the simulated problem Fig. 2. In contrast, for the straight
channel PEM-FC, the mesh consists of 28,548 nodes and
25,200 elements. This configuration ensures a solid founda-
tion for accurate simulations in Fig. 3.

4 Results and discussion

The passage examines the validation of model results under
standard operating conditions by comparing them with
experimental data from Wang et al. (Wang et al. 2003). Fig-
ure 4 illustrates a close match between the computed and
experimental polarization curves, indicating satisfactory
agreement between the model and experimental outcomes.

ma—

Fig. 2 Diagram of a Serpentine Flow-Field PEM-FC
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Fig. 3 Diagram of a Straight channel PEM-FC
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Fig. 4 PEM-Fuel cell polarization curve validation

Nonetheless, a discrepancy arises in the model’s cell cur-
rent densities within the mass transport-limited region (1.2
A/cm?), surpassing the corresponding experimental values.
This deviation stems from a common limitation found in
single-phase models, which struggle to accurately address
reduced oxygen transport due to water flooding at the cath-
ode during high current density periods. Additionally, anode
drying contributes to the observed performance decrease at
elevated current density. To deepen understanding of the
fuel cell’s performance and identify crucial parameters, the

@ Springer

study conducts parametric studies, varying specific param-
eters while maintaining others constant. These investigations
are expected to shed light on key factors influencing fuel cell
performance. Emphasis is placed on exploring diverse oper-
ating conditions to comprehensively evaluate the fuel cell’s
behavior, particularly at a nominal current density of 1 A/
cm?, with further insights promised in subsequent sections.

4.1 Effet des températures de fonctionnement

Figure 5 shows that the fuel cell performance increases with
the increase in cell temperature from 50°C to 80°C. The
exchange current density increases with the rise in fuel cell
temperature, reducing activation losses. This could explain
the performance improvement. The polarization curve for
the fuel cell temperature at 80°C is lower than the other
curves in the low current density region. When the fuel cell
temperature is maintained at 80°C, higher than the 70°C
humidification temperature, at low current densities, the
membrane material in the catalytic layer may not be fully
hydrated. This could result in a decrease in the active sur-
face of the catalyst. With the increase in current density,
the water production rate increases proportionally. Higher
rates of water production at higher current densities keep
the membrane material in the catalytic layer better hydrated,
leading to an increase in the active surface of the catalytic
layers and improving fuel cell performance. It is observed
in the figure that the fuel cell current density limit increases
as the cell temperature rises from 50°C to 80°C, indicating
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Fig. 5 Polarization curves for different fuel cell temperatures

an improvement in mass transport due to the increase in dif-
fusivity with temperature. The shifting of the polarization
curves towards higher voltages at higher current densities
with the increase in cell temperature is also attributed to the
increase in membrane conductivity.

4.2 Profiles of reactant and product concentrations
4.2.1 Distributions of oxygen concentration fractions

Figure 6 illustrates the profound impact of serpentine flow
channels in fuel cells. As oxygen traverses from the gas
channel to the gas diffuser, its concentration experiences
a steady decline, influenced by diffusion through various
constituents such as nitrogen, reaction water, and the cata-
lyst layer. This reduction is quantified by a decrease in con-
centration, reaching as high as 17% from the gas diffuser

Fig. 6 Cross-section contours
Oxygen molar fraction distribu-
tion in the PEMFC in serpentine
flow plate

