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ARTICLE INFO ABSTRACT
Keywords: This work presents a generally applicable, physics-based methodology for optimizing flow channel designs in
Fuel cell

PEM fuel cells using CFD modeling and multi-objective optimization. A fully resolved 3D CFD model was
developed to capture the coupled transport and electrochemical phenomena relevant to Proton Exchange
Membrane Fuel Cell (PEMFC) operation. The model is grounded in physical laws and requires only two
fitting parameters. These parameters were calibrated using a dedicated fitting algorithm developed within this
paper, enabling accurate reproduction of the polarization curve, spatial current density distribution along the
channel, and liquid water distribution within the cell across the relevant operating range. The validated model
was applied to optimize a novel channel geometry for a low-conductivity polymer-based bipolar plate. The
optimization revealed a fundamental trade-off between flow uniformity and electrochemical performance. The
selected geometry delivers a current density of j = 1.719 ﬁ, representing an increase of 0.172 ﬁ compared to
the reference design, while optimizing media distribution uniformity and reducing the cell pitch by 0.13 mm
compared to the reference design. The successful optimization confirms the insights from individual parameter
studies and validates the robustness and general applicability of the approach. The combined workflow of CFD
simulation, parameter fitting, and Pareto-based optimization offers a transferable framework for future channel
design challenges, especially when novel bipolar plate materials introduce complex physical constraints.

Numerical optimization

CFD channel model

PEMFC liquid water distribution
PEMFC channel design

NSGA II algorithm

1. Introduction here thanks to fast refueling and high power densities [5-7], supported

by the EU target of installing a hydrogen filling station every 200 km

The main driver of anthropogenic climate change is the increasing
concentration of greenhouse gases, in particular carbon dioxide CO,,
which is mainly released when fossil fuels are burned. This causes
around two thirds of the anthropogenic greenhouse effect [1]. While
many sectors have been able to reduce their emissions since 1990, CO,
emissions from the transport sector have continued to rise. In 2019,
transport accounted for 25% of total EU emissions, of which 71.7%
came from road transport [2]. To counteract this, the European Parlia-
ment decided in 2023 that only emission-free cars and light commercial
vehicles may be registered from 2035, with a reduction in emissions of
50% by 2030 compared to 1990 [3]. For heavy commercial vehicles, an
emissions reduction of 30% is planned by 2030 [4]. Heavy commercial
vehicles need alternatives to battery electric drives that are superior
in terms of charging time and range. Fuel Cells (FCs) offer advantages

by 2031 [3].

However, a prerequisite for the broad market penetration of FC
as an alternative drive concept is a long service life and low-cost
FC components and manufacturing processes. The US Department of
Energy has defined a service life of 25,000-30,000 h as the target for
heavy-duty commercial vehicles (Class 8 tractor-trailers) by 2030. The
target for the cost of the FC system is 60-80 % [8].

In addition to the Membrane Electrode Assembly (MEA), the BPPs
of the anode and cathode are an important core group of the Proton
Exchange Membrane Fuel Cell (PEMFC). Within a single cell, they
are responsible for media management in the cell, i.e. supplying the
cathode and anode with reaction gas and removing the produced water
from the cell. However, the BPP also plays an important role in the
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thermal management of the cell by dissipating the heat of reaction
via a coolant through cooling channels embedded in the BPP. As the
electrochemical reactions in the MEA generate electrons that must be
efficiently transported to the external circuit, the BPP must ensure
low-resistance conduction through both reliable electrical contact to
the GDL and sufficient bulk conductivity [9]. The most important
requirements for the material and design of the BPP can also be derived
from the tasks of the BPP, which can be summarized according to
various sources as follows:

High electrical conductivity (>100 = [10])

Mechanical stability (flexural strength > 59 MPa [10])

High corrosion resistance [11]

Low contact resistances at interfaces [10]

Cheap and preferably light material [12]

Simple and inexpensive processing of the material into BPP [12]
Hydrophobic surface [12]

Low thermal expansion [12]

Within a FC system, 50% of the costs are attributable to the FC
stack, in turn around 30% of their costs are attributable to BPPs and
seals [13]. For a potential reduction in system costs, the BPPs are
therefore particularly relevant in FC systems or stacks with a high cell
count.

In addition to the potential for cost reduction, the BPPs are also a
decisive factor for the service life of the FC stack. The aim here is to
use a material that is as corrosion-resistant as possible, but at the same
time has high mechanical strength with a thin material thickness [9].
The respective prioritization of the required properties of the BPP
defines the base material of the BPP and the possible manufacturing
processes. However, it should be noted that the requirements for high
corrosion resistance and mechanical strength and the manufacturing
options required for this are in conflict with a potential reduction in
costs. A potential cornerstone for solving this conflict of objectives
has been laid by a new type of BPP material, which was developed
as part of the publicly funded BiFoilStack project. This combines the
positive properties of the two most common, metallic and compound-
based, BPP materials. As a result, comparatively thin and electrically
conductive BPPs can be produced with very good corrosion resistance.
The manufacturing process developed for this purpose promises good
scalability and continuous production of the BPPs, which can reduce
manufacturing costs [14-16].

Previous studies on fuel cell design have primarily focused on the
macroscopic configuration of flow fields at the cell level, aiming to
improve overall flow distribution and current homogeneity across the
active area [14,15,17-19]. At the microscale, various channel cross-
section shapes have been investigated with respect to key performance
indicators such as pressure drop, reactant distribution, and water man-
agement. Among them, trapezoidal channel geometries have emerged
as particularly promising due to their favorable trade-off between
hydraulic and electrochemical performance [20-26].

