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A B S T R A C T

The temporal stability and spatial homogeneity of current density are key factors in Polymer Electrolyte
Fuel Cell (PEFC) performance and durability. Temporal and spatial variations of relative humidity, fuel
concentration, and water droplets in the channels are the principal causes of non-homogeneous current density.
A dynamic pseudo-3D model was previously proposed by the authors and has been extended and improved to
perform the long-term and intensive simulations of PEFC with low computational cost, which allows to study
of the performances homogeneity with different experimental configurations and flow field topologies. The
model considers important phenomena in the homogeneity analysis, such as gases and liquid water movement
in diffusion layers and flow field, electrochemical reactions, and others. Model validation has been performed
using experimental data obtained from a 25 cm2 cell with a single serpentine, which has allowed studying the
model transient response and spatial representation. The simulations have been used to study the homogeneity
and stability of 36 setups of PEFC, varying the rib/channel width ratio, the stoichiometric ratio, and the
number of parallel serpentine channels. The results show the importance of a properly flow field design to
control gas flow, remove the channels’ liquid water, and keep a homogeneous feeding. The study evaluated
a set of channel configurations that show the improved temporal voltage stability and current density spatial
homogeneity. The results show the impact of channel gas speed and ratio channel/rib width in liquid droplets
removal and the proper fuel spatial distribution; and how configurations with a lesser number of channels in
serpentine design require a lower stoichiometric ratio to perform better temporal and spatial uniformity. In
the case of the cell configurations simulated, the optimum design was achieved using between 5 and 7 parallel
serpentine channels and a channel/rib ratio 3/5.
1. Introduction

Energy production, especially in transport, is based on fossil fuels,
and their sub-products (mainly CO2) are responsible for global warm-
ing. Climate change effects are driving initiatives worldwide, such as
COP26 [1], to set goals to reduce emissions by 2030 and reach a
net-zero emission target by 2050. The hydrogen society is a complete
energy model and is postulated as one of the paradigms for meeting
these objectives, in which PEFCs are fundamental elements. Significant
research efforts are being carried out to achieve the challenges of this
technology for commercial implementation. Typically, PEFC provides
an efficiency of 60%. The energy losses manifest as heat in some
systems, and it can be used in the co-generation cycle, increasing
efficiency up to 80%.
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Studying the durability and robustness of PEFCs is a very active
research area. Temporal variation or non-uniform working conditions
negatively impact the lifetime of components. Improper water man-
agement in the cell produces inhomogeneity in its performance. Also,
non-uniform evaporation and condensation, liquid water moving, or
gases with different relative humidity along the cell produce variations
in current densities or voltage [2].

Flow field design is crucial in water management and proper gas
distribution and, therefore, in PEFC’s performance. Some studies have
analyzed the impact of water management and gas concentration on
the fuel cell homogeneity and stability. Variations of channel height
and width in straight channels have been studied to understand the
impact on local current density [3], as well as the effect of channel–rib
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Nomenclature

𝜖 Porosity
𝜖 Surface tension (N ⋅m−1)
𝛾 Interface tension (Nm−1)
𝜅 Permeability (m−2⋅)
𝜆 water content in ionomer membranes ratio water

and sulfonic acid groups molecules
𝜇 Dynamic viscosity (Pa ⋅ s)
𝜌 Density of the fluid (kg ⋅m−3)
𝜌 Density of the liquid (kg ⋅m3)
𝜏 Porous medium tortuosity
𝜃 Contact angle (rad)
𝑒𝑟 Relative roughness of the duct
𝑅𝑒 Reynolds number
�̇�𝑎 Water flow during the re-absorption (mm3 ⋅ s−1)
𝜎𝑚 Electric conductivity of the membrane (S ⋅ cm)
𝐴 Area (m2)
𝐴𝑑 Cross-section area of the droplet perpendicular to

the advancing axis (m2)
𝐶𝑑 Aerodynamic coefficient of the droplet
𝑐𝑡 Compressibility of the fluid plus the compressibil-

ity of the GDL
𝐶O2 ,0 Reference O2 concentration
𝐶O2 ,0 Reference O2 concentration
𝐷𝑑 Diameter of the droplet (m)
𝐷ℎ Hydraulic diameter (m)
𝐷𝑖,𝑗 Binary diffusion among substance 𝑖 and 𝑗 (m2 ⋅ s)
𝐸𝑜𝑐 Reversible open-circuit potential (V)
𝐹 Faraday constant (s ⋅ A ⋅mol−1)
𝐹𝑑𝑟𝑎𝑔 Droplet gas dragging force (N)
ℎ𝑑 droplet height (m)
𝐼𝐸𝐶 Ionic exchange capacity (m)
𝑗 Current density ([A ⋅ cm−2])
𝐽𝑖 Molar diffusive flux (mol ⋅ s−1)
𝑗0 Exchange current density (A ⋅ cm−2)
𝑘 Evaporation/condensation constant ([Pa−1 ⋅ s−1]

and [s−1])
𝑘𝑎𝑑ℎ Constant adhesion force function of droplet shape
𝐿 Length (m)
𝑀 Molar mass (kg ⋅mol−1)
𝑚 mass (g)
𝑃 Pressure (Pa)
𝑅 Gases constant (J ⋅ K−1 ⋅mol−1)
𝑅 Radius (m)
𝑅𝑑 Radius of the droplet (m)
𝑠 Water content in the porous media
𝑇 Temperature (K)
𝑡𝑑 Droplet contact line (m)
𝑡ℎ Thickness (m)
𝑡ℎ𝑚 Thickness (m)
𝑉 Volume (m3)
𝑉𝑎𝑐𝑡 Activation overvoltage (V)
𝑉𝑐𝑜𝑛 Concentration overvoltage (V)
𝑉𝑜ℎ𝑚 Ohmic overvoltage (V)
𝑤𝑑 Droplet width (m)
𝑊𝑈 Water uptake (m)
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𝑥 Length (m)
𝐴 Advancing
𝑏𝑑 Back diffusion
𝑐𝑎𝑝 Capillary
𝑐𝑜𝑛 Condensation constant from porous media
𝑒𝑜 Electro-osmotic
𝑒𝑣𝑝 Evaporation constant from porous media
𝑔 Gas
𝑙𝑖𝑞 Liquid
𝑛𝑑 Electro-osmotic drag coefficient (molH2O mol−1H+ )
𝑅 Receding
𝑆 Static
𝑠𝑎𝑡 Saturation state

ratio using a 2D model [4]. The improvement of liquid water removal
using a flow field design with micro-channels has been analyzed in [5].

The effect of gas flow on water accumulation inside the channel
with counter and co-flow configuration [6], and considering the grav-
ity, was studied [7,8]. The effect of the pressure drop in the channels in
function of different gas flows quantity [9,10] also focus on improving
cell performance homogeneity. The impact of the spatial homogeneity,
the time stability of relative humidity (RH), and liquid water content
in the cell’s durability are analyzed in drying conditions using 300 cm2

cell [11].
Water content in the cell can be controlled by modifying the inlet

gases’ RH. The reactant consumption and the increasing of RH along
the channels are critical phenomena in the cell’s performance. This
effect is especially relevant in long channels since the relative pressure
of reactants plays a crucial role in the local performance of the cell.
The gradient of RH along the channels has been analyzed using model
simulation in multiple studies. The impact of RH along a single straight
channel and its impact on the cell performance has been studied
in [12]. Single straight are also used to study the RH evolution for
different channel designs [13].

Fuel Cell durability has been widely studied by analyzing the effects
of different component materials and experimental setups. The effect
of cold starts on membrane electrode assembly (MEA) durability has
been studied in [14] Also, the cracks in the microporous layer (MPL)
consequence of the liquid water removal have been analyzed in [15].

Mechanical failures in the cell negatively affect its performance
and have been extensively studied. The mechanical stress on thin
membranes exposed to differential pressure can cause membrane break-
age [16]. The mechanical stresses in the gas diffusion layer (GDL)
have been analyzed using a 2D model in [17]. The impact of RH
and temperature on the membrane tensile strength, which reduces its
durability, has been studied in [18,19].

Also, a non-homogeneous consumption of O2 or H2, gases distribu-
tion in the flow field, variation of RH, or amount of liquid water along
the channels produce uneven aging of the cell, which leads to uneven
degradation [20].

Adequately stoichiometry is crucial for the homogeneity of gas
concentration in the active area. The balance between stoichiometry
and gas flow is fundamental to maintaining an appropriate amount of
liquid water while keeping the cell performance uniform, minimizing
fuel consumption [21].

Relating those results with the durability and degradation stud-
ies [22–24], the spatial homogeneity and stability reduce the uneven
performance, which leads to cell degradation.