0.000

0.016 0.032

to the catalyst layer interface. The presence of a rib within
the channel further amplifies oxygen’s diffusion resistance,
resulting in a notable decrease in concentration at the inter-
face by approximately 12%. Additionally, oxygen consump-
tion along the channels contributes to its gradual depletion,
with a decrease of 15% observed from the inlet to the outlet.
At low current density, characterized by a sluggish reaction
rate and minimal oxygen demand, the oxygen concentra-
tion remains uniformly distributed. This uniformity ensures
a steady diffusion rate, with only a marginal change in con-
centration observed from the gas channels to the gas diffuser.
However, at high current density, where the rapid reaction
rate outpaces oxygen supply from diffusion, there is a sig-
nificant decrease in the concentration fraction at the outlet
gas channel. This decline is particularly pronounced, with a
reduction of approximately 20% observed from the bottom to
the top, driven by the flow of velocity vectors. Consequently,
higher concentrations, exceeding 10%, are observed at the
bottom due to channel geometry. In fuel cells employing
humidified air, the limiting current density is predominantly
governed by cathode conditions, given oxygen’s lower dif-
fusivity compared to hydrogen. The maintenance of oxygen
concentration equilibrium at the catalyst layer relies on a
delicate balance between consumption and diffusion, with a
notable reduction of 10% observed in oxygen concentration
at the catalyst layer interface. Transitioning to Fig. 7, it offers
a graphical depiction of the molar fraction distribution of
oxygen in the cathode channel, Gas Diffusion Layer (GDL),
and cathode catalyst layer. At medium current density, oxy-
gen consumption occurs gradually, with minimal diffusion
limitations. However, at high current density, the oxygen
concentration beneath the land areas reaches its minimum
value of zero, causing no further decrease. The molar con-
centration of oxygen gradually reduces by 17% from the inlet
to the outlet of the channel, indicative of progressive utili-
zation along the flow path. Moreover, the decline in molar

0.048 0.065 0.081 0097 0.113 0.129 0.145 0.161

@ Springer



3962

IntJ Syst Assur Eng Manag (August 2024) 15(8):3954-3970

2.100e-01
‘ 2.062e-01
2.025e-01
1.987e-01
1.949e-01
\ 1.912e-01
1 1.874e-01
1.836e-01
1.798e-01

1.761e-01

— o re— — .~—
o008 m

000048 00009 (m) 0 00004s
— — —
0000225 0000875 Q000228 0000875

1.723e-01

00045 0000 (m)

000225 000675

) |]| 0,008 (m
— ——
00015 00045

Fig. 7 Distribution of Oxygen Molar Fraction in the Cathode Channel, Gas Diffusion Layer, and Cathode Catalyst Layer- with straight flow

field channels

hydrogen concentration in the anodic diffusion layer sur-
passes the decrease in oxygen concentration in the cathodic
GDL, underscoring the intricate interplay between reactant
consumption and distribution within the fuel cell.

4.2.2 Distributions of hydrogen concentration fractions

Figure 8 illustrates the intricate distribution of hydrogen
molar fraction within the PEMFC, employing serpentine
flow plate channels. This visualization offers a nuanced
understanding of how hydrogen concentration varies spa-
tially across the fuel cell system. The contour plot vividly
portrays substantial fluctuations in hydrogen concentration
along the cathode channel, representing a percentage varia-
tion range from 0 to 90%.

Analyzing these results in the context of existing litera-
ture, several studies have emphasized the critical role of
channel design in influencing oxygen concentration gra-
dients within fuel cell systems. For instance, research by
Scholta et al. (Scholta et al. 2006) investigated the impact of
channel geometry on reactant distribution and performance
in PEMFCs. Their findings underscored the significance
of optimizing channel configurations to achieve uniform
reactant distribution and enhance overall cell performance.
Similarly (Babay et al. 2024a) highlighted the importance
of considering flow field designs in fuel cell systems, par-
ticularly in managing reactant distribution and minimizing
concentration gradients.

In Fig. 9, which depicts the hydrogen molar fraction dis-
tribution in the anode channel, GDL, and anode catalyst

