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A B S T R A C T

This study presents a detailed three-dimensional computational fluid dynamics (CFD) model of a single high- 
temperature proton exchange membrane (HTPEM) fuel cell, serving as an initial step towards the comprehen
sive modelling of a complete liquid-cooled fuel cell stack. The modelling framework is built to capture the 
complex interactions between fluid flow, heat transfer, and electrochemical reactions within the cell. Key aspects 
such as temperature distribution, pressure drop through channels, differential pressure across the MEA and 
current density distribution are analysed to understand their impact on cell performance. Results show that the 
cathode flow-fields design may simultaneously affect the fluid dynamics (pressure drop), MEA structural 
integrity and electrochemical performance of the cell.

1. Introduction

Since its early application [1–7], high-fidelity CFD modelling has 
been recognised as a powerful tool for the design and optimisation of 
PEM fuel cells. Recent literature surveys have identified 90+
Scopus-indexed publications on this topic in the 2021–2023 period only 
[8], thus confirming its relevance among the fuel cell research com
munity. Although most of the available studies are oriented towards 
low-temperature PEM (LTPEM) applications, a significant number of 
CFD investigations of high-temperature PEM (HTPEM) fuel cells can be 
found in the scientific literature as well [1,5,6,9–22]. Compared to 
LTPEM, CFD modelling of HTPEM fuel cells has both advantages and 
additional challenges. Within the first category, we can list [12,21,23]: 
i) the absence of liquid water transport; ii) simplified electrochemistry 
modelling; iii) more straightforward temperature-dependent protonic 
conductivity definition in the MEA domain(s). On the other hand, the 
accurate description of heat generation and thermal fluxes is crucial, 
both during cold start-ups as well as at rated power operation [13,16,
18].

The present work originates from the POR-H2 project, which has 
received funding from NextGeneration EU and the Italian Government 

for the development of R&D initiatives in the hydrogen production, 
transportation/storage and conversion topics. More specifically, this 
study covers the topic of the optimal HTPEM fuel cell stack design, with 
a special focus on the cathode flow-fields (gas channels). Previous CFD- 
based contributions on the HTPEM flow-fields design can be summar
ised as follows: Lobato et al. [6] compared three different cathode 
flow-fields geometries, neglecting explicit modelling of the anode side 
and showing that the 4-step serpentine and pin-type geometries perform 
significantly better than a straight-channel configuration. Falcucci et al. 
[10] took Lobato et al.’s geometries and added a triple-serpentine 
layout, analysing the fluid-dynamic performances of the four configu
rations in terms of pressure drop and reactants distribution over the 
active area. Xia et al. [19] focused on the channel-to-rib width ratio 
(CR), assuming a simplified single-channel domain both on the cathode 
and anode sides and finding an optimal CR range between 1 and 2. 
Varghese et al. [20] performed a combined CFD-FEM investigation of a 
single-channel HTPEM geometry, finding that the adoption of CR values 
above 1 might be impaired under severe GDL compression scenarios. 
Chowdhury and Gladen [22] analysed fluid dynamics of the cathode 
flow-fields for a total of 12 configurations (1 reference 4-channel 
serpentine plus 4 alternatives and their sub-pattern variations), 
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neglecting electrochemistry and concluding that the baseline 4-channel 
serpentine performs best at high load conditions, while using parallel 
pin-type or dual-triangle sandwich designs might be beneficial at 
reduced load conditions.

Compared to the literature survey listed above, the present study 
adds the following elements of novelty: i) full three-dimensional fluid 
dynamics and electrochemistry modelling of a single cell HTPEM as
sembly, including both cathode and anode electrodes; ii) consideration 
of 4 different serpentine-type cathode flow-fields and their effects on 
pressure drop, MEAstructural integrity and current density distribution; 
iii) inclusion of design and manufacturing constraints, based on the full 
HTPEM stack experimental activity expected within the HTPEM topic 
research plan under the POR-H2 funding. The remainder of the paper is 
organised as follows: in Section 2, the modelling framework and main 
geometrical features of the cell assembly are listed; Section 3 collects the 
main findings of the proposed computational analysis, while in Section 4
conclusions and future perspectives are briefly discussed.

2. Methodology

In this section, the governing equations and geometrical details for 
the full HTPEM cell model are presented. A first sub-section is dedicated 
to the physics and electrochemistry implemented in the cell model. The 
second sub-section is focused on the description of the cell assembly as 
well as on the different cathode design alternatives. Further details 
about the numerical set-up and boundary conditions will be given in 
Section 3.