Due to the complexity of multiphysics phenomena in fuel cells, it
is necessary to use analytical tools to understand the effect of design
and operating parameters on performance, allowing to optimize their
efficiency and improve their robustness and durability. The physical
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modeling of fuel cells is a valuable tool to optimize the design and
the election of accurate physical and operating parameters. This tool
allows a systematic evaluation to be carried out when the experimental
procedure is not available or the economic cost is significant. Fuel cell
models have been oriented for different purposes and to varying levels
of complexity. Typically the studies in PEFCs have been focused on
modeling three components: the GDL, the membrane layer, and the
flow field. The models can be classified by the capability to represent
the time evolution of variables as dynamic or steady-state. Steady-state
models have been used to study the impact of RH variation along the
channel [12], or the fuel concentration evolution below the rib in a 2D
model [17]. Most of the steady-state models consider that the electro-
chemical reactions are faster than the rest of the phenomena occurring
in the cell, such as water or gas diffusion [25]. The dimensionality of
the models developed to study the PEFC varies from 0D to 3D models.
The 0D models do not consider dimensionality, such as those that
represent the electrical behavior of the cell (I–V response) using a set
of analytical equations. The 1D models are typically used to study the
phenomena perpendicular to the MEA plane, such as the water distribu-
tion and gas concentration inside the MEA [26]. 2D PEFC models are
widely used to study the spatial effect of flow field design, reactants
distribution, and humidity dynamic evolution [17,27]. Finally, 3D
models are those which take into account all spatial dimensions coupled
simultaneously [28]. Typically the simulation of those models has a
high computational cost. The complexity of the 3D models may vary
from single straight channels with half rib at each side of the cell to
the study of gases and liquid water concentration distribution in the
complete cell. Also, different dimensional representation in the model
is possible, such as 1D+1D or 1D+2D. An example of a pseudo-2D
model is presented in [29] which combines a 1D cathode CL model
and a 1D flow field model to simulate the time evolution of species in
a 2D plane. More complex models are used in [30] where a pseudo-3D
model is developed using a combination of plane 2D models of MEA
layers coupled with a 3D channel model to represent a 3D fuel cell
with a single channel. To study water management in a fuel cell stack,
a 2D+1D model was used in [31]. This model used a 2D plane model to
represent CL, membrane, and GDL, and 1D models to connect each 2D
sub-model. The result is a pseudo-3D model even the 3 dimensions are
not coupled. The number of dimensions used in a model is related to
the phenomena to be represented and affects the computational effort
of simulations. This pseudo-3D modeling approach is similar to the
modeling methodology employed in this paper.

The modeling and simulation process to study the optimization of
PEFC performance requires intensive simulation to analyze the effect
of many operational and design parameters. The computational effort
in simulations plays a fundamental role if a large number of experi-
mental simulations have to be conducted since some complex model
simulations can take many hours or even days. This constraint makes
the usability of parametric analysis impracticable. A multi-dimensional
representation model approach is used in this work since the aim is to
optimize the computational effort of the simulations while maintaining
the accuracy of the results obtained. The model presented in this
work is a pseudo-3D model composed of 2D models representing the
GDLs, 1D for membrane, pseudo-3D for flow fields, pseudo-3D for
water droplet movement, 0D for electrochemical reactions and 0D
for evaporation/condensation in the GDLs, and flow fields. The fuel
cell model presented allows representing the dynamic behavior due to
changes or instability in cell operating conditions.

The GDL has been modeled with different objectives such as un-
derstanding the water distribution [32] and how it is affecting the
access of gases into the catalyst layer, especially under the ribs. The
effect of GDL aging on water management has been studied in [33].
Other models evaluate the surface treatments on the GDL to accelerate
the liquid water removal from the GDL to the channel [34] or the
diffusion of gases inside the GDL [35,36]. The consumption of fuel and
3

the concentrations under the rib are studied in [37].
Regarding the membrane layer model (MLM), some studies are fo-
cused on the electrolyte conductivity [38]. The conductivity and water
diffusion coefficients have to been estimated and adjusted in [39].
These coefficients vary due to fabrication variability and aging of the
electrolyte.

The investigations using gas flow field models are oriented in chan-
nel topologies analysis. In [40] studied the serpentine-shaped channels
and the impact of the corner design on the gas flow distribution. Also,
the pressure drop was studied, analyzing the channel/rib ratio and its
effect on the power density [27,41]. Other studies focused on water
removal and uniform fuel distribution [5,27].

The movement of droplets inside a channel under certain conditions
has been calculated analytically in [42,43] and numerically in [40],
using VOF (Volume of Fluid) method. Also, a complex simulations
approach of water split and dragging, based on micro-scale model
description, is analyzed in [44]. This numerical method allows to
simulate highly complex models, considering the water and gas mixture
and provides very accurate results, but high-performance hardware
and huge computational effort are required. Analytical methods are
much faster but require the adoption of many modeling approaches that
reduce the flexibility of their use.

One of the problems of performing long-term fluid-dynamic model
simulations, which aim to represent two phases (liquid and gaseous) of
water, with the rest of the gas species involved, is the required compu-
tational effort [45]. Most of the previous fluid-dynamic models show
accurate results; however, the complexity of the models representing
the phenomena studied does not allow for intensive and long-term
simulations due to high computational cost. Model simplification strate-
gies were evaluated to allow long-term simulations. In [46] a system
order simplification was used in fuel cell control modeling. Much more
complex models have been already developed, such as [47,48], in these
cases, 3D stack model has been simulated, and each solution converged
after around 24 hours with more computing capabilities.

In this paper, new modeling and simulation strategies have been
developed to improve the computation time without compromising
the accuracy of the results. The model presented is an enhanced ex-
tension of the model shown by the authors in [49]. The model has
been improved in 5 different aspects: (a) a model of water droplet
reabsorption into GDL from the channels is included; (b) an improved
model of membrane conductivity is added to better fitting to the fuel
cell performance; (c) a new model of water droplet movement in the
channel to optimize the duration of the simulation time is included; (d)
non-uniform spatial discretization grid is used to improve the accuracy
of the simulations when applying the different flow field geometries;
and (e) some submodels have been implemented in C++ language to
reduce computational simulation time, which has been reduced up to
50%.

Experimental validation of the model has been carried out, evalu-
ating its capacity to represent the dynamic behavior under different
experimental conditions. In addition, simulations of the model have
been conducted to study the effect on the homogeneity of gas distribu-
tion, current density, and water content as a function of different flow
field setups. The high homogeneity of these variables may improve the
durability and robustness of the cell.

The article is structured in the following parts. First, in Section 2, a
review of the model and a brief description of the new functionalities
are explained. In Section 3 the characteristics and the steps followed
in the simulation procedure are presented; following Section 4, where
the experimental validation is performed using dynamic experimental
data. The experimental validation is focused on evaluating the model’s
capabilities to represent spatial and dynamic performance.

Section 5 shows an analysis of the effect of different flow-field
design parameters on the homogeneity and stability of the cell variables
by performing long-term simulations. The impact of the number of
parallel channels, rib–channel ratio, and stoichiometry are evaluated.
In addition, the parallel straight channels design and its effect is ana-
lyzed. The computational performance of the simulations are shown
in Section 6. Finally, Section 7 presents the main highlights of the

investigation.
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2. Model development

The model presented in this paper is an extension of the previously
shown in [49]. The complete model’s equations are presented in Ap-
pendix A, and it is focused on the dynamic performance impact related
to water distribution in the cell.

This section shows the main novelties included in the described
physical phenomena of the model: the re-humidification of the GDL
due to the presence of liquid water on the surface of the GDL, an
improved membrane conductivity model, and a droplet movement
model simplification.

The improvements in the simulation procedure are presented in
Section 3: discretization strategy and implementation of some com-
putational high-cost submodels in C++ to improve the computation
time.

The model is an isothermal pseudo-3D model composed of (a)
pseudo-2D channel model based on a 1D channel model where the pres-
sure drop, the fuel consumption, the RH variations, and the droplets
advance are considered; (b) 2D GDL model where water and gases
diffusion in the 𝑋𝑌 axes are considered; (c) one-to-one element water
balance between the GDL and channel in terms of liquid water, evap-
oration, condensation, and fuel feeding; (d) 0D electrochemical model
to evaluate the electric current and water production; and finally (e)
the water balance between the cathode and anode GDLs considering
electro-osmotic drag and back diffusion.

The effect of temperature can strongly influence cell behavior. In
this work, the isothermal approximation of the model is appropriate
to represent cell-level behavior. In the case of a stack-level study,
where thermal gradients are often significant, a non-isothermal model
approximation may be adequate.

Each submodel is standalone and executed sequentially to simulate
the overall cell’s model. The dynamic representation of the models
allows the simulation of transient behaviors due to changes in the state
of humidification, fuel feeding, or the presence of liquid water in the
form of droplets.

2.1. Liquid water re-absorption into the GDL

The presence of liquid water over the surface of the GDL increases
locally the RH, which causes steam reabsorption when the overall water
content, steam, and liquid in the GDL is low. The drying effect on the
anode’s GDL is more common than on the cathode due to the electro-
osmotic drag effect and water production at the cathode. The water
uptaking of hydrophobically treated GDL from the flow field is an
asymmetric process since liquid water is more easily expelled from the
GDL than absorbed.

The water re-absorption process depends mainly on the droplet
size over the surface and the water content inside the GDL. The re-
absorption flow is calculated at each time step while the droplet
advances. The uptaken water amount is calculated considering the
average GDL water content along the droplet path. The submodel
description is detailed in Appendix A.1.4.