@ Springer

layer with straight flow field channels, we observe signifi-
cant fluctuations in oxygen concentration dynamics, with a
variation ranging from 40 to 61%. These results align with
previous studies by Johnson et al. (cite), who investigated
the influence of channel architecture on reactant distribution
and performance in PEMFCs. Their research emphasized
the role of flow field design in optimizing reactant distribu-
tion and minimizing concentration variations across the cell.
Under medium current density conditions, oxygen consump-
tion occurs gradually without diffusion limitations. However,
at high current density, the oxygen concentration beneath
the land areas reaches a minimum value of zero, indicating
the onset of diffusion limitations. This finding is consistent
with prior research by kone et al. (Kone et al. 2018), who
studied the effects of current density on reactant distribu-
tion and performance in PEMFCs. Their results highlighted
the importance of managing oxygen distribution to mitigate
concentration gradients and improve cell efficiency. Ros-
tami et al.(Rostami and P. Mohamad Gholy Nejad, A. Vatani
2016) studied a 3-D to understand the influence of bending
size on a PEM fuel cells. The findings show that increas-
ing the bend from 1 mm to 1.2 mm, not only significantly
reduces the overvoltage, but also reduces the temperature
gradient. A review of research on flow simulation in PEM
fuel cells with different channel shapes shows that the com-
mon denominator of all this research is that most of them
focus only on the cathode side of the PEM fuel cell and the
different cross-sections. In summary, our findings under-
score the intricate interplay between channel design, oxy-
gen distribution, and fuel cell performance. By elucidating
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Fig. 9 Hydrogen molar fraction distribution in the anode channel and GDL and the anode catalyst layer with straight flow field channels
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these dynamics, we contribute to a deeper understanding of
how channel configurations influence reactant distribution
and overall cell performance. These insights can inform the
development of optimized channel designs and operational
strategies aimed at enhancing fuel cell efficiency and dura-
bility in real-world applications.

Velocity
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Fig. 10 Cross-section contours of the Velocity contours in straight
flow field channels
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4.3 Velocity distributions

Figure 10 and Fig. 11 provide detailed insights into the
velocity distribution within different flow field channel
designs in PEM fuel cells. In Fig. 10, which illustrates
velocity contours in straight flow field channels, the vari-
ation ranges from 0 to 4.043e-3. This range highlights the
intricate dynamics governing gas flow within these channels.
The velocity distribution is influenced by factors such as
channel width, height, flow rate, and pressure drop across the
cell. Straight channel designs offer advantages like higher
power output and lower pressure drop but present challenges
in controlling velocity distribution compared to serpentine
flow-field designs. Moving to Fig. 11, which presents veloc-
ity contours in a serpentine flow channel PEM fuel cell, the
variation spans from 0 to 3.63. Serpentine flow channels
consist of interconnected, U-shaped channels that alternate
in direction. This design promotes a more uniform velocity
distribution, crucial for preventing reactant depletion and
ensuring optimal performance.

The velocity distribution in serpentine flow channels is
affected by parameters like flow rate, channel geometry,
and pressure drop. Achieving uniform velocity distribution
in these channels requires careful design considerations
to maintain consistent flow rates throughout. Comparing
velocity distributions between straight and serpentine flow
channels provides valuable insights into the advantages and
challenges of each design. While straight channels offer ben-
efits like higher power output, achieving uniform velocity
distribution can be more challenging. In contrast, serpentine
flow channels promote more uniform velocity distribution,
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Fig. 11 Cross-section contours of the Velocity contours in a serpentine flow channel
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contributing to enhanced fuel cell performance. These find-
ings underscore the importance of optimizing flow channel
and diffuser design to achieve uniform velocity distribution,
ultimately improving fuel cell efficiency and performance in
various applications.

4.4 Temperature, pressure distribution inside the PEM
fuel cell

The composition of gases entering a fuel cell is significantly
impacted by temperature, as well as the various processes that
occur inside the fuel cell. Temperature can affect the level of
loading and the level of electrochemical activity, leading to
changes in the molar fraction of hydrogen and oxygen. Addi-
tionally, the partial pressure of water vapor entering the cell
is solely determined by temperature, as long as the incoming
gases are fully humidified. At atmospheric pressure, tem-
perature has a more significant impact on the composition
of incoming gases compared to higher pressures. Figures 12
and 13 illustrate the temperature distribution within the fuel
cell for different current densities. The highest temperature is
observed near the inlet of the cathode side, but even with an
even distribution of current density, the increase in tempera-
ture is only around 1 K for low current densities. The impact
of temperature on fuel cell performance is not limited to gas
composition, as it also affects the fuel cell’s efficiency and
durability. High temperatures can lead to accelerated degra-
dation of the fuel cell’s materials and reduced performance,
while low temperatures can lead to reduced efficiency and
slower reaction rates. Proper temperature control is crucial
for maintaining optimal fuel cell performance, and various
methods are used to achieve this. Cooling systems, such as
air or liquid cooling, can be used to manage temperature, as
well as insulation and heat exchange systems. Additionally,
temperature sensors and control systems are used to monitor
and regulate temperature within the fuel cell. In conclusion,
temperature plays a crucial role in the composition of gases
entering a fuel cell, as well as the efficiency and durability
of the fuel cell. Proper temperature control is essential for
maintaining optimal performance, and various methods are
used to achieve this.

