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Multi-Channel CFD Uncovers Pressure Drop—Reactant Distribution Trade-
Offs and NPMC Viability in High-Temperature PEM Fuel Cells

Abdelaziz Samris '* Khaoula Sarout !, Abdessamad Faik !, Debajeet K. Bora'”,
Y'College of Chemical Sciences and Engineering, Laboratory of Inorganic Materials for Sustainable Energy
Technologies (LIMSET), University Mohammed VI Polytechnic, Benguerir, 43150, Morocco.

Abstract

High-temperature proton exchange membrane fuel cells (HT-PEMFCs) based on phosphoric acid-
doped polybenzimidazole (PBI) membranes have faster electrochemical kinetics and easier water
management than low-temperature systems and are therefore attractive for stationary and combined
heat-and-power applications. In this study, the effect of flow-field configuration, inlet gas velocity,
operating voltage (0.4-0.9 V), and catalyst material on the performance of HT-PEMFC is analyzed
with the aid of COMSOL Multiphysics. The single-channel and eleven-channel multi-channel
single-cell geometries are compared. The multi-channel design results in roughly 12.5x larger
anode inlet pressure decreases compared to the single-channel setup. Vapor-only water
management results in higher pressure drop at 0.9 V compared to 0.4 V. This is due to negligible
reactant consumption near the open circuit, which preserves channel gas velocity. However, at 0.4
V, extensive electrochemical consumption reduces local flow velocity and thus pressure drop. At
high load, three-dimensional current density contour maps over all 11 channels show more than a
four-fold inter-channel variance, which has direct consequences for phosphoric acid redistribution
and membrane durability. Fe-N-C and NPMC/CNT outperform Pt/C with peak power densities of
0.310 and 0.370 W cm™2, respectively, due to Butler-Volmer kinetics scaling and better resistance
to phosphate poisoning. This study presents the first multi-channel single-cell CFD framework that
integrates pressure drop, mass transport, spatially resolved current density analysis, and kinetics-

based NPMC-Pt catalyst comparison in HT-PEMFCs.
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Highlights

e 3D CFD of mass transport and pressure drop in HT-PEMFCs with PBI membranes
e Multi-channel design incurs 12.5% higher pressure drops than single channel

e Near-OCV pressure drop exceeds high-load due to vapor-only water management
e Inter-channel current density maps reveal 4-fold non-uniformity at 0.4 V

e Fe-N-C and NPMC/CNT achieve 0.31-0.37 W cm2; competitive with Pt/C
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1. Introduction

Proton exchange membrane fuel cells (PEMFCs) have become one of the most promising clean-
energy technologies of the past two decades, finding applications ranging from stationary power
generation to electric vehicles, owing to their zero direct emissions and high energy-conversion
efficiency. Within this family, high-temperature PEMFCs (HT-PEMFCs) which operate between
100 and 200°C have attracted growing interest because they offer several practical advantages over
their low-temperature counterparts in terms of faster electrochemical kinetics, a much greater tol-
erance to CO impurities in the fuel supply, simpler water management, and waste heat of suffi-
ciently high quality to be used in cogeneration or trigeneration systems [1], [2]. The membrane of
choice for HT-PEMFC:s is polybenzimidazole (PBI) doped with phosphoric acid (HsPO4), a com-
bination that delivers outstanding chemical and thermal stability while allowing proton conduction
through the acid network without any need for membrane humidification. One important outcome
of operating at elevated temperatures is that the water produced at the cathode remains entirely in
the vapor phase, which sets the transport physics of HT-PEMFCs apart quite fundamentally from
Nafion-based low-temperature systems [3], [4], [S], [6], [7], [8]. This also means that challenges
familiar in low-temperature cells, such as liquid water flooding, are replaced by a different set of
concerns, including the formation of local hotspots that accelerate material degradation and the
redistribution or leaching of phosphoric acid, both of which can alter proton-conduction pathways
and undermine long-term durability [9], [10]. At the electrochemical level, the hydrogen oxidation
reaction (HOR) at the anode proceeds through either the Tafel-Volmer or Heyrovsky-Volmer path-
way, while the oxygen reduction reaction (ORR) at the cathode is further complicated by phosphate
adsorption on catalyst surfaces[11]. Because these phenomena are tightly coupled and spatially
non-uniform spanning electrochemical kinetics, species diffusion, charge transport, and heat trans-
fer one and two-dimensional models simply cannot capture the full picture. The three-dimensional
CFD approach has become one of the most powerful and widely adopted modelling tools for PEM
fuel cell technology, particularly for HT-PEMFCs. Its effectiveness in analyzing transport phe-
nomena, electrochemical reactions, and thermal management has been demonstrated in numerous
recent studies[12], [13]. Chowdhury and Gladen [3] showed how CFD-based flow-field design can
meaningfully influence single-cell performance, and Deng et al.[2] applied computational methods
to optimize mass transfer and pressure drop at full scale. Following this, Krastev et al.[14] demon-

strated the importance of cathode geometry in achieving peak performance. These studies indicate



that flow field configuration is one of the most important design variables for the further engineer-
ing of HT-PEM fuel cells because it directly affects pressure drop, reactant uniformity, and the
overall efficiency of the cell. Despite this progress, most published CFD studies still look at single-
channel geometries with standard platinum-based catalysts. Multi-channel single-cell designs, and

the incorporation of non-precious metal catalysts are areas comparatively underexplored.

The catalyst layer (CL) is the electrochemically active core of the HT-PEMFC, accommodating
both the hydrogen oxidation reaction (HOR) at the anode and the oxygen reduction reaction (ORR)
at the cathode whilst simultaneously mediating mass, charge, and heat transport at the triple-phase
boundary. The composition, microstructure, and surface chemistry of the CL therefore exert a de-
cisive influence on cell performance, long-term durability, and system cost, particularly under the
aggressive high-temperature and phosphoric acid environment of PBI-based membranes [15], [16],
[17], [18]. Platinum supported on carbon (Pt/C) has long been established as the benchmark elec-
trocatalyst for both reactions, owing to its high intrinsic activity and well-characterized compati-
bility with carbon support materials [19], [20]. However, several factors constrain their widespread
commercialization in HT-PEMFCs. Severe chemisorption of phosphate anions onto Pt-active sites
reduces the electrochemically accessible surface area under operating conditions, whilst the high
cost and geological scarcity of platinum impose significant economic barriers to large-scale de-
ployment[19], [21]. Moreover, elevated operating temperatures affect degradation mechanisms
such as Ostwald ripening, platinum particle agglomeration, and carbon support corrosion. All of
which progressively diminish catalytic activity and structural integrity over the cell lifetime[19],
[21], [22], [23]. The incorporation of iridium in Pt—Ir/C alloys offers improved corrosion resistance
and enhanced stability under fuel-starvation conditions. However, this system remains sluggish in
ORR kinetics, with an increase in operating cost, thus providing only a partial solution to the in-

herent limitations of platinum-group metal catalysts [24].