Due to the water flow during the re-absorption, the droplet volume
is reduced during its advance in the channel. The liquid water re-
absorption quantities are small compared with the droplet volumes
(around 2 to 3% of the droplet volume per second in our simula-
tions). Therefore, the droplet volume is considered constant during
each time iteration in a small-time interval. This simplification en-
ables less frequent updating of the droplet volume value during the
simulation.

2.2. Droplet movement simplification

Droplet dynamics are analyzed in [42,43,50,51]. In those studies,
semi-analytic models of the droplet movement over a GDL surface are
4

Fig. 1. Dependency of membrane conductivity on its water content, obtained
simulating the previous [46] and new models.

described. In these flow field geometric models, the deformation of the
droplet is taken into account to calculate the adhesion and dragging
force under the action of a gas flow.

When a droplet is exposed to a gas flow it is deformed, changing
its mass center and the angles with respect to the surface (advancing
and receding angles). The result of the adhesion force, resistance to the
advance, and drag force produce the droplet advance, which depends
on the droplet’s volume. It can be calculated from the geometrical
model of the droplet, Appendix A.4.

Model simplification has been applied to improve the simulation
time, to avoid solving the geometric model iteratively at each simu-
lation step to compute the adhesion force. An approximation of the
geometrical force function of the gas speed and the droplet speed is
used, which turns the droplet speed into a first-order system.

2.3. Membrane conductivity

The ohmic resistance overvoltage is an important effect in the cell
performance. It defines the linear component of the polarization curve
in the typical operating range.

The membrane conductivity, 𝜎𝑚, depends on its humidification,
calculated based on the water activity [49]. In the model presented
in this paper, the water content in the membrane is calculated using
the water uptake (𝑊𝑈 ), and the ion exchange capacity [38]. The
conductivity model used is represented by Eq. (1), where 𝜎0 is the
reference membrane conductivity, and 𝑊𝑈𝑐 is a water threshold uptake.

𝜎𝑚 =

⎧

⎪

⎨

⎪

⎩

0 , if 𝑊𝑈 < 𝑊𝑈𝑐

𝜎0
(

𝑊𝑈 −𝑊𝑈𝑐

)𝛽
, if 𝑊𝑈 ≥ 𝑊𝑈𝑐

(1)

In the previous model [49], based on [52], the conductivity de-
creases with the normalized water volume content. The model applied
in this work represents more accurately the activation process of the dry
membrane when it is hydrated. The comparison of the models is shown
in Fig. 1. The formulae are described in more detail in Appendix A.5.

The study of the uneven distribution of protons in the through-plane
direction is not studied in this work since this analysis would imply a
high computational cost, compromising the balance between obtaining
accurate results and simulation time.

3. Model simulation procedure

Simulating the 2D GDL model and the one-to-one connection be-
tween anode and cathode elements is highly expensive computation-
ally. This disadvantage is significant when the number of discretization
elements is considerable. This submodel has been implemented in C++
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Table 1
Parameters used on the experimental simulations.

Parameter Description Value

𝑑𝑡 [s] Simulation time step 0.5
𝑑𝑥 [mm] Spatial discretization length 1
𝑤𝑐 [mm] Channel width 1
𝐻𝑐 [mm] Channel height 1
𝐿𝑐 [mm] Channel length 47
PEFC 𝑋 ⋅ 𝑌 [mm] Cell size 50⋅50
𝑁𝑐ℎ [−] Number of channels 1
𝐻𝑅𝑐,𝑎 [%] Anode and cathode HR range 100–6
𝜃𝑠 [deg] Contact angle 130

to reduce the simulation time. The Fig. B.15 (shown in Appendix B) rep-
resents the different sub-models and in which order they are executed.
The red-dotted box (MEA Solver) marks the simulation procedure that
has been implemented in the C++ language. The C++ language has
been used in the model of species diffusion of the GDL. This procedure
iteratively calculates the polarization curve since these stages involve a
more significant computational effort than the other simulation stages.
For instance, a 10 × 10 cm cell size, 0.125 mm element size, is divided
in 640000 spatial elements. The bisection method is used to calculate all
element voltages in galvanostatic mode, which implies a large number
of iterations. The rest of the submodels have been implemented in
Python since it allows efficient editing, modifying, and reusing.

In the model simulation procedure, the discretization area of the
MEA is significantly smaller than that of the flow field (regions). For
species exchange simulation at the flow field–MEA interface, the mesh
size of the GDL must be an integer multiple of the flow field mesh.
In the previously presented model, the flow field discretization was
of fixed size, forcing the equal width of rib and channel. In the new
simulations, a non-uniform mesh can be applied, giving more flexibility
to use more complex flow field designs.

4. Model experimental validation

4.1. Experimental data and simulation

The developed model allows to simulate the dynamic behavior of a
cell and evaluate the water content in both phases at the anode and
cathode with a low computational effort. The transient dynamics of
behavior of drying–humidifying showed in the experimental work [53]
were used to validate the model. The experimental set contains a
combination of dynamical phenomena related to water management
and its impact on the cell current density, which are suitable to validate
the model performance. The experimental results [53] show localized
presence of water, observed using neutron imaging techniques, and
the overall current density of the cell for different time steps of the
experimentation.

The experiments were conducted in a 5 × 5 cm2 cell. The experi-
ments start when the cell achieves a steady state with 100% RH both
in the cathode and anode. Once the steady state is reached, the RH of
the anode is dropped to 6% for 400 s. From the steady state, the cell
reduces its performance as it dries, reaching a lower-performing state.
After that, 40 μl of liquid water is inserted during 5 s in the anode side.
The conditions are maintained for another 500 s until the new insertion
of liquid water and the process is repeated. During the droplet insertion,
the cell is re-humidified and reaches a high-performance state. The cell
configuration parameters are shown on the Table 1.

The membrane parameters used to validate the model are ob-
tained from [54]. The membrane thickness is 27.5 μm with a specific
weight of 55 g⋅cm−2 and a conductivity higher than 50.5 mS⋅cm−1 and
72.0 mS⋅cm−1, through plane and in-plane, respectively.

In Fig. 2, a spatial comparison of the experimental and simulation
results of water content and the current density is shown.
5

The water content in simulation and experimentation represents the
total amount of water in the cell in-plane. Fig. 3 shows the comparison
of simulation and experimental the transient of overall current density.
The simulation results show a good fit to the experimental data, both
dynamically and spatially, regarding water in the cell and current den-
sity. The error in water amount between experimental and simulation
is lower than 5% (Fig. 2), and the coefficient of determination, R2, of
the current density within the time interval (0–150 s) is 88.6%, with
1 s interval sampling (Fig. 3).

The GDLs models have been discretized through the plane, which
provides valuable information on the sectional behavior of the vari-
ables. In Fig. 4a, the water content in 10 s after the droplet insertion of
the simulation experiment is shown in the three spatial axes. Fig. 4 also
shows the water contribution of the anode and cathode’s GDLs and flow
fields. The spatial distribution of water in the anode and cathode GDLs
and in the anode flow field is illustrated in Fig. 4b. The data shown in
Figs. 4a and b are referred to the experimental simulation time of 10 s,
marked with a blue marker in Fig. 3.

In Fig. 4b is shown a time delay between the highest value of
water content in the cathode GDL and the maximum water peak in
the anode GDL. This phenomenon is a consequence of the diffusion
of water dynamics between the anode and cathode sides. The figure
illustrates the presence of liquid water in the anode flow field but not
in the cathode. The results of the simulation show how the liquid water
injected into the anode flow field is rapidly absorbed, in the steam
phase, due to the low hydration level in the anode GDL. The electro-
osmotic drag keeps the anode dry enough to continue absorbing water
and increasing the hydration level of both sides.

Fig. 5a shows the dynamic simulation of water content in the
anode and cathode GDLs. In Fig. 5b, the electro-osmotic drag and the
back-diffusion contributions as well as the overall water transferred
are presented. The positive value represents the water flow in the
direction from the anode to the cathode. During the hydration phase
(0–30 s), the water flow to the cathode GDL increases until the anode
flow field droplets are removed from the cell since the back-diffusion
compensates for the water content difference until the drying phase is
reached again.

The RH in the anode is kept to 100% during all the simulations, and
therefore no evaporation occurs. In the GDL, accumulated water due to
the absorption of liquid water droplets is solely removed via diffusion to
the cathode and evaporation on the cathode side. The absorbed water
in the anode crosses the membrane to the cathode due to the electro-
osmotic phenomenon. The portion of water, not absorbed in steam
phase into the GDL, remanent in the droplets is removed, still in liquid
form, as a consequence of the gas flow in the channels.

5. Results of the spatial homogeneity and stability study

Temporal stability and spatial homogeneity of cell performance can
have an incidence on the durability of the cells. In this section, the
impact of different values of model parameters on the performance
uniformity of the cell is analyzed. Long-term simulations have been
conducted to evaluate the stability and homogeneity. Relevant statisti-
cal information on the dynamic behavior of the results can be obtained.
The large number of long-term simulations performed in this study was
possible due to the optimization of the model simulation time.