However, the influence of individual geometric parameters — such
as channel height, width, and the rib-to-channel ratio — has typically
been studied under specific operating conditions, making the results
highly application-dependent and not generally transferable. Moreover,
existing investigations almost exclusively consider conventional BPP
materials, such as metallic or graphite-based plates, which exhibit
high electrical conductivity [27-33]. As a result, a systematic under-
standing of how these geometric factors interact with the transport
and electrochemical characteristics of emerging, low-conductivity BPP
materials — such as polymer composites — is still lacking. This lack
of understanding poses a significant barrier to the efficient design
and deployment of fuel cells using advanced polymer composite BPPs.
Closing this gap is essential for enabling robust, scalable, and cost-
effective fuel cell systems that leverage the benefits of alternative
materials without compromising performance.
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This study addresses this gap by developing and applying a physics-
based optimization methodology, using BPPs made of polymer compos-
ite materials as a use case. A Computation Fluid Dynamics (CFD) model
of a PEMFC is created and validated using experimental data, and sub-
sequently employed to systematically investigate the effect of geometric
channel parameters on performance for the novel material. In contrast
to prior studies (see [34-36]), the proposed approach is not limited
to a single MEA configuration or set of boundary conditions. The
underlying CFD model uses only two physically interpretable fitting pa-
rameters and is designed for automated calibration, enabling fast adap-
tation to different experimental setups. This enables not only material-
specific analysis but also a systematic and reproducible evaluation
framework for future studies, significantly improving the comparability
and scalability of channel design optimization.

Furthermore, this work presents a generalizable optimization tool-
chain based on an NSGA-II algorithm, which couples the electrochem-
ical and fluidic domains. The resulting methodology enables material-
aware and transferable flow field design, extending the applicability of
design principles to a broader range of emerging BPP materials.

2. Methodology

2.1. Definition of target criteria for design evaluation

The evaluation of a channel design for bipolar plates requires the
consideration of various performance indicators and target values that
significantly influence the functionality and efficiency of the overall
system. The indicators most frequently considered in literature are
presented below.

Power density. The power density is an essential metric for character-
izing a FC stack. The cell pitch, i.e. the total height of the individual FC
components, plays a decisive role here. In order to achieve a high power
density, it is desirable to design the components as thin as possible [9].

Distribution of the reactants. Ultimately, a homogeneous distribution of
the media oxygen O, at the cathode and hydrogen H, at the anode is
crucial for a homogeneous distribution of the current density.

Ohmic losses. Ohmic losses are caused by the conductivity of the ma-
terials and the contact resistances between the individual components.

Pressure loss. On the one hand, a low pressure loss through the chan-
nels of the BPP and thus through the stack is desirable. On the other
hand, Zubel et al. [14,15] have shown that a target pressure loss may
be required to achieve uniform media distribution throughout the stack,
in accordance with system-level constraints.

Liquid water removal capability. While adequate membrane moisture is
required to ensure efficient ionic conductivity, excessive water accumu-
lation may result in channel flooding and localized performance losses,
especially at higher current densities.

Mechanical stress. The optimal tensioning of the stack is crucial for
the safe and long-lasting operation of a PEMFC, as it influences the
internal resistance, gas transport and sealing effect [37-40]. The GDL
is compressed, which improves its electrical and thermal conductivity,
while its ohmic resistance decreases exponentially with increasing pres-
sure [41,42]. However, excessive compression reduces gas permeability
and makes mass transport more difficult [43]. The channel design of
the BPP plays a crucial role in ensuring uniform tension and helps
to prevent mechanical damage to the GDL [44,45]. In addition, the
stiffness of the BPP material — especially in the case of compound
materials — must be taken into account, as it influences the pressure
distribution in the stack and thus the mechanical stability.
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Manufacturability and economic factors. Material and production-related
boundary conditions have a significant influence on the manufactura-
bility of flow fields and channel designs of the BPP and must be taken
into account in the early design phase. In addition, the choice of
material has a direct influence on costs and must be optimized from
an economic point of view [14-16].

In the works of Zubel et al. [14,15], conducted within the publicly
funded project BiFoilStack, aspects such as pressure loss, mechanical
stress, manufacturability, and economic factors have already been ad-
dressed. Therefore, this paper focuses on the detailed design of the
channels within the FC with regard to optimizing the target criteria:
power density, distribution of reactants, and liquid water removal
capability.

2.2. Model development

The 3D CFD simulation model for a channel within the designed cell
design is built in the commercially available software Siemens STAR-
CCM+2406 (19.04.007-R8) and is executed on the CLAIX-2023 HPC
computing cluster of the RWTH Aachen University on two comput-
ing nodes, each with two Intel Xeon 8468 Sapphire (48 cores each;
2.1 GHz) with 256 GB RAM. Basic multidimensional transport mech-
anisms are resolved within the software after appropriate selection.
The prevailing physical mechanisms, which are relevant for modeling
within a PEMFC, are supplemented by user-defined formulations from
the literature. The following assumptions are made for the modeling:

Due to the symmetry boundary condition, only one half of the
channel is simulated.

A steady-state approach is used, as transient effects are beyond
the design scope.

The flow within the gas channels is modeled as laminar.

The behavior of gaseous media is described by the ideal gas law.
Within the gas channels and the porous layers, a multiphase flow
is modeled with the Mixture Multiphase (MMP) model.