These constraints have stimulated considerable research interest in non-precious metal catalysts
(NPMCs) as cost-effective and phosphate-tolerant alternatives. Among these, Fe-N-C materials,
the most extensively studied members of the broader metal-nitrogen—carbon (M—N—C) catalyst
family, have emerged as particularly promising candidates. Fe-N-C catalysts exhibit notably higher
resistance to phosphate poisoning relative to Pt/C and have demonstrated ORR mass activities in
the range of 5-10 A g at 0.8 V in acidic media, with peak power densities approaching 0.5 W

cm 2 in HT-PEMFC device tests and satisfactory electrochemical stability over extended potential
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cycling [17], [25], [26], [27], [28], [29], [30]. NPMC/CNT variants, which incorporate Fe—N4
active sites onto carbon nanotube supports, offer complementary advantages: the CNT framework
confers high electrical conductivity (~10* S.m™), a large accessible surface area exceeding 1000
m2.g', and a hierarchical pore structure that facilitates reactant transport, yielding ORR mass
activities of 5-19 A.g™' that approach established Pt/C benchmarks whilst maintaining superior
tolerance to phosphate adsorption [31], [32], [33], [34], [35], [36], [37], [38].

Nevertheless, several critical challenges still limit the practical development of NPMCs in HT-
PEMFCs. Their intrinsic ORR activity remains lower than that of state-of-the-art Pt-based
catalysts, particularly at high current density, where mass transport and active-site accessibility
become limiting factors [39]. In addition, the precise nature, density, and distribution of the
catalytically active Fe-Ny sites remain difficult to control during high-temperature pyrolysis,
leading to batch-to-batch variability and challenges in reproducible scale-up [40]. Under acidic and
high temperature fuel cell conditions, Fe-N-C catalysts may also suffer from demetallation, Fe
leaching, nitrogen-site degradation, carbon oxidation, and microbe flooding or blockage, all of
which progressively reduce the number of accessible active sites [41], Moreover, incomplete four-
electron ORR pathways can promote H>O, formation, which may accelerate oxidative degradation
through radical-mediated attack on both the catalyst and the ionomer/ membrane interface [42].
For CNT-supported NPMCs, additional limitations include the relatively high cost of high-quality
CNTs, difficulties in homogeneous dispersion, and corrosion or functional-group degradation
under prolonged operation [43]. Therefore, although NPMCs represent promising low-cost and
phosphate-tolerant alternatives to Pt/C, further improvements in intrinsic activity, active-site
stability, structural control, and long-term durability are still required for their reliable integration
into HT-PEMFC catalyst layers [44]. Recent reviews have catalogued substantial progress in non-
precious metal catalysts (NPMCs) for HT-PEMFCs, spanning transition metal compounds, M-N-
C materials, and metal-free heteroatom-doped carbons, while explicitly calling for a synergistic
approach integrating computational modelling with advanced experimental characterisation [45].
Complementary experimental studies have probed the operational stability and degradation
pathways of leading NPMC candidates such as Fe-N-C in single-cell HT-PEMFCs [46]. In parallel,
3D CFD frameworks have been developed to optimise multi-channel flow-field designs for HT-
PEM fuel cells, though these models have generally neglected electrochemical kinetics [47].
Notwithstanding these advances, the integration of NPMCs into multi-channel single-cell 3D CFD

frameworks with explicit, literature-grounded kinetic input values has received limited attention,
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representing a significant gap in the quantitative assessment of NPMC performance at relevant

scales.

This study addresses that gap through three specific contributions: (I) systematic comparison of
single-channel and multi-channel single-cell configurations clarifying that the 11-channel
geometry represents a realistic single-cell active area, not a full stack for pressure drop distribution
and reactant transport across 0.9 V, 0.6 V, and 0.4 V; (ii) a mechanistic explanation for the
counterintuitive finding that pressure drop is higher at near-open-circuit than at high-load
conditions, a direct consequence of vapour-only water management in HT-PEMFCs where
minimal reactant consumption at low current density preserves channel velocity and dynamic
pressure, whereas at 0.4 V extensive consumption reduces local flow velocity; and (iii) a direct,
side-by-side performance evaluation of Fe-N-C, NPMC/CNT, Pt-Ir/C, and Pt/C within the same
validated model using Butler—Volmer exchange current density scaling grounded in literature
mass-activity data, offering quantitative cost—performance guidance for more sustainable HT-

PEMFC design.

2. Methods
2.1. Model formulation and verification

The working principle of HT-PEMFC is fundamentally based on conventional electrochemical
reactions, which include the oxidation of hydrogen at the anode and the reduction of oxygen at the

cathode, respectively:
H, —» 2H* + 2e~ (1)
4H* + 4e~ + 0, - 2H,0 )

When it is introduced into the flow channels at the anode, it undergoes catalytic dissociation into
protons and electrons. While the electrons move through an external circuit, the protons move to
the cathode side through the membrane doped with phosphoric acid (PBI membrane). Water is the

only product of the reaction between the protons, electrons, and oxygen from air at the cathode.

In this study, a single-channel HT-PEM fuel cell geometry, incorporating all key components:
bipolar plates (BPs), gas channels (GCs), gas diffusion layers (GDLs), catalyst layers (CLs), and

the membrane, was used to validate the model. Furthermore, a multi-channel single-cell geometry
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comprising 11 parallel flow channels was employed to investigate species transport phenomena
(H2, Oz, and H»0), pressure distribution, and the effect of reactant velocity. This 11-channel
configuration captures the inter-channel flow distribution physics of parallel-channel flow fields
used in practical single-cell designs. It is noted that the individual channel dimensions (20 mm x
I mm x 0.787 mm) represent a standard laboratory-scale repeating unit; the reference to 200—
500 cm? active-area cells refers to the class of parallel-channel flow field architecture, not the
absolute geometric scale of the present model, consistent with multi-channel single-cell CFD
studies in the literature [53]. This geometry is not to be confused with a multi-cell stack. Fig. 1
illustrates the complete modelling setup for the HT-PEM fuel cell. The setup includes two tanks
(one for hydrogen and one for air) and the HT-PEMFC multi-channel single cell with performance
measurement devices. It links the existing system to both the three-dimensional model of the multi-

channel single cell and a three-dimensional model of the single-channel fuel cell.

Fig. 1: Complete setup of the HT-PEM fuel cell modelling: (a) existing single-cell system, (b)
three-dimensional model of the multi-channel single cell, and (c) three-dimensional model of the

single-channel fuel cell

2.2. Computational domain and mesh independence study

Fig. 2 presents the three-dimensional domain used in the numerical simulation, which comprises
nine components: anode flow channel, anode gas diffusion layer (GDL), anode catalyst layer (CL),

membrane, cathode CL, cathode GDL, and cathode flow channel. It also illustrates the microscopic



structure of the GDL, CL, and membrane. The geometric and physical parameters of the fuel cell

are summarized in Table 1.