Configurations of parallel serpentine channels, with an area of
around 10 × 10 cm, are simulated in Section 5.1. The main model
parameters studied are (a) the channel–rib (C–R) width ratio, (b) the
number of channels in the flow field, and (c) the stoichiometry ratio
used in the cell. The C–R ratio and the channel number were chosen as
experimental factors because they have a significant role in gas feeding
and water evacuation. The stoichiometry ratio is studied to evaluate the
impact of different fuel consumption for the same cell design.

The results obtained with the serpentine channel cells are compared
with the parallel channel configuration in Section 5.2.
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Fig. 2. Experimental and simulation results of spatial water content and current density.
Fig. 3. Dynamic behavior of the overall current density of the cell in experimental and
simulation. A filled blue marker used to reference the experimental point in Fig. 4.

The simulations are performed in a constant current mode,
0.7 A⋅cm−2 and at 80 ◦C operating temperature. The cell voltage is set
around 0.6 V to operate around the maximum power point. The RH in
cathode and anode of those simulations is 50% since the humidification
becomes stable over ranges of 40% [55]. The applied gas pressure is
0.5 bar overpressure.

All the cell experimental setups are polarized in a similar power
density, therefore the stability and homogeneity results are evaluated
in similar performing states of the cells. The effect of current density
6

and temperature on water management is very relevant. This study
is focused on analyzing a single operating point of constant current
density and temperature. The inclusion of new study parameters in the
simulation experimental matrix would make the analysis of the results
more complex and significantly increase the number of simulations to
be conducted.

Two properties have been considered to analyze the uniformity of
the cell performance: (a) temporal stability and (b) spatial homogeneity
in 𝑋𝑌 plane. All the simulations, except the unstable ones, are 1000 s
length (16 min. approximately) which is considered enough to evaluate
non-homogeneities or cell stability for a constant current demand.
The temporal analysis of these values is evaluated only within the
interval 250 s–1000 s to reduce any transient stabilization effect. Each
simulated configuration has been studied in the following two ways: (a)
spatial analysis to evaluate the average and the standard deviation of
the current density; and (b) temporal analysis to calculate the average
and standard deviation of the voltage and the overall current along time
window (250 s–1000 s).

The spatial average of the variable 𝑥 at the time step 𝑡, 𝑥ℎ𝑡 , is calcu-
lated using Eq. (2), where 𝑛𝑝 is the total number of spatial discretized
elements in 𝑋𝑌 plane. The spatial standard deviation of variable 𝑥ℎ𝑡 ,
𝜎ℎ𝑥𝑡 , is calculated by using Eq. (3). The values obtained depend on the
spatial discretization size. In this work, the spatial measurements are
done every 5 mm in both axes. Therefore, a cell will typically contain
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Fig. 4. Simulation results at experiment time 10 s (blue marker on Fig. 3) (a) Water content in the cell in the three spatial axes, (b) in-plane water content distribution in the
anode flow field, and in the anode and cathode GDLs.
Fig. 5. (a) amount of water in each side of the cell and (b) water transfer contribution
being the total water transfer the difference between back-diffusion and electro-osmotic
drag.

400 measurement points, 𝑛𝑝.

𝑥ℎ𝑡 = 1
𝑛𝑝

𝑖=𝑛𝑝
∑

𝑖=1
𝑥𝑡,𝑖 (2)

𝜎ℎ𝑥𝑡 =

√

√

√

√

√

1
𝑛𝑝 − 1

𝑖=𝑛𝑝
∑

𝑖=1

(

𝑥𝑡,𝑖 − 𝑥ℎ𝑡
)2

(3)

In this work, the values of variables below percentile 5% and over
95% have been discarded to avoid punctual effects altering the analysis,
7

Eq. (4).

𝑥∗ = {𝑥𝑖,∀𝑥𝑖 ∈
(

𝑝5%, 𝑝95%
)

} (4)

The average time value of variable 𝑥, 𝑥𝑠, is the temporal average
of spatial value 𝑥ℎ𝑡 in experiment duration, 𝑇 , as is shown in Eq. (5).
The time standard deviation (SD) of a variable 𝑥, 𝑥𝑠 is calculated using
Eq. (6), which is an accurate indicator of the stability of a configuration.

𝑥𝑠 = 1
𝑇

𝑡=𝑇
∑

𝑡=1
𝑥ℎ𝑡 (5)

𝜎𝑠𝑥 =

√

√

√

√
1

𝑇 − 1

𝑡=𝑇
∑

𝑡=1

(

𝑥ℎ𝑡 − 𝑥𝑠
)2

(6)

The temporal and spatial analysis are summarized in Table (S1) (at-
tached as supplementary data). The variables calculated in the temporal
and spatial analyses are shown in Table 2.

5.1. Simulations of parallel serpentine channels

The single serpentine flow field design causes gas to flow at high
speed because all the gas flows through a single long channel, which
also causes a significant pressure drop. The multiple parallel serpentine
designs reduce each channel’s length, reducing the pressure gradient
along each channel. However, lower speed in each channel may affect
liquid water removal for the same overall flow rate.

In Fig. 6, the 4 serpentine designs used in this work are presented.
This figure shows that the cell widths vary slightly to adjust to an
integer number of channels and loops.

All parallel serpentine channel designs meet the condition that 𝑤𝑡,
defined as the sum of the channel and rib widths (i.e., 𝑤𝑐 +𝑤𝑟), equals
2 mm. Cathode and anode counter flow setup is applied in this study.
The effect of channel height is not studied, and it is not part of the
experiment design of this work.
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Table 2
Stability and homogeneity parameters.

Symbol Definition Dimension

𝑗
ℎ
𝑡 Average current density Spatial
𝜎ℎ𝑗𝑡 Current density SD Spatial
𝑅ℎ𝑗𝑡 Current range Spatial
𝑣𝑠 Average voltage Temporal
𝜎𝑠𝑣 Voltage SD Temporal
𝑅𝑠𝑣 Voltage range Temporal
𝑃
𝑠
𝑡 Average power density Temporal

𝜎𝑠𝑃 Power density SD Temporal
𝑟𝑒
𝑠 Average evaporation rate Temporal

𝜎𝑠𝑟𝑒 Evaporation rate SD Temporal
𝑟𝑤

𝑠 Average liquid water removal rate Temporal
𝜎𝑠𝑟𝑤 Liquid water removal rate SD Temporal
𝑊

𝑠
Average normalized water content in cathode or anode Temporal

𝜎𝑠𝑊 Normalized water content in cathode or anode SD Temporal
𝑝𝑠 Average pressure drop Temporal
𝜎𝑠𝑝 Pressure drop SD Temporal
𝑢𝑠𝑔 Average gas speed Temporal

Fig. 6. Representation of 4 parallel serpentine flow field designs used in the homo-
geneity study. From left to right, number of serpentine channels and MEA surface
(a) 5 channels, 10 × 10.4 cm, (s.4, s.8, s.12, s.16, s.20, s.24, s.28, s.32, s.36) (b) 7
channels, 10 × 10.2 cm (s.3, s.7, s.11, s.15, s.19, s.23, s.27, s.31, s.35), (c) 9 channels,
10 × 11.2 cm (s.2, s.6, s.10, s.14, s.18, s.22, s.26, s.30, s.34), and (d) 11 channels,
10 × 11.4 cm (s.1, s.5, s.9, s.13, s.17, s.21, s.25, s.29, s.33).

The total number of experiments resulting from the combination of
the model parameters is 36, which are numbered from s.1 to s.36, as
are shown in Table 3.

The complete temporal and spatial results of simulations are shown
in Table S1 (attached as supplementary data).

Through temporal analysis, s.1, s.2, s.3, and s.5 simulations show
flooded cells. Those simulations are setups with wider channels and
lower stoichiometry ratios. The simulation becomes highly unstable
computationally if the liquid water floods the channels and the gas flow
cannot remove the water. The simulation s.6, while being stable, per-
forms at levels far from the other simulations. Therefore, this simulation
has been removed from the study as well.

The relationship of voltage SD, 𝜎𝑠𝑣, with the cathode gas speed, 𝑢𝑠𝑐,𝑔 ,
shows that the stability is increased when the gas flow increases (in
Fig. 7a the crosses and arrows represent values out of range or unstable
simulations). Low gas speed in the channel reduces the capability of
8

removing water droplets from the channel [10]. A higher number of
Table 3
Design table of simulated experiment varying parameters: channel–rib width ratio,
𝑤𝑐∕𝑤𝑟, number of channels in the flow field, # channels, and stoichiometry ratio,
𝑅𝑠𝑡.

channels and a smaller stoichiometric ratio cause a low gas speed
through the channels. The gas speed has been used as a parameter
that combines those two parameters, the stoichiometric ratio and the
channel width.

Fig. 7b shows the evolution of spatial current density SD with
respect the gas speed. From the data is observed that an increase in
gas speed produces an increase in spatial current density SD, 𝜎ℎ𝑗 .