For the gaseous phase, a multi-component mixture consisting of
N,, O, and H,O (cathode side) and H,, N,, H,O (anode side) is
assumed.

A constant density is assumed for the liquid phase.

The catalyst layers are assumed to be infinitely thin at the inter-
face between the membrane and the Microporous Layer (MPL).
Cooling is modeled via simplified cooling channels, which are
traversed by BASF FCG20 coolant at an inlet temperature of 80
°C and an inlet velocity of 4% (see Fig. 1(b), dark gray area).

In Fig. 1 the two geometries to be investigated including the mesh-
ing of this study are shown, whereby the geometry in Fig. 1(a) is
used for the validation of the model and the geometry in Fig. 1(b)
for further investigations. The mesh configuration was adopted from
Schmitz et al. [34], who performed a comprehensive mesh indepen-
dence study for a geometrically equivalent setup. The employed grid
was originally designed for transient simulations and thus provides
sufficient spatial resolution to accurately capture local transport phe-
nomena. This ensures numerical consistency and allows the present
steady-state framework to be readily extended to transient operation
if required in future studies.

The geometric dimensions are modeled parametrically so that the
individual components on the cathode and anode side can be individu-
ally adapted. This parameterization is also taken into account during
meshing in order to enable scaling of the mesh with the geometric
dimensions.

The meshing is carried out with the ‘Quadrilateral Mesher’ using the
‘Directed Mesh Method’. A base size of 0.2 mm is defined for the cells in
the BPPs, flow channels and GDLs. At the corners of the flow channels-
GDL-BPP, the computational grid is refined to 10% of the base size. The
MPLs are cross-linked in the form of a geometric series in which the cell
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thickness of the computational grid decreases from the GDL to the cell
thickness of the membrane. The membrane is resolved very finely with
a ‘base size’ of 1.5 - 107> mm in order to accurately model the complex
transport mechanisms.

2.3. Governing equations

Gas channel. The underlying equations within the gas channels are
used to predict the distribution of velocity v, pressure p, temperature
T, the supplied and discharged media. They are formulated accord-
ing to [47] for a multi-component mixture with the respective mass
fraction Y; of each component and include the continuity equation, the
momentum balance and the conservation of energy:

}{pYiwda:;l{Ji-da (€]
A A

Convective term  Diffusive term

%pv®v~da=—74p1~da+}{T‘da (2)

A A A
%pHv~da=—7{q~da+;l{T4v-da 3)
A A A

where p is the density, A denotes the surface area over which the
integration is performed, I is the identity tensor, J, represents the
diffusive flux of species i, H is the enthalpy, ¢ is the heat flux vector,
and T is the stress tensor.

Porous layers. Within the porous layers (GDLs and MPLs), diffusive
mass transport is dominant (see Eq. (1)). The continuity equation as-
sumes a modified form with the formulation of the superficial velocity
v, and the effective diffusion coefficient J¢ ; (see [48,49]):

%pYivS ~da=}l{Jeff~da @
A A

with: v, =y v, 5)
X

Teit, i = (6)
V

1= @)

where y is the porosity, 7 the tortuosity, V, the pore volume, and V'
the total volume.

A generally accepted physical formulation of tortuosity does not
exist in literature. Shen et al. [50] have investigated various approaches
for determining tortuosity. Yu et al. [51] determined the tortuosity
values mathematically for a catalyst layer based on experimentally
determined diffusion coefficients. Vetter et al. [52] set up an empirical
equation to determine the tortuosity for a commercially available gas
diffusion layer of the type SGL 24 DA. With the approach according
to Bruggeman [53], the tortuosity can be determined as a function
of porosity. For this study, a relationship for the tortuosity based on
Bruggeman is formulated (see Eq. (8)). According to Bruggeman, the
value is ¢ = 0.5 [53]. For this study, the parameter ¢ is used to fit
the polarization curve to the measured data. The previously described
literature can be used to physically plausibilize the result of ¢.

T=x° (€))

The momentum conservation equation (see Eq. (2)) is extended by the
two source terms to account for the additional pressure loss f, with the
resistance tensor P and the capillary forces feap (see [54]):

fp =-P v 9

P =P, + Pl 1o

——. an
agas/liquid

with: P, v, gas/liquid =

where P, is the porous resistance tensor, P, the inertial resistance
tensor, u the dynamic viscosity, K the permeability of liquid water, «
the volume fraction of gas or liquid phase, and g the volume exponent.
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b)

Fig. 1. (a) Geometry of validation geometry [46] (b) Geometry of the investigated geometry [14,15].

The capillary forces fc,, are modeled based on the approach of
Leverett [55,56].

(%4 X
fcap, gas/liquid = £®¥gasMiquid® €OS < 15;0" > X
12)

V(1417 atiquig = 2120 @i + 1263 @i )
where ¢ is the surface tension between gas and liquid, and 6, is the
contact angle.