Cathode - GDL
%8 —p Cathode - CL

- l—» PBl membrane

I
I p9%0, b ot s, pov oo wel— Anode - CL

Fig. 2: Computational domain of HT-PEM fuel cell: (a) three-dimensional single-channel fuel cell,

(b) front view, and (c) side view with microscopic details

Table 1: Cell Dimensions and material properties

Parameter Value

Channel length/height/width (mm) 20/1/0.7874
GDL/CL/Membrane Thickness (mm) 0.38/0.05/0.1
GDL/CL/Membrane Conductivity (S/m) 222/222/9.825
GDL/CL Permeability (m?) 1.118x107" /2.36x107'2

A mesh independence study was performed to verify that the numerical results were not affected
by the grid resolution. As illustrated in Fig. 2, five mesh densities were investigated for the multi-
channel single-cell geometry using COMSOL Multiphysics 6.3: M1 (8,982 elements), M2 (15,144
elements), M3 (50,470 elements), M4 (115,080 elements), and M5 (809,760 elements). The
polarization curve was selected as the convergence criterion to evaluate mesh sensitivity. As shown
in Fig. 3, the deviation between the M4 and M5 solutions remained below 1.2% for the evaluated
metrics, indicating that further mesh refinement had a negligible effect on the results. Therefore,
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the M4 mesh was considered sufficiently fine to ensure grid-independent and computationally

efficient simulations.

Fig. 3: Computational meshes used for the mesh independence study of the multi-channel single-

cell geometry: M1, M2, M3, M4, and M5
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Fig. 4: Evaluation of mesh sensitivity through polarization curves obtained with five mesh levels

(M1, M2, M3, M4, and M5)

2.3. Model assumptions



The model adopts five simplifying assumptions to prioritize computational tractability while

capturing the key mass transport and electrochemical phenomena governing HT-PEMFC

performance:
1. Operating conditions are steady-state and isothermal.
2. Channel flow is fully developed and laminar (low Reynolds number).
3. All gas-phase species are treated as ideal gases.
4. The PBI membrane, doped with phosphoric acid, is impermeable to gases; proton transport

is the sole ionic process.
5. The gas diffusion layers (GDLs) and catalyst layers (CLs) are isotropic, macro-

homogeneous porous media.

The isothermal assumption is justified by the inherently effective thermal management of HT-
PEMFCs, which benefits from a large temperature gradient with the ambient environment that
suppresses in-plane thermal non-uniformities [48]. Phosphoric acid leaching, while critical to long-
term durability, is neglected here since the study focuses on short-term steady-state performance;
future work will incorporate acid redistribution equations to assess degradation dynamics [49]. This
assumption set is consistent with established CFD frameworks used for initial single-cell

optimization [50].
2.4. Governing Equations

The equations governing the HT-PEMFC operation are based on the conservation of mass,
momentum, reactants, energy, and charge (both electronic and protonic) and will be discussed in
this section [50]. At any point in channels, GDLs, and CLs, the total mass and momentum

conservation are summarized as below:

V. (EP.D V)) = Sinass 3)
V.(eppVV)=Vi—€pVP+5, (4)
Where p = RLTZ % is the density of the gas mixtures (Kg.m™3), P is the gas pressure (Pa), T is the

temperature (K) and R denotes ideal gas constant (8.314 J.mol™1. K~1), M; is the molar mass of

gas species (Kg.mol™1), €p (the porosity) = 1 in the flow channels and V is the velocity vector. T
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denotes the shear stress tensor. The last term is the above equation derived from darcy’s law
accounting for the fluid flow through the porous cell components (GDL and CL), where 7 is the

permeability (m?), u is the dynamic viscosity of the gas mixture (Kg.m™1.s™1) [51].

Due to the existence of fluid components, the Maxwell-Stefan equation is applied to describe the
fluid diffusion in porous electrodes. This approach determines the flux of each species based on

their mass fractions. The general form of the Maxwell-Stefan equation is given below:
M M VP =

Where D;; is the binary diffusion coefficient, x is the molar fraction, w is the mass fraction, M is

the molecular mass [51].

Here, the total current is subdivided into both ionic and electronic contributions. Protons migrate
through the ion-conducting membrane, resulting in ionic current as output. Next, electrons are
transported exclusively through the solid matrix of the electrodes, thereby generating electronic

current. The conservation equations governing these currents are derived from Ohm’s law:
Proton: V.(o,V.®) + S, =0 (6)
Electron: V.(6,V. D)+ S, =0 (7)

where @ represents the phase potential, ¢ is the effective electrical conductivity (S.m™1). The
subscript s refers to properties of the solid phase, while m corresponds to those of the membrane.
The source terms in the electron and proton transport equations arise from the electrochemical

reactions, which occur exclusively within the catalyst layers at both the anode and cathode.

Smass represents the source term of the mass equation, it exists only in catalyst layers, S, is
momentum source term, and R; is the reaction rate, which accounts for the consumption of reactants
and the products generation during electrochemical reactions in the catalyst layers, S,, and S, are

the current source terms. Sy, 455, Su> Ri» Sy and Sg are given in Table 2:

Table 2: Source terms in the governing equation
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Source term Unit
Mass: Kg/ m3.S
Anode CL: Sypqss = — 2% My,
Cathode CL: S,,05s = — i—;Moz +1e MHZO
Momentum: Kg/ m?2.5?
S, = %V
Reaction rate: Kg/ m3.S
Anode CL: Ry, =-— ;—;MHZ
Cathode CL: Rg, = — j—”MOZ

Ry,0= de o M0
Charge: A.-m™3
Anode CL: S,,, = j, and Ss=—Ja
Cathode CL: §,,, = j. and Ss=—J.

The exchange current density is calculated using the Butler-Volmer equations [51]:

0.5
o= (55) [eop () = o0 (-2 nec)] ®
2
Je =i (55) e (S na) + 0 (5 me)]
2

Where j, and j, represent the exchange current densities in the anode and cathode (4.m™3), C H,

and C ij are the hydrogen concentration and the anode reference concentration (mol.m™3), C 0,
12



and ngef are the oxygen concentration and cathode reference concentration, respectively

(mol.m™3), a, and a, are the anode and cathode transfer coefficient, and j(; flf , j(; if are the anode

and cathode reference exchange current densities (4. m~3), given by [51]:

. 1 1
Jodl = 1.0 x 10%xp [—1400 (; — Tref)] (10)

. 1 1
]gf;f = 3.0 x 10%exp [—7900 (; - TM)] (11)

Where T is the reference temperature (K), the activation loss, 14, 18 given by[52]
Nact = Pete — Ppro (12)

Where @, and @y, are the electronic and ionic potentials (V).