The dependence of voltage SD on channel number and channel–
rib ratio (ratio C–R) is illustrated in Fig. 8. This figure shows that a
higher stoichiometry ratio makes the simulation more stable in time.
Moreover, it can also be observed that, especially on low stoichiometry
ratios, lower C–R ratios and lesser numbers of channels provide more
stable solutions.

Fig. 9 shows the values of current density homogeneity, 𝜎ℎ𝑗𝑡 , by ratio
C–R and number of channels grouped by stoichiometry ratio. The gray
bars represent the unstable simulations; therefore, the result is not valid
for analysis. The results show the importance of narrower channels, in
which the 3/5 C–R ratio performs better in spatial homogeneity than
the 5/3 and 1 values.

Time evolution of RH, gas pressure drop inlet–outlet, and presence
of liquid droplets in the flow field influence spatial homogeneity.
Therefore, higher flows increase the homogeneity, 𝜎ℎ𝑗𝑡 . However, the
spatial homogeneity does not always improve when increasing the
stoichiometry ratio for the lower number of channels or ratio C–R,
as is shown in Fig. 9. Nevertheless, the increasing stoichiometry ratio
improves the cell’s performance uniformity, especially for higher C–R
ratios and the number of channels. A uniform setup with low stoi-
chiometry ratios is more efficient in fuel consumption. In the range of
configurations simulated, the setup that uses 7 channels performs better
than the rest in terms of spatial and temporal uniformity, especially
when low stoichiometry ratios are used.

As an example, two different simulations are compared in Fig. 10:
(a) simulation s.11 with 7 channels, C–R ratio 5/3 and stoichiom-
etry ratio 1.7; and (b) simulation s.35, with the same experimental
setup but using C–R ratio 3/5. In the figure, the differences in spatial
homogeneity are observed.

From the simulations, in terms of outlet pressure in the cathode
or the anode, no distinctive trends are observed in absolute terms in
temporal analysis, but the outlet pressure SD is reduced as the flow
increases, similarly to voltage SD. The spatial analysis has not been

performed since only a point is evaluated for each outlet pressure.
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Fig. 7. Relationship of (a) voltage SD, 𝜎𝑠𝑣, (b) spatial current density SD, 𝜎ℎ𝑗𝑡 , and (c) average power density, 𝑃
𝑠
𝑡 , of the different simulation setups with the nominal gas speed of

the cathode.

Fig. 8. Voltage SD related to the number of channels, ratio C–R and stoichiometry ratio.
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Fig. 9. Spatial current density SD at the time 500 s related to the number of channels, the C–R ratio, and the stoichiometry ratio.
Fig. 10. Spatial current density and water content comparison between simulation s.11 and s.35 at the time step 500 s. Seven parallel serpentine channels and 1.7 cathode
stoichiometry are used in both configurations. The C–R width ratio is 5/3 for s.11 and 3/5 for s.35.
5.2. Simulations of parallel channels

Parallel straight channels are analyzed in this section to compare
with parallel serpentine channel configurations. The parallel straight
channels have been designed with 10 × 10 cm area and 0.75 mm
channel width. This configuration has 48 parallel channels. The effect
in performance uniformity for 4 different gas flow values has been
analyzed.

It is observed that there is an agreement between the simulation
results obtained from the parallel and the serpentine parallel channels
configuration. The effect of gas speed inside the channel is a critical
factor in the uniformity of the cell. Higher stoichiometric ratios for
parallel channels are required, compared to parallel serpentine channel
designs, to remove the liquid water. With the experimental configura-
tion employed in this paper, the efficiency of the system is reduced,
as it would require fuel recovery to make the solution economically
feasible.

The current density pattern and the water content distribution in
the cell of the parallel straight channel configuration can be observed
10
in Fig. 11. From the figure it can be observed the up-to-bottom pattern
due to the orientation of the channels.

6. Simulation performance

To evaluate the simulation performance of the model, three differ-
ent cell designs, using different MEA sizes, have been chosen (141 cm2,
100 cm2, and 25 cm2): (a) a 141 cm2 cell with 23 channels of a
0.8 × 0.8 mm2 cross-sectional area (0.7 A⋅cm−2 galvanostatic mode,
1.5 atm of inlet pressure fed with air and pure hydrogen operating
at 80 ◦C. Nafion XL as a membrane and Sigracet 25 BC as GDLs);
(b) 100 cm2 cell with 11 channels of 1 × 1 mm cross-sectional area
with constant RH (used in parameter studies); and (c) a 25 cm2 cell
with 1 × 1 mm single serpentine cell operating at steady state and in
drying–humidifying cycles respectively (used on the model validation).

Although the setup conditions applied for each of the studied active
areas are different, the results are presented to estimate the ranges of
simulation times in each one of the submodels.
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Fig. 11. Parallel straight channel with stoichiometry ratio 5 (a) spatial current density map and (b) water content distribution.
t

Table 4
Computation time to simulate of one time step (1 s) for 25 cm2, 100 cm2 and 141 cm2

cell surface.
25 cm2 100 cm2 141 cm2

Subprocess Id. [s] [s] [s]

Update parameters 0.04 0.06 0.06
Channel solver 0.98 7.53 14.19
Water balance 0.26 2.28 4.12
GDL gas diffusion 0.05 0.7 0.6
GDL water diffusion 0.35 0.5 0.5
Electro-chemical reactions 0.05 1.4 1.8
Membrane water balance 0.5 2.4 5.9
Save data 1.93 8.7 8.2

Total 4.16 23.57 35.37

For the 25 cm2, 100 cm2 and 141 cm2 cell sizes, 1 s simulated
time, on average, required 4.16 s, 23.57 s, and 35.37 s the CPU time,
respectively. For simulation time of 100 s, spent 7 min (410 s), 39 min
(2357 s), and 58 min (3490 s). And for 1000 s of simulation time, spent
68 min (4100 s), 392 min (23570 s), and 581 min (34900 s).

Table 4 shows the computational cost of each part of the simulation
procedure for 1 s of simulation time and the different cell sizes. These
times are not constant and may fluctuate slightly during the simula-
tions. Table 4 shows that the channel submodel simulation is the most
computationally expensive process because it represents the movement
of water droplets in the channels. Both the channel, the gas and water
diffusion in the GDLs, and the water balance in the MEA submodels
have been implemented in the C++ language.

In Table 4 is observed that some time procedures are similar inde-
pendently of the dimension of the cell.

The simulation time of the electrochemical reaction, the GDL species
diffusion, the water balance, and the membrane balance submodels
depend linearly on the number of elements.

The model simulations have been executed in a 6 core Intel Xeon
processor E5-2620 v3, 64 Gb of RAM, using SSD hard disk and windows
10 operating system. Python and C++ routines were executed in single-
core mode. The simulation of the 141 cm2 cell used up to 500 MB
of RAM memory. The simulating results show excellent performance
in terms of computational effort compared with much more complex
models [32], which take days to complete the simulation. Similar
studies have required high-capacity computing equipment to perform
the simulations, such as in [53], whose simulations were conducted on
a super-computing cluster optimized for fluid dynamics.

7. Conclusions

This paper shows the development of a pseudo-3D dynamic model
of PEFC. This model is able to represent the water management of
11

t

the liquid and gas phases at the anode and cathode, including the
movement of liquid water in the channels. In addition, the simula-
tion procedure allows for studying different flow field designs. The
simulation procedure and the model have been developed to optimize
the computational effort, allowing long-term simulations in a short
time without compromising the accuracy of results. For this purpose, a
sequential solving methodology, dimensional reduction of models, and
the implementation of the most computationally intensive simulation
procedures in C++ have been used. This optimization allows solving,
for example, 100 cm2 cells with 11 parallel channels with less than 25 s
per second simulated.

The model has been validated with a 25 cm2 single serpentine cell
exhibiting dynamic behavior of re-humidification via water droplets.

In this work, a study of spatial homogeneity and temporal stability
has been carried out, considering that it is a key factor in the cell’s
durability. The effect of different flow field configurations, the number
of parallel serpentine channels, the ratio between channel and rib
width, and stoichiometry on long-term spatial and temporal uniformity
have also been evaluated.

Some conclusions from the simulations obtained are shown below:

• Based on the results with 50% RH of gases in the flow field
feeding, the gas flow must be sufficiently high to remove the
liquid water droplets by dragging them out of the channels.

• According to the experiments shown in Section 4.1, and a con-
sequence of the previous point, the number of channels and the
stoichiometry must ensure a sufficient gas flow in the channel for
the liquid water removal.

• Under the conditions studied, higher gas flows decreases the
temporal voltage SD as the residence time of a droplet inside the
flow field decrease as gas flows increase.