Catalyst layers. The electrochemistry is modeled in the assumed in-
finitely thin interface between the MPL and the cell membrane. Al-
though the catalyst layers are not resolved explicitly in the compu-
tational domain, their effects are accounted for through the effective
exchange current density and surface area. This approach assumes
that intra-layer transport limitations (e.g., protonic resistance, oxygen
diffusion through the ionomer phase, and liquid water effects) are
lumped into the empirical kinetic parameters. Furthermore, the model
has been developed specifically for the purpose of design assessment
and optimization, where a good balance between computational cost
and physical fidelity is essential. In this context, the primary focus
lies on ensuring an adequate three-dimensional supply of reactants
and removal of products up to the catalyst layer interface, which is
fully resolved in the model. A fully resolved three-dimensional catalyst-
layer model would significantly increase the computational expense
and is typically required only for detailed studies of electrode materials
or Catalyst Layer (CL) microstructure effects. For this purpose, the
relationship between the species-specific molar flux N, ;; — where n
denotes the direction normal to the reaction surface s, and i indicates
the chemical species — and the local current density j, ; is formulated
as source and sink terms of the reactive components using Faraday’s
law [57] and Strong’s law [58]:

V.
Nn,s,i = ﬁjn,s (13)
e

where F is the Faraday constant, v, is the stoichiometric coefficient of
the reaction component i, and v, is the stoichiometric coefficient of the
electron.

The correlation between current density j, ; and overpotential at the
reactive layer # is described by the Butler-Volmer equation (see Table
1 and [59-63]):

o\
Ins =j0H < ) :
i

€, ref

a,Fn a.Fn
(exp( RT )—exp(—RT )) , 14)

Ye/a
, ref 14
Jo =J, acr <_> '
Occ/a Pref

Table 1
Symbols of Egs. (14)—(16).
Symbol Description
acp, Platinum loading in catalyst layer
¢ Concentration of species i
Ciref Reference concentration of species i
E., Activation energy (cathode/anode)
Jo Exchange current density
j(')if/a Reference exchange current density (cathode/anode)
P Partial pressure of component i
Pret Reference pressure
R Ideal gas constant
Tt Reference temperature
a, Charge transfer coefficient (anode)
a, Charge transfer coefficient (cathode)
Yea Reaction rate constant (cathode/anode)
E
exp [— /e <1— i)] , as)
RT Tret
a, =0.495+23-1073(T - 300) , (16)

Membrane. The membrane is capable of absorbing and desorbing
gaseous and liquid water. The sorption equations implemented in
STAR-CCM+ are used for this purpose. A distinction is made be-
tween the interaction of the gaseous phase with the membrane
Fsurf, Gas = Membrane (S€€ EQ. (18)) and the interaction between the liquid
phase and the membrane ry, 1iquid = Membrane [48]-

CRT, for the gas phase

Agorbed = Psat an

c, for the liquid phase
Tsurf,Gas = Membrane — "'surf,0 (Ceq - asorbed) (18)

1 _ _ Pmem
with:  Cpy =&dey, E= 557, [59] 19
— 3 2
lleq =36 4,0~ 39.85 - 9,0 +17.81- a0

+0.043, for ap,o < 1 ,[64] (20)
Fsurf,Liquid = Membrane = "surf,0 (Healiquid - asorbed) 21

where a is the activity, ¢ the concentration, pg, the saturation vapor
pressure, rq,so the sorption rate constant, C,, the equilibrium con-
centration term, £ the equilibrium concentration constant, p., the
membrane density, EW the equivalent weight of the membrane, 4,, the
membrane water content at equilibrium, and He the Henry constant.
Various transport processes take place within the membrane. While
it is assumed that the membrane is not conductive for electrons, H"
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Fig. 2. Comparison of variation of (a) fef and (b) 7.

ions are transported through the membrane according to Eq. (22) [64]
(see [65]):

1

Oprem = (0.5139 - 2 —0.326) - exp % -7 (22)
with: A= ﬂCHZO , (23)
Mem

where oy, is the protonic conductivity of the membrane and A is the
membrane water content (number of water molecules per sulfonic acid
group).

The diffusive mass transport of water and the electroosmotic drag
are also taken into account [66]:

oM
0= —V< My,o E;;,n JH,0-Mem * VA+
ng .
MHZO Flprot 24)

where M denotes the molecular weight.

The left part of equation Eq. (24) describes the water transport by
diffusion with the diffusion coefficient Jy,o_mem- This is determined
according to [64,67]:
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Jo (2.563 = 0.33 - A+ 0.0264 - 4

7 ] —0.000671- 4%), A>4 25)
tho=Mem = 5 (-1.25- 1+ 6.65), 3<i<4
Jo(2.05- 2 —3.25), 2<1<3

The right part of Eq. (24) describes the electroosmotic drag with
ng [56]:

_25

ng = > A (26)

Electron conductivity. The ‘Electromagnetism Model’ implemented in
Star-CCM+ describes the conduction of electrons using Maxwell’s equa-
tions [68-70]. The corresponding conductivities of the individual com-
ponents such as GDL and BPP can also be taken into account (for
material properties, see Appendix B). The contact resistance R, be-
tween BPP and GDL is calculated using the model according to Zhou
et al. [71] in dependence of the Compression pressure peomp:

C,

1 B, ) ¢

R.=—A 27)
c A c(Pcomp

a

where A, is the contact area, A., B,, and C, are empirical parameters.
All parameters and material properties can be found in Tables 1 and
3 in the appendix.

2.4. Validation strategy

ref

While the reference exchange current density Joa o0 the anode side

is set to a value of Jref =38 % due to the much higher reaction
cm

rate of the Hydrogen Oxidation Reaction (HOR) reaction. The reference
exchange current density on the cathode side J'ef and the exponent
¢ for determining the tortuosity according to Eq (8) are selected as
fitting parameters, as these variables are difficult to measure and are
therefore determined by comparing simulation and measurement. A
validation algorithm is developed for this purpose. The influence of
the two parameters on the performance of the FC is shown in Fig. 2.
It can be seen that the reference exchange current density J’ef shifts
the polarization curve of the FC in the vertical direction and has an
influence on the activation polarization (see Fig. 2(a)). The variation
of the tortuosity has an influence on the diffusion polarization. This
can be seen from the fact that the polarization curve bends downwards
at higher values of tortuosity even at lower current densities (see Fig.
2(b)).