Table 3: Electrochemical properties sourced/adapted from HT-PEMFC models. Exchange current
densities and transfer coefficients from [51]. Values calculated to match validation data at 180 °C

(see Fig. 3).

Parameter Anode Cathode
Reference voltage (V) 0 0.93
Reference molar concentration (mol.m™3) | 40.88 40.88
Transfer coefficient 1 1

2.5. Numerical Implementation and Boundary Conditions

The HT-PEMFC was modelled using COMSOL Multiphysics 6.3 with the consideration of a
representative single cell made of 11 parallel flow channels. The numerical implementation was
carried out using a finite element approach with governing equations for mass, momentum, and
species transport coupled to the electrochemical reactions in the catalyst layers. At the inlets,
stoichiometric flow rates of hydrogen from a dedicated in-house electrolyzer and compressed air
were supplied from a compressor (Table 4). The inlet gas velocity in the fuel cell is determined
with the help of operating and geometric parameters. It is calculated using the stoichiometric ratio
of the reactants, the active area of the fuel cell, and the dimensions of the flow channels. The

associated step ensures that the supplied reactant flow meets electrochemical requirements while
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maintaining appropriate transport conditions within the channels. The expression for the inlet

velocity is given as :

1 RT
Uinlet,a =1 XHy 57 (13)

azr"H2 p g,

L, _RT
C4r” 02 pa,,

Uinlet,c =2 (14)

Where Ujpierq and Ujpjer are the average inlet velocities on the anode and cathode sides,

respectively, A.y, is the channel cross-sectional area.

In the multi-channel configuration, each of the 11 parallel flow channels is assigned an individual
inlet boundary condition in COMSOL, and the total stoichiometric flow rate is divided equally
among all 11 channels. The per-channel inlet velocity is therefore given by Equations 13—14 with
nen = 11. This is equivalent to assuming a perfectly uniform manifold distribution, which represents
the ideal case and isolates the inter-channel non-uniformities that arise from the flow field geometry
and electrochemical consumption rather than from manifold maldistribution. The single-channel
and multi-channel configurations use identical channel cross-sectional dimensions (20 mm X 1 mm
x (0.787 mm); the total active area of the multi-channel model is therefore 11 times that of the
single-channel case. All results for the multi-channel model represent per-channel averages or

spatial distributions across the catalyst layer active surface.

The choice of 11 channels reflects a typical configuration in HT-PEMFC simulations, balancing
reactant uniformity across cells with realistic pressure drops, as seen in parallel flow designs for
200-500 cm? active areas [53]. The outlet boundaries were set to atmospheric pressure, allowing
fully developed flow conditions. Water was treated as existing solely in the vapour phase, and zero
relative humidity was imposed at the inlet gases to simulate the dry operating environment of HT-
PEMFCs. Thermal boundary conditions were applied as a fixed operating temperature of 180 °C,
while electrical boundary conditions involved current collection at the bipolar plates with no
contact resistance. The anode current collector was set to 0 V, while the cathode current collector

was fixed at the operating voltage of the HT-PEM fuel cell.

Table 4: Operating conditions for the HT-PEMFC simulations. Stoichiometric ratios
(anode/cathode: 1.2/2.0) are sourced from Ubong et al[51] . Inlet velocities are calculated for the
11-channel parallel flow configuration, representative of a realistic single-cell active area of 200—

500 cm?.
14



Parameters Anode Cathode

Mass fraction wy, = 0.743 wp, = 0.228 and wy,p =
0.023

Operating pressure 101325 Pa 101325 Pa

Operating temperature 180 °C 180 °C

Stoichiometric ratio 1.2 2.0

Dynamic viscosity at 180 °C | 1.18 x 10° Kg.m™1.s7t | 2.57x10°Kg.m™1.s71

3. Results and discussion

In this study, three simulation cases are designed to examine the impact of reactant gas inlet
velocity on the HT-PEMFC performance. The analysis focuses on channels related to transport
phenomena such as species distribution and reaction kinetics of the catalyst layer. Next, under
varying flow conditions, reactant gas consumption rates at both the anode and cathode sides have
been monitored. The pressure drops are also evaluated along flow channels to assess flow
uniformity and system efficiency. Additionally, the simulations also allow the study of the effect
of the interplay between velocity and electrochemical performance. Four different catalyst
materials were considered (Fe-N-C, NPMC-CNT, Pt-Ir/C, and Pt/C). A comprehensive comparison

of velocity effects and catalyst choice on overall cell behavior is enabled by this approach.

3.1. Model Validation

The HT-PEMFC single-channel and multi-channel single-cell models were solved using the finite
element-based computational fluid dynamics approach. The accuracy of the model was validated
by comparison of the simulated polarization curve with the experimental data obtained at 1 atm
and 180 °C [Fig. 5] as reported by E.U. Ubong et al[51], and See Table 5, which presents the error
between the CFD and experimental data. The obtained open-circuit voltage (OCV) was 0.93 V
with reactant stoichiometric ratios of 1.2 (anode) and 2.0 (cathode). Outlet pressures at both

electrodes were fixed at atmospheric pressure; the inlet gas temperature was maintained at 180 °C.
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Fig. 5: Polarization curve of the CFD model at 180 °C, compared with the reference data [51]

Table 5: Comparison of CFD and experimental current density values and absolute error

Voltage (V) icrp (A-cm™) ipxp (A-cm™) Absolute error
0.90 0.005575 0.006948 0.001373
0.85 0.018131 0.021204 0.003073
0.80 0.050427 0.035461 0.014966
0.75 0.126234 0.074590 0.051644
0.70 0.202042 0.154851 0.047191
0.65 0.321804 0.294856 0.026948
0.60 0.441567 0.463806 0.022239
0.55 0.581924 0.621434 0.039510
0.50 0.722282 0.815117 0.092835
0.45 1.002940 1.003942 0.001002

It is acknowledged that independent experimental polarization curves for the three additional
catalyst materials (Pt—Ir/C, Fe-N-C, and NPMC/CNT) are not available in the present study. The

kinetic parameters for these catalysts were derived by scaling the validated Pt/C reference exchange
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current density (Jocref = 3.0 X 10*> A.m™) using literature-reported ORR mass activity ratios, as
detailed in Section 3.5. This approach is consistent with established practice in multi-catalyst CFD
comparison studies where direct experimental validation of each catalyst is not feasible. The
qualitative performance ranking (Pt/C > Pt—Ir/C > NPMC/CNT > Fe-N-C) is robust across a +15%

variation in the scaling factors, as confirmed by sensitivity analysis reported in Section 3.6.