Within the studied range of configurations in steady state at 50% RH
of gases in the anode and cathode feeding, the better performing config-
uration in terms of stability and uniformity is one of 7 channels with the
narrower channels (0.75 mm width). This configuration provides a high
gas flow per channel at a low stoichiometry ratio, enabling the removal
of the liquid water droplets. Moreover, the number of turns is lower
than in a 5-channel configuration, reducing the spatial non-uniformity
and the pressure losses due to the effect of the corner. In the case of the
cell configurations simulated, the optimum design was obtained using
between 5 and 7 parallel serpentine channels, a channel/rib ratio of
3/5, and stoichiometric ratios of 1.3 and 1.7. These differences can
be observed comparing simulated case test 14 (channel/rib ratio = 1,
stoichiometry = 1, channels = 9) with test 31 (channel/rib ratio =
3/5, stoichiometry = 1.3, channels = 5), where the power density and
he spatial current density SD slightly vary (0.7% and 2.8%) but the

emporal stability decreases up to 58% from test 14 to test 31.
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In future work, other parameters that significantly affect the uni-
formity of operation will be studied, such as the total current density
and the dynamic and spatial effect of temperature, which have an
important impact on the water management in the cell. The dynamic
cell degradation phenomena will also be considered in the future
development of the model. These new features, incorporated in the
model, would be applied to evaluate non-stationary operation profiles
using the capability of long-term simulation methodology.
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Appendix A. Model development

This model combines sub-models with different dimensionality,
which are connected to allow a complete dynamic representation of
the cell. The sub-models represent each component of the cell:

• GDL model represents the gas and water diffusion in the plane
𝑋𝑌 (2D model). Liquid water removal due to capillary pressure
is evaluated in the perpendicular plane axis, 𝑍 (1D model).

• Membrane layer model. The water transport due to electro-
osmotic drag and back diffusion is represented by this sub-model
(0D model).

• Flow field model describes (a pseudo-3D model based on a 1D
model) the gas transport and pressure losses, and the water
droplets’ movement.

• Electrochemical model (0D model). This model allows calculating
the current, voltage, and fuel gas balances in function of the
concentrations and pressures of gases.
12
Fig. A.12. MEA components.

The pseudo-3D fuel cell model has been designed to simulate tran-
sient and spatial behaviors with low computational cost. The model has
considered two main physical components: the MEA and the flow fields.
The MEA is composed of 5 elements, as shown in Fig. A.12.

This diagram shows the cathode and anode GDLs, which typically
have a thickness of around 200 μm. The catalytic layers are where
the electrochemical reactions occur, and their thickness is typically
5 μm. Finally, the membrane component is the one that enables proton
conductance while acting as a reactant barrier and electronic insulator
to avoid short circuits between the anode and cathode. Typically has
a thickness of 25–30 μm. The cell geometries analyzed in this paper
are 5 × 5 cm2 and 10 × 10 cm2. In those cells, the 𝑋𝑌 dimensions are
around 102 times more significant than the 𝑍 dimension.

Our approach in developing the model has been to reduce the
computational effort, mainly considering the plane 𝑋𝑌 where most of
the non-uniformity occurs; simplifying the flow field model into 1D
linear models; considering the behavior of liquid droplets as constant
volume elements which may clutter along the path but not break
among others. Also, the channels are considered linear elements where
gases and droplets move along, exchanging water with the GDL. The
serpentine shape studied in this paper can be up to 50 cm in length and
0.1 × 0.1 cm2 channel cross-section. Therefore, the effect on channel
length is more relevant than its cross-section in terms of variability.

A.1. Gas diffusion layer model

The GDL is responsible for: (a) allowing gases diffusion; (b) remov-
ing water from the catalytic layers; (c) the support of the membrane;
and (d) the electric conduction. Due to the first two properties, GDL
must be a porous media that allows gases to flow through it. In
addition, it is usually treated with highly hydrophobic materials to
ensure proper water removal [56]. Ideally, the width of GDL may be
reduced, but because the membrane is thin (about 25 μm [54]) requires
some support material. In its absence, the membrane could easily break.

The liquid water in the GDL clogs some pores impeding the gas from
crossing through them. In the model presented in [32], a combination
of the flow field and GDL models was developed using commercial
software (ANSYS). However, since the diffusion time constants of gas
and water are significantly different (gas diffusion is between 10−3–
1 and water diffusion around 1–103 s) [25], both phenomena can be
calculated independently in the model, allowing the decoupling of
phenomena [57].

A.1.1. Gases diffusion within the GDL
The gases used in fuel cells are usually a mix of species. The anode

is fed with high purity hydrogen and steam water, and the cathode is
typically fed with air (O2, N2 and H2O). Therefore, multi-component
Stefan–Maxwell equations are suitable to represent the gases diffusion
Eqs. (A.1), (A.2).
∑

𝐴𝑖,𝑗𝐽𝑖 = ∇
(

𝐶𝑖
|𝐶|

)

(A.1)

𝑗
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−𝐶𝑙
𝐷𝑖,𝑙

if 𝑖 = 𝑗
𝐶𝑖
𝐷𝑖,𝑗

if 𝑖 ≠ 𝑗
(A.2)

Eq. (A.1) is a tensor equation relating the molar fluxes, 𝐽𝑖, with
he concentration of each species, 𝐶𝑖. The matrix 𝐴𝑖,𝑗 defines the
luxes relationship with the concentration in each coordinate axis. The
arameter 𝐷𝑖,𝑗 is the binary diffusion between species.

In equation Eq. (A.2) ‖𝐶‖ represents the sum of the concentrations
nd |𝐶| in Eq. (A.1) represents the norm of the concentrations vector.

A simplification of Stefan–Maxwell’s equations is described by [35]
here a multi-component Fickian diffusion is used, reducing the nu-
erical computations. This approach allows calculating the pressure

radient along the GDL using Fick’s diffusion second law Eq. (A.3) [58].

𝜕𝑃
𝜕𝑡

= 𝐷𝑖,𝑗
𝜕2𝑃
𝜕𝑥2

(A.3)

Although the computational effort is reduced using the multi-
omponent Fickian diffusion, a single gas formulation is used to reduce
he number of calculations further.

This simplification uses the combined gas-mixture properties to
epresent a single gas instead of a multi-component approach.

The gas diffusion coefficient depends on GDL’s porous material
roperties, such as porosity, 𝜖, tortuosity, 𝜏, and the liquid content, 𝑠.
he amount of water becomes relevant as reduces the number of pores
f the material Eqs. (A.4), (A.5) [59].

0 =
𝑉𝑝𝑜𝑟𝑒
𝑉𝑡𝑜𝑡𝑎𝑙

=
𝑉𝑝𝑜𝑟𝑒,0 −

(

𝑉𝑡𝑜𝑡𝑎𝑙 − 𝑉𝑝𝑜𝑟𝑒,0
)

𝑠
𝑉𝑡𝑜𝑡𝑎𝑙

(A.4)

𝐷𝑒𝑓𝑓 = 𝐷𝜖𝜏 (A.5)

A.1.2. Water transport within the GDL
The water flow in porous media is described by Eq. (A.6). The water

flow due to capillarity on GDL was studied in [60,61].

𝑑𝑝
𝑑𝑡

= 𝜅
𝜖𝜇𝑐𝑡

𝑑2𝑝
𝑑𝑥2

(A.6)

Where 𝜖 is the material’s porosity, 𝜇 is the dynamic gas viscosity, 𝜅
is the permeability, and 𝑐𝑡 is the combined compressibility of gas and
he porous media. Leverett’s equation defines the capillary pressure,
𝑐𝑎𝑝, on the GDL. The Eq. (A.8) represents the capillary pressure as
function of the actual volume fraction of liquid, 𝑠, inside a porous

media (for contact angles over 90 degrees) and the material properties
described in [57]. The capillary pressure depends on the material’s
contact angle, 𝜃𝑠, permeability, and porosity. Leverett’s equation is a
function of the water content in the porous media, 𝑠.

𝑝𝑐𝑎𝑝 =
𝜖𝜎 cos 𝜃𝑠

𝜅
𝐽 (𝑠) (A.7)

𝐽 (𝑠) = 1.417𝑠 − 2.120𝑠2 + 1.263𝑠3 (A.8)

A.1.3. Liquid water removal from the GDL
The liquid water in GDL is expelled as a consequence of overcoming

the capillary pressure limit defined by Young–Laplace Eq. (A.10), and
the actual capillary pressure in the GDL Eq. (A.9) [62,63]. This equation
defines the drainage produced when the liquid pressure, 𝑝𝑙𝑖𝑞 , minus the
ressure of the gas, 𝑝𝑔 , is higher than the capillary pressure, 𝑝𝑐𝑎𝑝, which

depends on the porosity and the surface tension of the liquid.

𝑝𝑐𝑎𝑝 =
2𝛾 cos (𝜃)
𝑅𝑝𝑜𝑟𝑒

(A.9)

𝑝𝑙𝑖𝑞 − 𝑝𝑔 > 𝑝𝑐𝑎𝑝 (A.10)

The uptake of liquid water from a porous material depends on
he water liquid content, 𝑠, the gas pressure, 𝑝𝑔𝑎𝑠, the capillary pres-

sure of porous media, 𝑝 and the average pore radius, 𝑅 . The
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𝑐𝑎𝑝 𝑝𝑜𝑟𝑒
Fig. A.13. Droplet movement in a 1D channel during a time interval.

liquid water is drained from the porous media if the condition of
Eq. (A.10) is satisfied. As the GDL is typically treated with hydrophobic
chemicals [62,63], the capillary pressure value is negative. The liquid
expelled from the GDL becomes water droplets on its surface. The liquid
water flows expelled through the capillary is defined by Eq. (A.11),
which depends on the permeability, 𝜅, and dynamic viscosity, 𝜇.