The schematic process of the validation algorithm is illustrated in
Fig. 3. Two operating points of the polarization curve are selected. At
Operating Point 1 (OP 1), the reference exchange current density is first
varied. At Operating Point 2 (OP 2), the exponent ¢ of the Bruggeman
equation is then adjusted.

An iterative procedure similar to a damped Newton method is
used to adjust the respective parameter to the measurement data. The
parameter update takes place according to

+(n)

Jsim ~ Jmeas

(n+1) _ 4(n) _ .
¢ =9 ) _ (-1 €p (28)
Jsim Jsim
iref for OP1
with: ¢ = Joer
¢, for OP2

where the fraction is a numerical approximation of the derivative and
€4 serves as a damping factor to ensure stable convergence.

Since an adjustment of the respective parameter in OP 1 or OP 2
changes the simulation result at the other operating point, the algo-
rithm is run iteratively until the deviation between measurement and
simulation at both operating points no longer exceeds a permissible
limit of € meas after the respective parameter adjustment.
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Fig. 3. Validation algorithm.

3. Results
3.1. Validation

The validation process is carried out by transferring the geometric
dimensions and material properties of the design used by Firat [46]
into the simulation model. The model is then compared with the
measurement data from Schmitz et al. [34] to validate the behavior
of the polarization curve.

Since the experimental design is a serpentine design, the channel
is modeled as a straight channel with a length of 445.5 mm, as in
previous studies by Schmitz [35], extending the previously described
model assumptions.

The execution of the validation algorithm leads to a value of the ref-
erence exchange current density on the cathode side of jgif =2.4921 %

and a value for ¢ = —2.17, resulting in a tortuosity value in the GDL
of 7gpy, = 2.546 and in the MPL of 7y = 3.261. Schmitz [35] reported
a cathodic exchange current density of the same order of magnitude
for the same experimental dataset using a CFD model adapted to cold-
start conditions, which further supports the plausibility of the obtained
parameter. The values of the derived tortuosity are consistent with the
range reported for the SGL 24 DA material, where Vetter et al. [52]
derived a tortuosity of zgp; = 3.191 based on their empirical model,
thereby supporting the plausibility of the results obtained from the
present model. These values are consistent with the range reported for
the SGL 24 DA material, where Vetter et al. [52] derived a tortuosity
of 7gp, = 3.191 based on their empirical model, thereby supporting the
plausibility of the results obtained from the present model.

Fig. 4(a) shows very good agreement between the simulation and
measurement results due to the parameters determined. The range of
0.5 ﬁ to 2.0 ﬁ current densities j, which is particularly relevant
for the operation of the PEMFC, is captured by the simulation with
very high accuracy. Quantitatively, the mean squared error (MSE)
between the simulated and measured polarization curve amounts to
1.43 x 10~* V2, corresponding to a root mean squared error (RMSE)
of 0.012V. This deviation corresponds to an average voltage error of
about 1-1.5% in the typical operating range of 0.4-0.9V, indicating
an excellent agreement and a high predictive capability of the model.
The investigations also show that the model can be operated under
both potentiostatic and galvanostatic operating boundary conditions.
The latter is particularly relevant for simulative analyses of unknown
geometries, as it enables precise adjustment of the stoichiometry during
operation.

Polarization curves alone do not provide comprehensive validation
for multidimensional PEMFC models. This is because identical integral
cell outputs can potentially result from combinations of individually
misrepresented submodels [72]. Consequently, high fidelity CFD mod-
els require combined global and local validation studies to ensure
accuracy. On the one hand, the current density distribution along the
channel length is considered locally, which is made possible by the
segmented measurement of the test cell (see Fig. 4(b)). The results
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shown in Fig. 4(b) demonstrate good agreement between simulation
and experiment, confirming the model’s capability to accurately cap-
ture local performance variations along the channel. Quantitatively,
the comparison of the measured and simulated current density pro-
files yields a mean squared error (MSE) of 1.17 x 1072 (ﬁ)2 and a

root mean squared error (RMSE) of 0.108 ﬁ. This corresponds to a
relative RMSE of approximately 10.1%, indicating that the model repro-
duces the characteristic current density distribution along the channel
with good accuracy, while minor deviations can be attributed to local
measurement uncertainties and simplifications in the submodels.

On the other hand, the volumetric liquid water distribution is
analyzed using measurement data from previous work by Tabuchi
et al. [73] and Corda et al. [74] using Neutron radiography (NRG)
visualizations (see Fig. 5). The evaluation line of the CFD simulation
runs through the center of the MPL and extends across the entire width
of the channel. As the saturation value increases along the channel
length direction, several cross-sections at different depths are selected
for the analysis. The diagram shows the distribution of the liquid water
volume fraction at positions corresponding to 20%, 40%, 60% and 80%
of the total channel length /..

The liquid water distribution shows a concave profile, indicating
a higher degree of saturation in the regions below the ribs compared
to the regions below the channel, a pattern that is in high agreement
with the results of previous studies, thus confirming the validity of the
simulation results.