4.5 Distribution of water content in proton exchange
membrane

Figure 14 provides a detailed visualization of water content
distributions within the membrane of a PEM fuel cell uti-
lizing serpentine flow plate channels. The variation spans
from 0.61 to 8.15, showcasing significant heterogeneity in
water distribution across the cell. Contrastingly, Fig. 15
illustrates water content distributions in a PEM fuel cell
with straight flow field channels, demonstrating a range
from O to 5. Water content within the PEM membrane

profoundly influences its resistance to proton movement,
a critical factor in fuel cell performance. Higher water
content corresponds to lower membrane resistance, facil-
itating enhanced proton conductivity and, consequently,
improved fuel cell efficiency. The spatial distribution of
water content offers valuable insights into areas of poten-
tial resistance buildup and informs effective water manage-
ment strategies. The observed water content distribution
patterns reveal distinct trends along the cathode-to-anode
axis. Near the cathode, regions typically exhibit lower
water content, resulting in elevated membrane resistance.
This phenomenon can be attributed to reduced hydra-
tion levels and limited water availability in these areas.
In contrast, as one progresses towards the anode, water
content increases, leading to the onset of two-phase flow
phenomena in the gas channel and diffuser regions. This
progression ultimately culminates in complete membrane
humidification near the anode, characterized by the low-
est resistance to proton movement. The influence of tem-
perature on water content and fuel cell performance is a
critical consideration. Elevated stack temperatures tend
to reduce membrane hydration and water content, thereby
diminishing overall cell performance. This effect is par-
ticularly pronounced in regions where water content is cru-
cial for maintaining optimal proton conductivity, leading
to uneven current density distributions and compromised
cell efficiency. Effective water management strategies are
essential for maximizing fuel cell performance and lon-
gevity. Previous studies have used the correlation devel-
oped by Springer et al. (Gorgiin et al. 2006) to calculate
water content. These strategies encompass various factors,
including regulating relative humidity, temperature, and
gas flow within the fuel cell system. Common approaches
involve external humidification techniques and optimiz-
ing cathode porous layers to enhance water retention and
transport. Additionally, careful design considerations for
flow channels and diffusers play a pivotal role in facilitat-
ing the removal of excess water from the fuel cell, thereby
preventing flooding and ensuring uniform water distribu-
tion. Advanced techniques such as impedance spectros-
copy, neutron radiography, and NMR imaging serve as
invaluable tools for quantifying and visualizing water
content within PEM fuel cells. These techniques enable
precise measurement and monitoring of water distribu-
tion, allowing for proactive maintenance and optimization
of fuel cell operation. In conclusion, understanding the
intricate relationship between water content and mem-
brane resistance is paramount for optimizing PEM fuel
cell performance. By leveraging advanced measurement
techniques and implementing effective water management
strategies, we can enhance fuel cell efficiency, durability,
and reliability, ultimately advancing the transition towards
sustainable energy solutions.
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Fig. 12 Temperature distribution a, b inside PEMFC with straight flow field channels
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Fig. 15 Water content distributions in the membrane of a PEM fuel cell with straight flow field channels

4.6 Advancing proton exchange membrane fuel cells:
technological and economical feasibility analysis

In this comprehensive study, we embark on an in-depth
exploration of the technological and economical feasibility
of advanced Proton Exchange Membrane (PEM) fuel cell
designs. Our analysis is structured into five meticulously
crafted subsections, each delving into critical aspects piv-
otal for assessing the viability of these innovative fuel cell
configurations.

For instance, when examining the practical limitations
in scaling up the proposed methodologies, we encountered
challenges related to material availability. Certain rare earth
metals critical for fuel cell component fabrication may face
supply chain constraints, potentially hindering large-scale
production. Additionally, the complexity of manufacturing
processes, such as intricate electrode assembly procedures,
poses challenges for mass production. Addressing these
technological constraints requires innovative solutions in
material sourcing and manufacturing automation to ensure
scalability without compromising performance.