�̇� = 𝜅𝐴
𝜇
𝑑𝑝
𝑑𝑥

(A.11)

A.1.4. Liquid water re-absorption into the GDL
The re-absorption model can be mathematically described as shown

in Eq. (A.12).

�̇�𝑎 = 𝛿𝑉 ,𝑑𝑟𝑜𝑝
(

𝐷𝑟𝑎
(

𝑠𝑚𝑖𝑛 − 𝑠𝑟,𝑖
))

(A.12)

Where �̇�𝑎 represents the water flow during the re-absorption, 𝛿𝑉 ,𝑑𝑟𝑜𝑝
represents the minimum droplet size the enable re-absorption, 𝐷𝑟𝑎,
represents the re-absorption capabilities of the surface, and 𝑠𝑟,𝑖 the
amount of water on the element where the droplet is standing at the
time of the calculation. The simulation of the equations representing
these phenomena in a discrete-time model is computationally expen-
sive, since the time steps must be sufficiently small to match the droplet
movement and continuous humidification. An average trajectory strat-
egy is proposed to reduce the computational effort. A droplet, 𝑑, in
the channel, represented in Fig. A.13, during the time interval 𝑡𝑖 to
𝑡𝑖+1 has advanced from 𝑥𝑖 to 𝑥𝑖+1. The trajectory of the droplet passes
over the regions of the channel path from 𝑥𝑚 to 𝑥𝑛, where each region
has different water contents (𝑤ℎ). The proposed method consists of
calculating the average water in all regions from 𝑥𝑚 to 𝑥𝑛, 𝑤𝑚→𝑛 and
distribute it accordingly to the amount of water in each region.

𝑤𝑎 = 𝛿𝑉 ,𝑑𝑟𝑜𝑝
(

𝐷𝑟𝑎𝛿𝑤𝑖−𝑤𝑚𝑖𝑛
(

𝑤𝑚𝑖𝑛 −𝑤
)

)

𝑑𝑡 (A.13)

𝑤𝑎,ℎ =
𝑤ℎ

∑𝑛
𝑚𝑤𝑘

𝑤𝑎 (A.14)

A.1.5. Water evaporation and condensation from the GDL
The water evaporation and condensation from the channel is rep-

resented by Eq. (A.15). The condensation of water from the GDL is
obtained using Eq. (A.16) [53,64].

𝑆𝑣𝑙,𝑒𝑣𝑝 = 𝑘𝑒𝑣𝑝𝜖𝑠
𝜌𝑙𝑖𝑞
𝑀H2O

(

𝑝H2O − 𝑝𝑠𝑎𝑡H2O

)

(A.15)

𝑆𝑣𝑙,𝑐𝑜𝑛 = 𝑘𝑐𝑜𝑛𝜖(1 − 𝑠)
𝑋H2O

𝑅𝑇

(

𝑝H2O − 𝑝𝑠𝑎𝑡H2O

)

(A.16)

The water evaporation rate, 𝑆𝑣𝑙,𝑒𝑣𝑝, depends on the relative humidity
of the gas represented by steam water pressure, 𝑝H2O, and the liquid
water content in the GDL, 𝑠.

A.2. Membrane model

The membrane is a reactants barrier while acting as a proton
conductor. Proper membrane hydration is essential for cell performance
since it affects the polymer electrolyte conductivity. Water is also
capable of crossing the membrane. Two mechanisms drive the water

crossing the membrane. The electro-osmotic drag is the water flow
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dragged due to protonic local current density, Eq. (A.17). The back-
diffusion is the water flow due to the difference of water concentration
on both sides of the GDL, Eq. (A.19) [52].

𝐽𝑒𝑜 = 2𝑛𝑑
𝑗
2𝐹

(A.17)

𝑛𝑑 = 0.0029𝜆2𝑚 + 0.05𝜆𝑚 − 3.4 ⋅ 10−19 (A.18)

𝐽𝑏𝑑 = −𝐷𝑏𝑑
𝑑𝜆𝑚
𝑑𝑧

(A.19)

Where 𝑛𝑑 is the electro-osmotic drag coefficient which depends on
he degree of humidification of the membrane (𝜆𝑚), the current density,
, and the Faraday constant, 𝐹 .

.3. Flow field model

The flow field model is a superposition of 1D models allowing to
epresent 3 dimensions (pseudo-3D). This model considers the effect of
ressure losses due to: (a) gas and liquid flow; (b) channel geometry;
c) resistance to gas flow caused by the water droplets in the channels;
nd (d) consumption of reactive gases due to gas consumption.

The pressure losses due to the flow of gases and liquid water in a
hannel are represented by Darcy–Weisbach’s Eq. (A.20). This equation
escribes the pressure losses for a specific fluid at a certain speed, 𝑢,
hrough a tube of known hydraulic diameter, 𝐷ℎ, and length, 𝐿. The
ensity of the air is calculated as a mix of the dry air density and water
ontent per free flow volume.

𝛥𝑝
𝐿

= 𝑓
𝜌𝑢2

2𝐷ℎ
(A.20)

The Darcy friction coefficient, 𝑓 , is calculated in the laminar regime
and turbulent flow using the Colebrook–White, Eq. (A.21).

𝑓 =

⎧

⎪

⎨

⎪

⎩

64
𝑅𝑒 if 𝑅𝑒 < 2300
(

− log
(

𝑒𝑟
3.7𝐷ℎ

+ 2.51
𝑅𝑒

√

𝑓

))−1
if 𝑅𝑒 ≥ 2300

(A.21)

Darcy–Weisbach’s equation is used to represent other channel ge-
metries since the equivalent length method can be applied in the turns

of the channels.
The equivalent length method is used to describe the pressure loss

through an elbow of the channel as a length of straight channel.
Data tables [65] have been employed, which allow to calculate the
equivalent length 𝐿𝑒 function of the channel hydraulic radius.

A.4. Droplet dynamics

The droplet dynamics were analyzed in [42,43,50,51]. In these
flow field geometric models, the deformation of the droplet is taken
into account to calculate the adhesion and dragging force under the
action of a gas flow. This process requires considerable computational
effort to calculate the current deformation state due to the droplet’s
advance. Those models are widely used to calculate droplet detachment
or oscillation frequencies of a droplet under specific flow values in the
channel. In the developed model, an approximation of the displacement
of a droplet in a non-linear channel is required. The water droplet
model works successfully on straight channels with a single contact
surface. The model has to be extended to consider channel turns and
the contact of droplets with multiple walls.

Three angles define the geometrical droplet deformation: the ad-
vancing angle, 𝜃𝑎, the receding angle, 𝜃𝑟, and the static contact an-
gle with the surface, 𝜃𝑠. The droplet deformation is illustrated in
Fig. A.14.

The droplet radius, 𝑅𝑑 , chord length, 𝑐𝑑 , Eq. (A.24), the area, 𝐴𝑑 ,
Eq. (A.26), and the height, ℎ𝑑 , Eq. (A.28) are calculated considering the
angles and the droplet volume. The geometrical description of droplet
allows the calculation of the different forces in the geometrical model.
14

𝛥

The chord is considered to be constant, relating static contact angle
𝜃𝑆 , advancing angle 𝜃𝐴, and receding angle 𝜃𝑅. The droplet area and
the droplet height, static and dynamic, enable the calculation of gas
drag force, as is the area upon which it acts, and the Reynolds number,
respectively.

𝑉𝑑 =
𝜋𝐷3

𝑑
24

2 − 3 cos 𝜃𝑠 + cos3 𝜃𝑠
sin3 𝜃𝑠

(A.22)

𝑐𝑠 = 2 sin
(

𝜃𝑠
)

𝑅𝑠 (A.23)

𝑐𝑑 =
𝑅𝑑
sin 𝜃𝑠

(

1 + sin 𝜃𝐴 sin 𝜃𝑅 − cos 𝜃𝐴 cos 𝜃𝑅
)

(A.24)

𝐴1 = 𝜃𝐴 + 𝜃𝑅 − sin
(

2𝜃𝐴
)

+ sin
(

𝜃𝐴 − 𝜃𝑅
)

(A.25)

𝐴𝑑 = 𝑅2

2 sin 𝜃𝑅

(

𝐴1 sin 𝜃𝑅 + sin3
𝜃𝐴 − 𝜃𝑅

2
sin

𝜃𝐴 + 𝜃𝑅
2

)

(A.26)

𝐴𝑠 = 𝑅2
𝑠

(

𝜃𝑠 −
sin

(

2𝜃𝑠
)

2

)

(A.27)

ℎ𝑑 = 𝑅𝑑
(

1 − cos 𝜃𝐴
)

(A.28)

As the chord remains constant along the droplet deformation, it is
possible to find a relationship between receding and advancing angles
for a given droplet volume.

The adhesion force is calculated integrating the surface tension of
the droplet, 𝛾, over the length of the droplet contact line Eq. (A.30).
The dragging force depends on the gas flow and the sectional area of
the channel, Eq. (A.29).