3.2. Plausibility study

In the next step, the successfully validated model is used to optimize
the channel geometry. For this purpose, the channel geometry within
the CFD model is adapted to the geometry shown in Fig. 1(b). This ge-
ometry was pre-designed in the work of Zubel et al. [14,15] and is to be
optimized using the CFD model developed in this paper. An additional
challenge arises from the polymer compound used as the BPP material
in that work, which exhibits significantly lower electrical conductivity
compared to graphitic or metallic materials (approx. 8 times lower than
graphite and 100 times lower than stainless steel). This subsequent
plausibility study also serves to demonstrate the transferability of the
developed modeling and optimization workflow to different material
systems, as it is applied to the BiFoilStack compound with significantly
different electrical and thermal properties compared to the metallic
reference.

As a further assumption, the modeling of liquid water was omitted
due to the significantly increased computational time it requires. This
approach ensures efficient optimization without compromising the ac-
curacy of the final validation, since liquid water effects are most critical
in the fully developed operating state and can be reliably evaluated
post-optimization. Based on the findings of Liu [75], liquid water tends
to accumulate preferentially beneath the ribs, such that wide channels
and narrow ribs promote effective water removal.

Fig. 6(a) shows the influence of the BPP material on fuel cell perfor-
mance. While the black line is retained as a reference for comparison,
the colored lines represent the behavior of the fuel cell using the geom-
etry described in Zubel et al. [14,15], but with different BPP materials,
in order to quantify the challenges posed by the novel BiFoilStack
compound. At the defined design point of j = 2 ﬁ, a voltage difference
of approximately 0.1V is observed between the metallic BPP and the
BiFoilStack compound, whereas the graphite-based BPP shows only
a slightly lower voltage than the metallic one. The observed voltage
difference is primarily driven by the aforementioned higher electrical
conductivity of stainless steel, which reduces ohmic losses across the
bipolar plate and thus leads to higher cell voltages compared to the
composite material.

In Figs. 6(b) and 6(c), the effects on the polarization curve of
the BiFoilStack compound material are illustrated for variations in
operating pressure on the cathode and anode sides p./, as well as the
stoichiometric ratio of air on the cathode side 4., to validate the model
behavior. Increasing these operating parameters leads to improved fuel
cell performance, which can be attributed to reduced diffusion losses.
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3.3. Geometry study

To prepare for the optimization of the channel design, the influence
of individual geometric parameters on the local current density j
(potentiostatic operation of the CFD model), the distribution of the
reactants xo, and xy,, the pressure drop along the channel, and the
uniformity of oxygen O, at the catalytically active membrane surface
is first investigated for both the cathode and anode channels. The latter
is quantified using the uniformity index u,;:
O_coz,rnem

Ui = 1 — (29)

”COZ ,mem

where 6. mem and 0,-mem denote the standard deviation and the
mean value of the molar oxygen fraction x,, at the membrane sur-
face, respectively. In this study, all geometric parameters are initially
kept constant, and only one parameter is varied at a time to isolate
its specific influence. The baseline configuration used for comparison
is defined by the default parameter values listed in Table 3 in the
appendix and is labeled as the reference configuration in the respective
diagrams of the investigation. Furthermore, the distribution of the
reactants on the catalytic layer is qualitatively analyzed for the lowest
and highest values of each geometric variation. This allows for the
identification of reactant supply beneath the ribs as well as potential
zones of undersupply.

The insights gained from this investigation are intended to support
the interpretation of the subsequent channel optimization results. The
parameters varied include the draft angle ap,, the channel height A,
the channel width w,, as well as the lower and upper channel radii
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rir and ryg. The position and definition of the individual geometric
parameters are illustrated in Fig. 1(b).

The variation of the draft angle ap, on the cathode side influences
the formation of the current density j (see Fig. 7(a)). As the draft angle
ap increases, the supply of reactants to the catalyst layer improves,
resulting in a higher molar oxygen fraction x(, and increased current
density (see Fig. 7(b)). This leads to enhanced reactant availability even
in the rib regions of the catalyst layer (see Figs. 7(e) and 7(f)). This
behavior can be attributed to the higher pressure drop at small draft
angles ap, due to the reduced flow cross-section. On the anode side,
the influence of the draft angle ap, is negligible. The slightly increased
pressure drop at small angles does not significantly affect the reactant
supply due to the high diffusivity of hydrogen H,.

When varying the channel height 4., a significant influence on the
current density j can be observed on both the cathode and anode sides
(see Fig. 8(a)). On the cathode side, increasing the channel height
from 0.1 mm to 0.4 mm leads to a substantial rise in current density.
Further increases beyond 0.4 mm, however, do not result in additional
performance improvement. This behavior strongly correlates with the
pressure drop 4p, along the channel, as shown in Fig. 8(c): as the
channel height decreases, the pressure drop increases exponentially,
significantly impairing the oxygen supply to the catalyst layer (see Figs.
8(b) and 8(d)). As a result, sufficient O, supply is observed in the
front section of the channel (see Fig. 8(e)), while a growing deficiency
occurs toward the channel outlet. At channel heights above 0.4 mm,
the pressure drop becomes negligible and no longer limits the reactant
supply.

On the anode side, an increase in channel height 4, leads to a slight
decrease in the resulting current density j (see Fig. 8(a)). Similar to
the cathode side, the pressure drop 4p, also increases significantly with
decreasing channel height (see Fig. 8(c)), albeit at an overall lower level
due to the properties of H,. Despite the increased pressure drop, no
relevant undersupply occurs due to the high diffusivity of H, (see Figs.
8(b), 8(g), and 8(h)). The observed decrease in current density with
increasing channel height is therefore not caused by reactant supply
limitations, but results from an increased ohmic resistance within the
BPP. The BPP material thus represents the limiting factor in the design
of the channel height on the anode side. As already shown in Fig.
6(a), the comparatively low electrical conductivity of the material used
imposes specific requirements on the geometric design.