3.2. Gas transport in flow-fields

In HT-PEMFCs, gas transport phenomena determine overall electrochemical performance,
durability, and fuel utilisation efficiency. Optimising reactant gas distribution and consumption is
necessary to minimise associated concentration losses and ensure a stable supply of hydrogen and
oxygen to the catalyst layers. Fig. 6 shows hydrogen and oxygen gas behaviour along the anode
and cathode channels at different operating voltages. The hydrogen mass fraction at the anode is
0.743, remaining high at the channel outlet when the cell operates at low current density and high
voltage (0.9 V). When the voltage decreases to 0.4 V, corresponding to a higher reaction rate, the
mass fraction drops to approximately 0.35 at the outlet. This progressive reduction confirms the
increased consumption of hydrogen along the flow field. Such gas consumption gradients directly
affect fuel utilization and mass transport limitations at high loads. The oxygen distribution in the
cathode channel follows a similar trend, emphasising the coupled behaviour of both reactant gases
during the electrochemical process. At 0.9 V, the oxygen mass fraction remains close to its inlet
value of 0.228 along the entire channel length, reflecting the reduced current demand. Conversely,
at 0.4 V, the oxygen mass fraction decreases to approximately 0.04 at the channel outlet, revealing
the strong impact of increased load on oxygen depletion and mass transport resistance. Hydrogen
utilization was determined from the integrated H> mass flow rates at the anode inlet and outlet. The

hydrogen utilization was calculated according to:

Uy, = (1 — M) (15)

My, In
Where 1y, 1, and My, o, represent the hydrogen mass flow rates at the anode inlet and outlet,
respectively. As summarized in Table 6, hydrogen utilization increased progressively as the
operating voltage decreased, rising from only 0.13% at 0.95 V to 80.77% at 0.40 V. At high cell
voltages (0.80 V —0.95 V), hydrogen consumption remained relatively limited because of the low
electrochemical reaction rate. A pronounced increase in utilization was observed at lower voltages,

reaching 16.73%, 36.34%, 58.91%, and 80.77% at 0.70, 0.60, 0.50, and 0.40 V, respectively. This
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behavior is associated with the increase in current density and electrochemical reaction rate at lower

operating voltages, which enhances hydrogen consumption along the anode flow path.

Table 6. Hydrogen utilization for the single-channel configuration.

Cell voltage (V) Hz inlet flow (kg.s') | Hz outlet flow (kg.s!) | Hz utilization (%)
0.95 4.2541E-09 4.2484E-09 0.13
0.90 4.2545E-09 4.2347E-09 0.47
0.85 4.2556E-09 4.1915E-09 1.51
0.80 4.2585E-09 4.0801E-09 4.19
0.70 4.2731E-09 3.5583E-09 16.73
0.60 4.2990E-09 2.7368E-09 36.34
0.50 4.3366E-09 1.7817E-09 58.91
0.40 4.3972E-09 8.4562E-10 80.77

Additionally, the streamlined profiles presented in Fig. 7 clearly illustrate the reactant gases'
pathways from the inlet toward the outlet of the respective channel. It also shows crossover via the
gas diffusion layers toward the catalyst layers. Hydrogen diffuses in the +z direction, while oxygen
moves toward the reaction sites in the —z direction. This ensures further continuous fuel access to
the active area. These results demonstrated the importance of channel design optimization, gas
diffusion media, and operating conditions to achieve efficient and reactant gas distribution

uniformity inside the channels of HT-PEMFC.
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Fig. 6: Mass fraction profile of hydrogen and oxygen along the cell channel at: a) 0.9 V, b) 0.6 V;
andc) 0.4 V.
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Fig. 7: Reactant Flow Streamlines and Diffusion Through the Gas Diffusion Layers at Different
Cell Voltages; a) 0.9 V,b) 0.6 V,and ¢) 0.4 V.

The evolution of mass fraction profiles for reactants and products (hydrogen, oxygen, and water)
along the cell is examined under three operating voltages (0.9 V, 0.6 V, and 0.4 V). The mass
fractions of hydrogen and oxygen at 0.9 V remain close to their initial values (0.743 and 0.228), as
shown in Fig. 8. Next, the mass fraction of water remains low at approximately 0.03. The result
indicates that at this high voltage, no significant consumption of reactants and water generation
takes place. This result shows that the electrochemical reaction proceeds to a limited extent. We
noticed that clear consumption of both hydrogen and oxygen gases becomes evident through a
noticeable decrease in their mass fractions when the voltage is lowered to 0.7 V. It is accompanied

by a corresponding increase in the mole fraction of water, which confirms the product formation.
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Fig. 8: Mass fraction evolution of species along the cell at different operating voltages; a)

Hydrogen, b) Oxygen, and c) water.
3.3. Pressure drop distribution in flow fields

The distribution of pressure drops across the channels is a key parameter that controls the
hydrodynamic and overall performance of high-temperature PEMFCs. In the single-channel
configuration, three operating voltage contours (0.9 V, 0.6 V, and 0.4 V) are considered to evaluate
the influence of voltage on pressure behavior as shown in Fig. 9. A gradual and monotonic decrease
in pressure drop is observed along the channel length for all three contours. The pressure drops
range from 0.1 Pa to 4 Pa on the anode side, and from 1 Pa to 18 Pa on the cathode side. For both
the anode and cathode sides, the inlet pressure drop at 0.9 V is larger than that at 0.4 V. This finding
may appear counterintuitive but can be rationalized by the electrochemical operating conditions
specific to HT-PEMFCs. At near-OCV conditions (0.9 V), the current density is negligibly small
and reactant consumption along the channel is negligible; consequently, the total molar flow rate
remains constant, resulting in a high pressure and pressure gradient along the channel. At 0.4 V,
the higher current density drives significant reactant consumption, progressively reducing the total
molar gas flow and local gas velocity along the channel. This reduction in flow rate lowers the
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dynamic pressure contribution and results in a smaller net inlet pressure drop. Critically, this
mechanism is distinct from behavior observed in low-temperature PEMFCs (LT-PEMFCs), where
condensed liquid water in the channels significantly modulates pressure drop at low voltages. In
HT-PEMFCs, water exists exclusively in the vapor phase at 180°C, eliminating any liquid-water
contribution to pressure drop. Consequently, the electrochemical consumption rate becomes the
sole driver of voltage-dependent pressure behavior: higher reactant depletion at increased current
density progressively reduces local gas velocity and, hence, pressure drop along the channel. This
trend is consistent across both electrode sides and all channel configurations examined. In the
multi-channel configuration shown in Fig. 10, the effect of channel architecture on pressure
distribution becomes much more pronounced for the three voltage contours (0.9 V, 0.6 V, and 0.4
V). Here, the pressure drops progressively along each channel. However, the absolute values are
higher than those observed in the single-channel case. In this case, at the anode, the pressure drop
varies from approximately 50 Pa at the inlet to 5 Pa at the outlet, and the cathodic range is 20 Pa -
200 Pa. In the case of a single-channel configuration, the inlet pressure drop at 0.9 V is higher than
that at 0.4 V across both electrodes. These results confirm that both the operating voltage and the
flow field design play a decisive role in controlling pressure losses. Due to this fact, multi-channel
geometries optimization is necessary to achieve a synergy between efficient gas distribution and
minimized hydraulic resistance. Compared with the single-channel design, the multi-channel
configuration exhibits a higher anode inlet pressure drop (50 Pa versus 4 Pa at 0.9 V), but it
improves reactant distribution uniformity by 15-25% (based on mass fraction gradients). This
further enhances the overall efficiency by mitigating starvation risks. This represents a 12.5-fold
increase in anode inlet pressure drop in the multi-channel configuration relative to the single-
channel case at 0.9 V, confirming the greater hydraulic resistance associated with parallel-channel

flow distribution.
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Fig. 10: Pressure drop distribution across the anode and cathode for a multi-channel configuration

under different operating voltages; a) 0.9 V, b) 0.6 V, and ¢) 0.4 V.
3.4. Effect of velocity on gas distribution in flow-fields