𝐹𝑑𝑟𝑎𝑔 =
1
2
𝜌𝑔𝑎𝑠𝑢𝑔𝑎𝑠𝐶𝑑𝐴𝑑 (A.29)

𝐹𝑎𝑑ℎ = −𝛾 ∫

𝑙

0
cos 𝜃 (𝑙) cos𝜓 (𝑙) 𝑑𝑙 (A.30)

In Eqs. (A.29), (A.30), 𝜃 represents the contact angles. The adhesion
force integral can be simplified into Eq. (A.31).

𝐹𝑎𝑑ℎ = 𝑘𝑎𝑑ℎ𝛾𝑤𝑑
(

cos 𝜃𝑅 − cos 𝜃𝐴
)

(A.31)

The constant 𝑘𝑎𝑑ℎ depends on the droplet shape. The value of 𝑘𝑎𝑑ℎ
varies between 𝜋

2 and 𝜋
4 depending on the values obtained analytically

or through the finite element [50]. The droplet width is represented by
𝑤𝑑 , where 𝑅𝑑 , and 𝛾 represent the radius and the tension surface of
a spherical liquid droplet, respectively. The droplet dynamics are fully
described using Eqs. (A.29), (A.31), (A.34).

The droplet dynamics depend on the dragging force, 𝐹𝑑𝑟𝑎𝑔 ,
Eq. (A.32), which makes the droplet advance, and the adhesion force,
𝐹𝑎𝑑ℎ, Eq. (A.35), where 𝑡𝑑 is the contact line of the droplet. The
Eq. (A.33) represents the resistance to the advance of the droplet.
Therefore by using these forces differences and Newton’s law, the
movement of a droplet is described by Eq. (A.34).

𝐹𝑑𝑟𝑎𝑔 = 0.5 ⋅ 𝐶𝑑𝐴𝑐,𝑑𝑟𝑜𝑝𝜌𝑔𝑎𝑠𝑣2𝑔𝑎𝑠 (A.32)

𝑑,𝑠 = 𝑅𝑑

4
3𝜋 − 𝜋

3

(

1 + cos 𝜃𝑠
)2 (2 − cos 𝜃𝑠

)

𝜃𝑠 −
sin(2𝜃𝑠)

2

(A.33)

𝑑 �̈�𝑑 = 𝛿𝑑𝑟𝑎𝑔>𝑎𝑑ℎ
(

𝐹𝑑𝑟𝑎𝑔 − 𝐹𝑎𝑑ℎ
)

(A.34)

With the aim of improving the simulation time, a model simplifica-
ion has been applied. In solving the geometric model iteratively at each
imulation step to compute the adhesion force, an approximation of the
eometrical force function of the gas speed and the droplet speed has
een used, Eq. (A.36). Therefore, in order to improve computational
fficiency, 𝛥𝜃 is calculated from Eq. (A.36).

𝑎𝑑ℎ = 2𝛾𝑡𝑑𝛥𝜃 (A.35)
𝜃 = 𝐾𝑣,𝑔𝑎𝑠𝑣𝑔𝑎𝑠 +𝐾𝑣,𝑑𝑟𝑜𝑝𝑣𝑑𝑟𝑜𝑝 (A.36)
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Fig. A.14. (a) Deformed droplet due to air flow inside a channel and (b) contact line of the droplet with the surface.
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.5. Electrochemical model

As described by Eq. (A.37), the cell voltage depends on: (a) the
eversible voltage (𝐸𝑜𝑐) defined by Gibbs; (b) the concentration over-
oltage (𝑉𝑐𝑜𝑛); (c) the activation overvoltage (𝑉𝑎𝑐𝑡); and (d) the ohmic

overvoltage (𝑉𝑜ℎ𝑚).

𝑉 = 𝐸 − 𝑉𝑐𝑜𝑛 − 𝑉𝑜ℎ𝑚 − 𝑉𝑎𝑐𝑡 (A.37)

𝐸 = 𝐸𝑜𝑐 +
𝑅𝑇
2𝐹

(

ln
(

𝑝H2

)

+ 1
2
ln
(

𝑝O2

))

(A.38)

The cell potential is defined by the reactants pressures, 𝑝O2
and 𝑝H2

,
nd depends on the temperature, 𝑇 .

The concentration overvoltage is related to the limitation on perfor-
ance due to the lack of reactants supply. It is expressed as a function

f the current density Eq. (A.39). In this paper, an extended version
f [66] is used to represent the concentration of the reactants at each
oint of the cell Eq. (A.40). Where 𝐶𝑋 and 𝐶𝑋,0 are the concentration
nd the minimum required concentration of H2 and O2.

𝑐𝑜𝑛 = 3 ⋅ 10−5𝑒−8𝑗 (A.39)

𝑉𝑐𝑜𝑛 =
𝑅𝑇
𝛼𝑛𝐹

ln

(

𝐶O2 ,𝑖

𝐶O2 ,0

)

(A.40)

The activation overvoltage is function of the current density at each
oint Eq. (A.41).

𝑎𝑐𝑡 =
𝑅𝑇
2𝐹

ln
(

𝑗
𝑗0

)

(A.41)

The ohmic overvoltage is an important part of the cell performance.
t defines the linear component of the polarization curve in the typ-
cal operating range. The main component of the ohmic resistance,
q. (A.42), depends on the membrane resistance, Eq. (A.43) and then
n its water content, Eq. (A.44) at each point of the cell.

𝑜ℎ𝑚 =
𝑡ℎ𝑚
𝜎𝑚

𝑗 (A.42)

𝜎𝑚 =
(

𝑏1 − 𝜆𝑚𝑏2
)

𝑒𝑏3
(

1
300−

1
𝑇

)

(A.43)

𝜆𝑚 = 𝑊𝑈
𝐼𝐸𝐶 ⋅𝑀𝐻2𝑂

(A.44)

Where 𝑡ℎ𝑚 represents the thickness of the membrane and 𝜎𝑚 is the
onductivity of a fixed spatial point for a specific membrane state.
orrectly calculating the conductivity is crucial for evaluating the per-

ormance of the cell. The Eq. (A.43) is used to calculate the membrane
onductivity.

The variable 𝜆𝑚 depends on the water activity or alternative as
hown in Eq. (A.44) on water uptake (𝑊𝑈), ion exchange capacity
𝐼𝐸𝐶), and the molar mass of water. In other investigations [38], an
lternate conductivity model was proposed.

𝑚 =

⎧

⎪

⎨

⎪

0 , if 𝑊𝑈 < 𝑊𝑈𝑐

𝜎0
(

𝑊𝑈 −𝑊𝑈𝑐

)𝛽
, if 𝑊𝑈 ≥ 𝑊𝑈𝑐

(A.45)
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Fig. B.15. Scheme of simulation procedure. The red-dotted rectangle part of the solver
is compiled in C++, the rest is implemented in Python.

Where 𝑊𝑈 is the rate between dry and wet membrane weight,
hich depends on the water content on the membrane and its initial
eight, and is calculated by Eq. (A.46).

𝑈 =
𝑚𝑤𝑒𝑡 − 𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦
=

(

𝑚𝑑𝑟𝑦 + 𝑠𝜖𝜌𝑤𝑉𝑚
)

− 𝑚𝑑𝑟𝑦
𝑚𝑑𝑟𝑦

=
𝑠𝜖𝜌𝑤𝑉𝑚
𝑚𝑑𝑟𝑦

(A.46)

The conductivity is calculated using Eq. (A.45) [38]. Physical pa-
ameters of the membrane are obtained from NafionXL datasheet [54].

ppendix B. Model simulation procedure

The model simulation method has been implemented sequentially.
he complete model is divided into different sub-models, and each
odel is simulated independently, feeding the boundary variables to

he next model or the next step of the simulation. This procedure allows
he validation of each model individually. The complete integrated
odel simulations reduce the overall computational complexity.

The flow-chart of the model simulation method procedure is shown
n Fig. B.15. The simulation procedure is divided into six main sub-
roups, five within the solver loop and one out of the loop for config-
ration.
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1. Outside the loop:

Initialization: This group is set outside the simulation
loop. In this section, the channel geometry, the membrane
size, the meshes of spatial discretization setup of MLM
and GDLs, and operating parameters are configured.

2. In the loop:

(a) Updating cell operation setup: The parameters of opera-
tion setup, such as gas pressures, RHs, or injected liquid
water, are updated beginning of each step.

(b) Channel solver: The pressure drop due to reactants con-
sumption, the relative humidity, and the movement of
droplets in the channels are calculated.

(c) Water balance: The water balance between the channel
and the GDL is calculated. The evaporation and conden-
sation, droplet re-absorption, and the relative humidity
variation in the channel are evaluated.

(d) MEA solver: The liquid water and gas diffusion inside the
GDL, the electrochemical reactions, and the membrane
water balance are computed for each spatial point of the
cell.

(e) Save and plot data: The data results of the simulation
cycle are saved and plotted. This stage is not performed
at every time step since it yields a significant overall
simulation delay.

ppendix C. Supplementary data

Supplementary material related to this article can be found online
t https://doi.org/10.1016/j.apenergy.2024.123234.
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