The variation of the channel width —£ exhibits a similarly con-

trasting behavior on both the cathode and anode sides as observed in
the variation of the channel height .. On the cathode side, increasing
the channel width from 0.4,mm to 1.0mm leads to a significant rise
in the resulting current density j. As shown in Fig. 9(b), this increase
strongly correlates with the improved distribution of the reactant O,
particularly beneath the ribs. This is primarily due to the shortening
diffusion paths for O, with increasing channel width (cf. Figs. 9(e)
and 9(f)). For narrow channels, e.g., at 0.4 mm, local undersupply of
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the catalyst layer is observed. In this case, diffusion overpotentials
dominate, as oxygen cannot reach the reaction zone quickly enough
due to the long diffusion distances.

However, the channel width is limited from above: a further in-
crease beyond 1.0 mm does not lead to an additional increase in current
density j. This can be explained by the conflicting objectives of achiev-
ing a uniform reactant distribution — favored by wider channels —
and minimizing electrical losses—promoted by wider ribs. Beyond a
channel width of 1.0 mm, ohmic losses due to the lower conductivity of
the BPP as well as contact resistances between the BPP and GDL prevail,
limiting further increases in current density.

On the anode side, a behavior similar to that observed in the
previously described variation of the channel height can be seen. The
primary reason for the increase in current density j with decreasing
channel width is the improved electron conduction, resulting from the
larger contact area between the BPP and GDL in narrow channels,
i.e., wide ribs, which lowers the contact resistance. Despite the high
diffusivity of H,, a slight improvement in reactant supply is observed
with increasing channel width (cf. Fig. 9(b)). Nevertheless, none of the
investigated variations show critical reactant starvation on the anode
side (see Figs. 9(e) and 9(f)).

From Figs. 10 and 11, it can be seen that the variation of the lower
radius r; g and the upper radius r; has no significant impact on the
distribution of the current density j. Only in the case of varying the
lower radius is a slight decrease in the molar fraction of oxygen xq, by
about one percentage point observed over the investigated range.

For the further investigations on optimizing the channel geometry,
variations of the upper and lower radii are omitted. Nevertheless,
these geometric parameters should not be neglected in the overall
design process. A sufficiently large upper radius of the channel cross-
section is crucial to prevent liquid water accumulation. Too small radii
promote capillary effects that encourage water droplet adhesion, which
can locally obstruct the reactant gas transport. Conversely, a generous
rounding facilitates water removal, as droplets can detach more easily
from the channel wall and be carried away by the flow. Additionally,
the upper radius is subject to manufacturing constraints.

The lower radius is particularly important with regard to the load
transfer during the compression of the fuel cell stack, as shown by Liu
et al. [45] and Kohrn et al. [76]. Liu et al. [45] propose a parabolic rib
contour Ag,¢(x) according to Eq. (30) to ensure a as uniform as possible
stress distribution in the contact area between the BPP and the GDL.
The parameter C; depends on the rib width d,;,, the thickness of the
GDL hgp;,, and the compression force of the fuel cell stack. Therefore,
the design of both radii is finalized within the channel optimization
considering mechanical and manufacturing boundary conditions.

hgurf(x) = C X+ hsurt(0) (30)

3.4. Channel optimization

In the course of channel optimization, the final channel structure is
designed using the established NSGA-II algorithm. NSGA-II is a widely
used evolutionary algorithm specifically developed for multi-objective
optimization problems [77]. The NSGA-II algorithm is based on a
population-based evolutionary principle, where a set of candidate solu-
tions is optimized simultaneously. It employs a non-dominated sorting
approach and a crowding distance method to ensure both convergence
and diversity within the solution population. The optimization was
executed on the CLAIX-2023 HPC cluster of RWTH Aachen University
using two computing nodes, each equipped with two Intel Xeon 8468
Sapphire CPUs (48 cores, 2.1 GHz) and 256 GB RAM. A single simula-
tion required approximately 7 min, resulting in a total computational
effort of about 70 core-hours for the complete optimization. Conver-
gence was assessed by monitoring the stabilization of the Pareto front
and the crowding-distance distribution over successive generations,
which did not change significantly beyond generation 45, indicating
convergence of the population. This makes NSGA-II particularly well-
suited for problems with multiple competing objectives, as is the case
in channel optimization.

For the optimization of the channel structure, the two quantities
current density j and uniformity index u,,; are used and simultaneously
maximized using the NSGA-II algorithm. Since a correlation between
pressure drop and current density was observed, the pressure drop is
indirectly considered within the optimization objectives. A population
size of Np,q = 1212 individuals per generation and a total of Ng,, =
5050 generations are chosen for the optimization process, resulting in
a total of 600 different design variants.

The channel width is limited to a threshold value of w¢y, =
0.68775 mm based on the investigations by Kohrn [78] in order to avoid
excessive intrusion of the GDL into the channels, which can occur
with overly wide channels. Such intrusion would lead to increased cell
aging and premature mechanical degradation. Although the previous
investigations have shown an improvement in current density above
W lim» this limitation is necessary because otherwise the optimizer
could identify a local optimum within this solution space.