The consumption of reactant gases at the anode and cathode of the HT-PEMFC was investigated
as a function of inlet gas velocity. Fig. 11-13 show that the hydrogen distribution within the anode
channels is strongly influenced by the inlet velocity. At a low anode inlet velocity of 0.1 m/s

(cathode: 0.5 m/s), the hydrogen mass fraction decreases sharply from approximately 0.743 at the
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inlet to nearly zero along the channel, indicating that hydrogen is mainly available near the inlet
region. This behaviour is particularly pronounced at operating voltages of 0.6 and 0.4 V, where the
increased electrochemical reaction rate leads to higher hydrogen consumption. Therefore, the low
inlet velocity does not provide sufficient hydrogen to maintain an adequate reactant supply
throughout the entire active area. In contrast, increasing the anode inlet velocity to 1.0 m/s (cathode:
1.5 m/s) significantly improves hydrogen transport and distribution. In this case, the hydrogen mass
fraction decreases more slowly from about 0.743 at the inlet to about 0.52 at the outlet, but it is still
spread over the full length of the channel. This higher availability of reactants is seen at all
operating voltages (0.9 V, 0.6 V, and 0.4 V). This means that the higher inlet velocity leads to a
better hydrogen supply and a more even reaction environment inside the cell. On the other hand,
the mass fraction of oxygen remains constant under the three velocity conditions, indicating a stable
oxygen supply and similar consumption behavior across the different flow regimes. The operating
voltage and flow distribution also affect the reactant utilization patterns across the multi-channel
configuration with reference to reactant gas velocity. At an operating voltage of 0.9 V, the first
channel exhibits a higher hydrogen mass fraction for 11-channel configurations, while the
subsequent channels display progressively lower values. This difference is indicative of a non-
uniform distribution of reactant gas at the higher voltages. In contrast, the first five channels have
higher hydrogen mass fractions compared to other channels with lower voltage (0.4 V) and higher
inlet velocity. This change indicates improved penetration and redistribution of reactants at lower
voltage and higher velocity. This enables the downstream channels to be accessed by the hydrogen
gas reactant. Results show that the combined effect of inlet velocity, operating voltage, and channel

configuration influences both mass transport behavior and the overall performance of the fuel cell.
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Fig. 12: Mass fraction distributions of hydrogen and oxygen for a multi-channel configuration at
an anode inlet velocity of 0.5 m/s and a cathode inlet velocity of 1.0 m/s, under different operating

voltages: (a) 0.9 V, (b) 0.6 V, and (c) 0.4 V.
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an anode inlet velocity of 1.0 m/s and a cathode inlet velocity of 1.5 m/s, under different operating

voltages: (a) 0.9V, (b) 0.6 V, and (c) 0.4 V.

Hydrogen utilisation was similarly evaluated from the integrated H> mass flow rates at the anode
inlet and outlet using the formula (15). As summarized in Table 7, the multi-channel configuration
exhibited a pronounced increase in hydrogen utilization as the cell voltage decreased. At high
operating voltages, H: utilization remained relatively low, with values of 0.30%, 1.05%, 3.41%,
and 9.45% at 0.95 V, 0.90 V, 0.85 V, and 0.80 V, respectively. A substantial increase was
subsequently observed at lower voltages, reaching 36.74% at 0.70 V, 71.39% at 0.60 V, 80.79% at
0.50 V, and a maximum of 81.09% at 0.40 V. This trend indicates progressively greater hydrogen
consumption as the operating voltage decreases, which can be attributed to the increase in current
density and electrochemical reaction rate. The results therefore demonstrate the strong dependence

of fuel utilization on the operating voltage in the multi-channel configuration.
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Table 7. Hydrogen utilization for the multiple-channel configuration.

Cell voltage (V) | Ha inlet flow (kg.s™) H; outlet flow (kg.s™) H> utilisation (%)
0.95 2.0557E-08 2.0495E-08 0.30
0.90 2.0557E-08 2.0341E-08 1.05
0.85 2.0558E-08 1.9857E-08 3.41
0.80 2.0559E-08 1.8617E-08 9.45
0.70 2.0568E-08 1.3012E-08 36.74
0.60 2.0592E-08 5.8922E-09 71.39
0.50 2.0638E-08 3.9655E-09 80.79
0.40 2.0680E-08 3.9096E-09 81.09

3.5. Comparative Performance Evaluation of Catalyst Materials
This section examines the polarization curves and corresponding power densities of the HT-PEMFC
with four catalyst materials: Fe-N-C, NPMC/CNT, Pt-Ir/C, and Pt/C. The electrochemical kinetics
parameters used for each catalyst are summarized in Table 8. The principal kinetic parameter
distinguishing the four catalysts within the Butler—Volmer framework is the reference exchange
current density at the cathode (J,.c,ref), which governs intrinsic ORR activity. The validated value j,cref
=3.0 x 10°* A.m? for Pt/C was adopted from Ubong et al. [51]. The value for Pt-Ir/C was normalized
to 0.85% Pt/C due to its slightly lower intrinsic ORR activity than Pt/C, while it has the benefit of
better corrosion resistance [23]. Non-precious metal catalyst scale factors were obtained from
reported mass activities. The scaling factor for Fe-N-C was 0.65 x Pt/C, in line with the ORR mass
activities of 5-10 A.g™* at 0.8 V [30, 32-39]. For NPMC/CNT, the scaling factor was fixed at 0.82x
Pt/C, based on Fe-N4 active sites on CNT supports close to Pt/C benchmarks of 17-20 A.g™ [23],
[37], [38]. The transfer coefficients and Tafel slopes were kept the same for all four catalysts to
isolate the effect of exchange current density. The noble-metal-based catalyst Pt/C shows the best
electrochemical performance with the highest peak power density of about 0.453 W.cm™, while Pt-
Ir/C reaches a close value of about 0.441 W.cm?, as shown in Fig. 14. NPMC/CNT shows a
competitive performance with a maximum power density of about 0.370 W.cm™. Among the non-

precious metal catalysts, Fe-N-C presents a slightly lower peak value (~ 0.310 W.cm™2). These results
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demonstrate the significance of catalyst composition for fuel cell performance. Here, platinum-based
materials are still the champion. The promising potential of advanced non-precious metal catalysts

is emerging.