2.1. HTPEM fuel cell model description

The HTPEM working principle is based on the classical oxy-reduction 
reactions of hydrogen and oxygen are considered at the anode and 
cathode, respectively: 

H2 → 2H+ + 2e− (1) 

4H+ +4e− +O2 +N2 → 2H2O + N2. (2) 

Note that N2 is considered in Eq. (2) since, at the cathode side, the 
oxidant is air and not pure oxygen. The modelling framework here 
presented is based on the following fundamental assumptions. 

• due to the high temperatures (T > 100 ◦C), the water produced by 
the cathode reaction is considered to be in vapour phase;

• reactant gases (and water vapour) are considered ideal;
• due to the relatively low Reynolds number, the flow of all the species 

is considered in laminar conditions;
• gas diffusion layer and the catalyst layer are assumed to be homo

geneous and isotropic;
• the membrane allows only for H+ ions to pass from anode to cathode 

side.

2.1.1. Charge conservation
To solve the charge conservation, an electrochemistry model of 

anodic and cathodic reactions and ion transport is needed. For this 
purpose, two different potential fields are defined through their 
respective transport equations: 

∇ ⋅ (σe∇ϕe)+ Se =0 (3) 

∇ ⋅
(
σp∇ϕp

)
+ Sp =0, (4) 

where σp and σp are the material effective electronic and protonic con
ductivities (S/m), ϕe and ϕp are the electric and protonic potentials (V) 
and Se and Sp are the charge source terms (A/m3) which are defined 
differently at the anode and cathode sides.

The source terms in Eqs. (3) and (4), can be written as a function of 
the volumetric current density generated at the anode (ja

)
and cathode 

(jc) catalyst layer: 

Se = − ja (5) 

Sp = ja (6) 

Se = jc (7) 

Sp = − jc, (8) 

where Eqs. (5) and (6) hold in the anode catalyst layer, while Eqs. (7) 
and (8) hold in the cathode catalyst layer. The exchanged current den
sity, ja and jc, can be evaluated using the Butler-Volmer equation: 

ja =
(

ζairefa
[C]a[
Cref
]

a

)γa
(

eαaF
ηa
RT − e− αcF

ηa
RT

)

(9) 

jc =
(

ζcirefc
[C]c[
Cref
]

c

)γc
(

eαcF
ηc
RT − e− αaF

ηa
RT

)

, (10) 

where ζ [1/m] is the specific active surface area defined as the ratio 
between the surface and volume of the catalyst layer, iref [A/m2] is the 
reference exchange current density, [C] [kmol/m3] are the local species 
concentrations. The γ and α exponents are the concentration and ex
change coefficients, respectively, while ηa and ηc are the anodic and 
cathodic overpotentials. Finally, F, R and T, are the Faraday constant, 
the ideal gas constant, and the absolute temperature.

The reference exchange current density iref , can be explicitly 
computed as follows 

iref = iref0 e
−

Ea
R

(
1
T−

1
T0

)

(11) 

where Ea is the activation energy, iref0 is the exchange current density 
evaluated at the reference absolute temperature T0. For the estimation of 
overpotentials ηa and ηc, the following equations hold 

ηa =ϕe − ϕp (12) 

ηc =ϕe − ϕp − Voc (13) 

where Voc is the open circuit voltage on the cathode side.

2.1.1.1. Mass and momentum conservation. For all the gaseous fluid 
flows, the steady state mass conservation equation reads as follows: 

∇ ⋅ (ρ u) = Sm (14) 

Where u is the velocity vector, ρ is the mass density evaluated as the 
weighed mass density of each species with respect to the mass fraction of 
each species, and Sm is the mass source term. Together with the mass 
conservation, the momentum equation holds: 

1
ε2∇ ⋅ (ρu u) = − ∇p +∇⋅̃τ + Su, (15) 

where ε is the porosity of the GDL, MPL or CL, p is the pressure, ̃τ is the 
viscous stress tensor and Su = μ/k is a source term related to the dynamic 
viscosity μ and the permeability coefficient k of the GDL, MPL and CL. 
Note that the function of the GDL and MPL layers in the model is the 
same, namely to distribute the reactants towards and remove the 
products from the CLs. To bridge the transition between the GDL and the 
CL, the structural properties of the MPL (porosity and permeability) are 
intermediate between the two. The source term Sm in the continuity 
equation is zero everywhere, with the exception of the CL, where elec
trochemical reactions take place. At the anode side hydrogen is 
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consumed to produce H+, while at the cathode side the oxygen is 
consumed to produce water. The separate mass source terms can be 
computed as follows: 

SH2 = −
PMH2

2F
ja (16) 

SO2 = −
PMO2

4F
jc (17) 