The results of the optimization are shown in Fig. 12. The left
subfigure (Fig. 12(a)) displays the entire solution space explored by the
optimizer, with each circle representing a tested design. The blue shad-
ing indicates the performance of each design with respect to the defined
objectives — the darker the shade, the better the overall evaluation.
The most promising designs are located in the upper right region of
the plot. Designs lying on the Pareto front are highlighted in orange and
are further detailed in Fig. 12(b). A detailed examination of the Pareto
front shows that moving towards higher flow uniformity yields only
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Fig. 7. Geometry study: Effect on draft angle ap,.

marginal improvements in u,,; while leading to a noticeable reduction
in current density j. Therefore, the optimization reveals a diminishing
return when prioritizing uniformity over electrochemical performance.
Moreover, an analysis of the Pareto-optimal designs also considered the
overall cell height, which was minimized to avoid unnecessary stack
growth. This combined assessment led to the selection of design 457 as
the optimal compromise.

The distribution of the designs illustrates a classic trade-off: im-
proving flow uniformity consistently results in a reduction of current
density. A closer examination of the Pareto-optimal designs reveals that
all designs located to the right of design 457 feature increased channel
heights on both the anode and cathode sides. This leads to a larger cell
pitch and thus an increased total stack height. Against this background,
design 457 is selected as the final compromise. It offers a balanced

trade-off between the objectives, with a flow uniformity of u,; = 0.437
and a current density of j = 1.719 2.

Furthermore, it is observed that the gain in current density when
selecting a design optimized for this objective is significantly greater
than the corresponding gain in uniformity when prioritizing that crite-
rion. Therefore, a design with higher current density is preferred, even
at the expense of slightly reduced flow uniformity.

The selection of the final design, 457, confirms not only the findings
of the preceding investigations but also validates the overall optimiza-
tion approach. This underlines the general applicability of the chosen
optimization algorithm in the design process of fuel cell channels. The
specific values of the geometric parameters are shown in Fig. 12(c). The
channel heights are within a range that avoids excessive pressure drops
along the flow path. On the cathode side, the channel width approaches
the maximum allowable value w, ji,. Compared to the reference design
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Fig. 8. Geometry study: Effect on channel height A,.

from the preliminary layout phase, design 457 achieves an increase in
current density of 4; = 0.172 cmLZ’ while simultaneously reducing the
cell pitch by 0.13 mm.

4. Final design

Fig. 13 shows a comparison of the polarization curves for design
variant 457 at an operating pressure of p = 2.0bar, which was used
for the geometric investigation and optimization, and at the design
pressure of p = 2.88bar. For reference, the polarization curve of the
BiFoilStack design is also included in the diagram. Compared to the
preliminary design, a uniform increase in the electrical power output
P, can be observed across the entire operating range of the FC. At an

el
operating pressure of p = 2.88bar, as expected, a further increase in

power output is visible over the full operating range. In addition, the
blue curve shows the polarization behavior considering liquid water
formation. In comparison to the simulation without liquid water, a very
small and expected decrease in power output is observed, which can be
attributed to local blockages of the three-phase boundary caused by the
accumulation of liquid water.

5. Conclusion

This work presents a generally applicable and physics-based
methodology for optimizing channel designs in Proton Exchange Mem-
brane Fuel Cell using CFD modeling and multi-objective optimization.
A fully resolved 3D CFD model was developed to capture the coupled
transport and electrochemical phenomena relevant in Proton Exchange

10
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Fig. 9. Geometry study: Effect on channel width w,.

Membrane Fuel Cell operation. The model is inherently grounded in
physical laws and requires only two fitting parameters — the cathodic
exchange current density and the Bruggeman exponent to calculate the
tortuosity — to adapt it to a specific Membrane Electrode Assembly
configuration. These parameters were calibrated using a dedicated
fitting algorithm, enabling not only highly accurate reproduction of
the polarization curve across the entire application-relevant operating
range, but also a precise match of the spatial current density distri-
bution along the channel length and the corresponding liquid water
distribution within the cell.

The validated model was then applied to optimize a novel chan-
nel geometry designed for a low-conductivity polymer-based bipolar
plate. The optimization revealed a fundamental trade-off between flow
uniformity and electrochemical performance. The selected geometry

11

achieves a well-balanced compromise, delivering a current density of
j = 1719 CLZ, which corresponds to an increase of 0.172 ﬁ com-
pared to the reference design, while simultaneously optimizing media
distribution uniformity to u,,; = 0.437 and reducing the cell pitch by
0.13 mm.

The successful selection of the optimized design not only con-
firms the insights gained from the investigations of each geometry
parameter but also validates the robustness and general applicability
of the entire methodological approach. The demonstrated workflow
- combining CFD simulation, parameter fitting, and Pareto-based op-
timization — offers a transferable and scalable framework for future
channel design challenges, especially when novel bipolar plate materi-
als impose complex physical constraints. Beyond the scientific findings,
the presented workflow provides clear engineering implications. By
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Fig. 12. Results of the optimization. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

combining high-fidelity modeling with efficient multi-objective opti-
mization, the approach enables targeted channel design under realistic
manufacturability constraints, such as minimum channel widths or
rib stability limits. This ensures that the resulting geometries are not
only optimal in performance but also feasible for mass production
using conventional polymer or metallic bipolar plate manufacturing
routes. Furthermore, the reduction in the number of required design
iterations directly lowers development time and cost. The method thus
offers a viable pathway toward accelerating the industrial adoption
of novel low-conductivity or composite bipolar plate materials while
maintaining robust fuel cell performance. An experimental validation
of the optimized design is planned within the BiFoilStack project with
a short-stack.
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