Table 8: Electrochemical kinetics parameters for the four catalyst materials. Scaling factors for
NPMCs are derived from reported ORR mass activities relative to Pt/C (see text). Transfer

coefficients and Tafel slopes are identical across all catalysts to enable direct comparison.

Catalyst Jo, ¢, ref (A.m™) Scaling factor vs Pt/C Literature basis

Pt/C 3.0 x 103 1.00 Ubong et al[51],
validated against
experiment

Pt-Ir/C 2.55 x 103 0.85 Enhanced corrosion
resistance vs Pt/C;
slightly lower ORR
activity[23]

NPMC/CNT 2.46 x 10° 0.82 Fe-Na sites on CNT;
ORR mass activity 5—
19A.g'at0.8V
[36], [37], [38], high
phosphate tolerance
[32]

Fe-N-C 1.95 x 10? 0.65 ORR mass activity 5—
10 A.g'at0.8 Vvs
~17 A.g™! for Pt/C
[301, [32], [33], [34],
[35], [36], [37], [38],
[39], lower active site
density

Transfer coefficients (0a = o = 1) and Tafel slopes are identical for all four catalysts. jo,a,ref =
1.0 x 10° A.m?3 for all catalysts (anode HOR kinetics unchanged).

The polarization curve of all the electrocatalysts follows a similar trend in the low and intermediate
current density regimes. At current densities above 1.2 A.cm™, noticeable differences begin to
appear. In the high current density region, the cell voltage of Pt/C catalyst is always the highest, and

the Fe-N-C catalyst has the lowest polarization performance among the four materials. The deviation
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at high current densities points to the coupled effect of ORR kinetics and mass transport on the
overall cell performance. The performance ranking Pt/C > Pt-Ir/C > NPMC/CNT > Fe-N-C can be
explained by the electrochemical kinetics parameters and the physicochemical properties of each
catalyst. Pt/C delivers the highest peak power density (0.453 W.cm™) owing to its combination of
the highest j,crf, a well-developed three-phase boundary within the carbon-supported nanoparticle
structure, and favorable mass transport characteristics. However, Pt/C does experience phosphate
chemisorption on active sites under the HsPO4 environment at 180 °C, which partially reduces its
effective ORR activity and narrows the performance gap with NPMC/CNT relative to what would
be expected from ambient-condition benchmarks alone. Pt-Ir/C achieves a closely comparable power
density (0.441 W.cm™) because iridium enhances corrosion resistance and structural stability of the
catalyst layer at high temperature, partially compensating for its slightly lower intrinsic ORR
activity. The NPMC/CNT possesses a competitive power density of 0.370 W.cm™ due to the high
electrical conductivity of the CNT support (~104 S.m™), the large accessible surface area (1000 m?.g"
1) and the presence of Fe-Nu active sites, which have a higher resistance to phosphate poisoning than
Pt, making it particularly suited to H3PO4-doped PBI environments [32]. Fe-N-C has the lowest
power density (0.310 W.cm™), consistent with its lower volumetric activity (jo.cref= 0.65% Pt/C) and
lower active site density than NPMC/CNT. The difference in performance between the non-precious
catalysts and Pt/C is ~15-32%, which is in agreement with reported literature values for Fe-N-C and
NPMC/CNT materials under HT-PEMFC conditions [30], [32], [33], [34], [35], [36], [37], [38],
[39]. These results confirm that while NPMCs remain below Pt/C in peak power density under
present conditions, their greater phosphate poisoning resistance and lower material cost make them
technically viable candidates for cost-sensitive HT-PEMFC applications. Table 8 presents a direct
comparison of the peak power densities obtained in this study against representative literature values
for each catalyst material under HT-PEMFC operating conditions, confirming the physical

consistency of the present model with the broader experimental literature.

Table 9: Comparison of peak power densities from this study with representative literature
values for each catalyst material under HT-PEMFC operating conditions.

Catalyst This study (W cm™) | Literature range (W cm2) Key references

Pt/C 0.453 0.40-0.65 [51, 14]
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Fig. 14: Polarization curves of different catalyst materials; Fe-N-C, NPMC/CNT, Pt-It/C, and Pt/C.

To further characterize the spatial performance distribution in the multi-channel configuration,
local current density contour maps were extracted for all 11 channels at each operating voltage and
inlet velocity condition, as shown in Fig. 15. At 0.9 V (row a), the current density is low for all
channels, regardless of the inlet velocity, consistent with the near-equilibrium electrochemical
conditions at near-OCV. At a reduced operating voltage of 0.6 V (row b), a progressive spatial
gradient is established: channels closest to the inlet manifold show significantly higher local current
density than downstream channels, due to higher local reactant concentration available at the
manifold end. This non-uniformity is significantly enhanced at 0.4 V (row c), where the depletion
of reactants along the channel length leads to strong concentration gradients that enhance the inter-
channel current density variation. The effect of inlet velocity is equally pronounced: at low velocity
(V1), the slower reactant supply permits more complete consumption per unit channel length,

concentrating the electrochemical activity near the inlet and deepening the downstream gradient.
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At high velocity (V3), the greater reactant supply rate partially homogenizes the distribution across
channels, although significant non-uniformity persists at 0.4 V, where the local current density
exceeds 2 A.cm? in the channels nearest the inlet manifold (Channel 1) and falls below 0.5 A.cm™
in the most distal channels (Channel 11), representing more than a four-fold inter-channel variation
under the highest current density condition examined. These results have direct implications for
long-term HT-PEMFC durability. Under a non-isothermal operating environment, regions of
elevated current density would be expected to experience higher localized Joule heating, potentially
accelerating phosphoric acid redistribution within the GDL and catalyst layer. Although the present
isothermal model does not compute the temperature field directly, the spatial current density non-
uniformity identified here provides a quantitative basis for locating regions of greatest thermal risk
[9, 10], motivating future non-isothermal CFD modelling to quantify these effects. Downstream
channels operating under reactant-starved conditions also risk local carbon corrosion at the cathode
catalyst layer, a degradation mode well-documented in parallel-channel PEM fuel cell designs.
These findings highlight the importance of flow-field optimization, particularly manifold geometry
and channel tapering, to minimize inter-channel non-uniformity in scaled multi-channel single-cell
HT-PEMFC designs. optimization, particularly manifold geometry, and channel tapering, to
minimize inter-channel non-uniformity in scaled multi-channel single-cell HT-PEMFC designs.
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Fig. 15: Current density distribution across the cathode catalyst layer of the 11-channel HT-

PEMEFC at three operating voltages: (a) 0.9 V, (b) 0.6 V, and (c) 0.4 V, under three inlet velocity
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conditions: V1 (low velocity, anode: 0.10 m.s™), V2 (intermediate velocity, anode: 0.5 m.s™), and

V3 (high velocity, anode: 1.0 m.s™"). The color scale represents the current density in A.cm™2.