During our critical evaluation of computational models,
we identified instances where simplifying assumptions led
to discrepancies between simulated and real-world perfor-
mance. For example, while computational fluid dynam-
ics (CFD) models provide valuable insights into fluid flow
behavior within fuel cells, their accuracy may be compro-
mised by oversimplified boundary conditions. By transpar-
ently acknowledging these limitations and validating model
outputs against experimental data, we enhance the reliability
of our analyses and facilitate informed decision-making.

@ Springer

Through meticulous analysis of efficiency metrics, we
uncovered intriguing insights into the energy performance
landscape of advanced PEM fuel cell designs. For instance,
simulations revealed that novel catalyst formulations sig-
nificantly enhance power output under high current density
conditions, thereby improving overall energy conversion
efficiency. Moreover, operational stability profiles derived
from experimental data demonstrated the robustness of
these designs in prolonged operation, further bolstering their
appeal for real-world applications.

By conducting a comprehensive comparison of physico-
chemical characteristics, we uncovered compelling advan-
tages inherent in each fuel cell design. For instance, while
serpentine flow plate configurations excel in promoting
uniform reactant distribution, straight flow field channels
offer superior gas diffusion properties, enhancing overall
cell performance. Moreover, detailed analyses of reaction
kinetics highlighted the catalytic efficiency of specific elec-
trode materials, shedding light on opportunities for further
optimization.

In assessing the feasibility of large-scale industrial manu-
facturing, we analyzed key cost drivers and market dynam-
ics influencing the commercialization potential of advanced
PEM fuel cell technologies. For instance, a detailed
cost—benefit analysis revealed that while initial investment
costs for implementing novel manufacturing processes may
be substantial, long-term operational savings and market
competitiveness justify these expenditures. Furthermore,
strategic partnerships with industry leaders and proactive
engagement with regulatory bodies can expedite market
entry and drive widespread adoption.



IntJ Syst Assur Eng Manag (August 2024) 15(8):3954-3970

3969

Through this comprehensive analysis, we aim to provide
stakeholders, policymakers, and researchers with a holistic
understanding of the opportunities and challenges associ-
ated with the adoption of advanced PEM fuel cell tech-
nologies. By addressing key technological, economical,
and performance-related considerations, we pave the way
for accelerating the transition towards a sustainable energy
future powered by innovative fuel cell technologies.

5 Conclusions

In summary, the innovative model developed in this study
provides a comprehensive representation of species trans-
port and reactions in various parts of the PEM fuel cell,
including the impact of ribs on species transport and the
movement of species in the anode and cathode gas chan-
nels. The study showed that using the same stoichiometric
flow ratio for the oxidant in a 2D, single-phase model con-
sistently overestimates fuel cell efficiency. It also revealed
that a straight flow field channel performs worse than a
serpentine flow-field when no water is added to humidify
the cathode inlet air. Furthermore, the distribution of cur-
rent density in the fuel cell changes with changes in load-
ing conditions, with the maximum current density shifting
towards the center of the channel as the load increases.
Overall, this innovative model provides a more accurate
prediction of fuel cell performance and emphasizes the
importance of considering multiple factors, including flow
field design and changes in loading conditions, in deter-
mining fuel cell efficiency. These findings can guide the
development of future PEM fuel cell designs and promote
sustainable energy solutions. The study provides valuable
insights into the sustainability of Serpentine Flow-Field
and Straight channel PEM fuel cells through numerical
analysis, with the former having higher efficiency and
durability and the latter being more cost-effective. Freire
et al. (Freire et al. 2014) studied the operational param-
eters on the performance of PEMFCs having different (rec-
tangular and trapezoidal) cross-section shape. Their results
showed that the trapezoidal channel has a high ability to
remove water from the cathode. However, recent experi-
mental studies show that for certain operating conditions,
overflow can occur in the anode gas channels and can be
even more noticeable than on the cathode side (Lee and
Bae 2012). A literature review shows that robust studies
have been performed in relation to fuel cell simulations.
However, most.

studies focus on the study of physical parameters (relative
humidity, cell voltage, stoichiometric ratio, mass flow rate,
etc.) and their impact on fuel cell performance.
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