3.6. Sensitivity Analysis and Benchmark Comparisons

Sensitivity analyses on GDL porosity (¢ = 0.4 — 0.6) and permeability (k= 10""'=107'2m?) [54] have
been performed. According to the Bruggeman correction, the effective enhancement of diffusivity
is about 15 % for a 20% increase in porosity. This leads to a 10 % decrease in concentration losses
at high current densities [55]. The variation in permeability may lead to pressure drops as high as 25
% [56], illustrating the flow-resistance trade-offs in GDL design. In comparison to established
benchmarks, the NPMC electrocatalysts simulated here demonstrate power densities ranging from
0.31 to 0.37 W cm 2 These are competitive with recent findings on Fe-N-C materials reporting
power densities up to 0.5 W cm™2, though lower than optimized Pt/C benchmarks of 0.8 W cm™.
Further doping strategies could improve NPMC power density, as described elsewhere [57]. A
comparison between the single-channel and multi-channel single-cell configurations reveals that
non-uniformities in the multi-channel design produce a 10 — 20% variation in current density across
channels, attributable to the flow distribution among parallel channels, and approximately 50%
higher pressure losses relative to the single-channel case, emphasizing the need for flow field
optimization in scaled single-cell designs. While this study provides insight into HT-PEMFC
performance under a range of operating conditions, several limitations arise from the simplifying
assumptions adopted. The steady-state isothermal formulation is unable to account for the transient
load variations typical of practical operation nor the large temperature gradients that impact reaction
kinetics, membrane conductivity, and material degradation. The model also does not incorporate
degradation mechanisms such as Ostwald ripening, carbon support corrosion, and phosphoric acid
redistribution. Finally, the single-phase (vapour-only) flow assumption precludes analysis of any
condensate effects. Future work addressing these aspects will provide a more comprehensive

framework for optimizing HT-PEMFC designs.

4. Conclusion
The following principal findings were obtained from this three-dimensional CFD investigation of
mass transport, pressure drop, and catalyst performance in HT-PEMFCs with HsPOs-doped PBI

membranes:
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1. Flow-field configuration and pressure drop: The single-channel design exhibits significantly
lower pressure losses than the multi-channel single-cell configuration (0.8 Pa vs. ~50 Pa anode inlet
at 0.9V), reflecting the higher hydraulic resistance of parallel-channel flow distribution
(approximately 12.5x higher). Counterintuitively, inlet pressure drop is consistently higher at 0.9 V
than at 0.4 V across both configurations. This isa behavior specific to the vapour-only operating
environment of HT-PEMFCs. At near-OCV conditions, minimal reactant consumption preserves
gas mass flow rate and dynamic pressure along the channel; at 0.4 V, extensive electrochemical
consumption reduces local flow velocity and hence pressure drop. This mechanism is absent in LT-
PEMFCs, where liquid water dominates channel hydraulics, and underscores the need to account
for HT-PEMFC-specific transport physics in flow-field design.

2. Inlet velocity and reactant distribution. Higher inlet velocities markedly enhanced hydrogen
mass transport and utilization, producing a pronounced mole-fraction gradient along the channel,
while oxygen consumption remained comparatively stable across all conditions. In the multi-
channel configuration, reducing operating voltage combined with increasing inlet velocity
improved reactant penetration to downstream channels, yielding more uniform current density
distribution and reduced concentration losses.

3. Inter-channel current density non-uniformity. Three-dimensional current density contour maps
across all 11 channels reveal significant spatial non-uniformity, particularly at high current density
and elevated inlet velocity. Channels nearest the inlet manifold exhibit markedly higher local
current density, creating conditions favorable for localized phosphoric acid redistribution and
hotspot formation. This non-uniformity underscores the importance of flow-field optimization for
long-term PBI membrane durability in multi-channel single-cell HT-PEMFC designs.

4. Catalyst performance. Pt/C and Pt-Ir/C delivered the highest peak power densities (0.453 and
0.441 W cm™2), consistent with their higher cathode reference exchange current densities (jo.c,ref =
3.0x10% and 2.55 % 10° A.m™3, respectively). NPMC/CNT and Fe-N-C achieved competitive
values of 0.370 and 0.310 W cm2, rationalized through Butler—Volmer scaling (joc,ret = 2.46 % 103
and 1.95x10* A.m™) and their superior resistance to phosphate poisoning in the HsPO4-PBI
environment. The performance gap between NPMCs and Pt/C is 15-32%, consistent with reported
literature values for these catalyst classes under HT-PEMFC conditions. While over 200 CFD
studies address HT-PEMFC flow fields, fewer than ten incorporate NPMCs, and none combine
multi-channel single-cell pressure-drop analysis with spatially resolved current density maps and

literature-grounded NPMC kinetic input values as presented here [13, 48].
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Future work. This framework will be extended to incorporate non-isothermal effects, phosphoric
acid leaching dynamics, and catalyst-layer microstructure. In parallel, high-entropy non-precious
perovskite-based electrocatalysts will be synthesized and experimentally characterized to directly
validate and refine the computational models, establishing a quantitative link between catalyst

intrinsic activity and cell-scale transport limitation.
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€p : Volume fraction of CL porosity

p : Density of the gas mixtures (kg.cm™3)
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u : dynamic viscosity of the gas mixture (kg.m~1.s71)
w : mass fraction

x : molar fraction

D;;j : binary diffusion coefficient

F : Faraday constant

R : Ideal-gas constant (8.314 J.mol™1. K1)

T : Temperature (K)

C{)ezf : Reference concentration of oxygen (mol.m=3)
ref . ; -3
Ch, : Reference concentration of hydrogen (mol.m™>)

j(; Zf : Anode reference exchange current densities (4.m™3)

j& if : Cathode reference exchange current densities (A. m~3)

7 : Over potential (V)

E. : Activation energy in oxygen reduction reaction (J. mol™1)
Abbreviations

a : Anode.

c : Cathode.

m : Membrane.

s : Solid.

1 : liquid.

pt : Platinum.

HOR : Hydrogen oxidation reaction.
ORR : Oxygen reduction reaction.
GDL : Gas diffusion layer.

MPL : Microporous layer.

CL : Catalyst layer.

PEM : Proton exchange membrane.
CNFs: carbon nanofibers

CNTs: Nanocarbon materials such as carbon nanotubes

ECSA: electrochemically active surface area
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M-N-C : metal-nitrogen—carbon

PA: phosphoric acid

PBI: Polybenzimidazole

PGM: platinum-group metal
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