SH2O =
PMH2O

2F
jc, (18) 

where PM is the molecular weight of each species and F is the Faraday 
constant. To ensure closure in the mass conservation equation, the mass 
conservation equation of each species should be considered 

∇ ⋅ (ερuxi)= ρDeff
i ∇xi + Sm,i (19) 

where i is the i-th species, xi, is the mass fraction of the species and 
Sm,i is one of the source terms from Eqs. (16)-(18), and Deff

i is the 
effective diffusion coefficient of the i-th species in gaseous form. 
The latter is evaluated through a full multicomponent diffusion 
assumption, Eq. (20), where the term ε1.5 accounts for the porous 
media tortuosity, while Dij and Dk,ij are the i-th species multicom
ponent mass diffusivity and Knudsen diffusivity, respectively. 

Deff
i =

ε1.5

1
Dij
+ 1

Dk,ij

(20) 

Fig. 1. Cell geometry. (a) Exploded view of the entire computational domain. The domain is composed of a pair of electrodes or BPs (light grey), GDLs (dark grey), 
micro-porous layers (MPLs, green), and catalyst layers (CLs, red). The central section of the domain is occupied by the PEM (black). (b) Frontal view of the anode 
(left) and one of the cathode (right) channel configuration (D4). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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2.1.2. Energy conservation
The last conservation equation represents the conservation of en

ergy: 

∇ ⋅ (u(ρE+ p))=∇ ⋅

(

λeff∇T −
∑

i
hiJi + τ̃ ⋅ u

)

+ Sh (21) 

where E is the energy content of the gas mixture, λeff is the effective 
thermal conductivity of the gas in a porous media, hi and Ji = Di∇xi 
are the enthalpy and the flux vector of the i-th species, respectively. 
Finally, Sh is the thermal source due to the irreversibilities in the 
electrochemical reactions.

Discretization and solution of all the governing equations is per
formed through the Finite Volume Method (FVM) within the ANSYS® 
Fluent CFD code, using a second-order steady-state solution scheme with 
coupled pressure-velocity correction [24,25].

2.2. Geometries

Fig. 1(a) shows a detailed representation of each part of the 
computational domain, while in Table 1 the overall size and geometry 
details of the single cell MEA and BPs are provided. Note that the MEA 
characteristics are derived from the BASF Celtec® P1100W MEA [26], 
which is going to be used in the upcoming POR-H2 experimental ac
tivity. For the flow-fields design, a total of four cathode configurations 
and a single anode configuration have been considered (see Table 2). 
The cathode design alternatives include triple (D1-D3) and 6-step (D4) 
serpentine channels, with different cross sections and 
channel-to-rib-ratios, while the anode design is a triple serpentine with a 
0.49 mm2 single channel square cross-section.

The serpentine-like design pattern was selected as it is generally 
known to be a good compromise between pressure drop and reactant 
distribution efficiency. The variation range of the channel and rib 
geometrical parameters follows manufacturing constraints, set up by the 
facility that will produce the graphite-based BPs needed for the POR-H2 
experimental campaign. Finally, the serpentine arrangement allows for 
all design variants provision for cooling channels in the full cell stack 
configuration.

3. Results & discussion

3.1. Reference polarisation curve

To correctly reproduce the polarisation curve of the Celtec® P1100W 
MEA, the parameters included in Eqs. (9) and (10) must be calibrated 
against single cell data with similar serpentine-type channels and under 
relevant operating conditions. For this purpose, the triple-serpentine 
configuration modelled in Ref. [21] and experimentally investigated 
in Ref. [5] has been taken as a reference and compared against the D1 
cell design. The cell operating conditions are reported in Table 3, where 
the reference current density im is used to calculate the reactants inlet 
massflows according to the equation: 

ṁi =
ξiMi

Fni
imA (22) 

where M is the molecular weight, F is the Faraday constant and n is the 
oxi-reduction reaction coefficient (nH2 = 2 and nO2 = 4). Note that Eq. 
(21) is valid only for pure hydrogen and oxygen streams and thus has to 
be adjusted for the actual reactant composition.

The electrochemistry parameters used by the ANSYS® Fluent PEMFC 
model are shown in Table 4, where the value of the protonic conduc
tivity has been calculated at the cell’s nominal temperature according to 
the equation proposed in Ref. [21].

In terms of numerical boundary conditions, massflow inlets and 
pressure outlets are imposed at the gas channels inflow/outflow 
boundaries. All external walls are treated as adiabatic, except for the 
anode/cathode terminals where a constant temperature equal to the 
cell’s nominal operating temperature is set. A total of 4 computational 
grids have been evaluated for the spatial discretization of the D1 ge
ometry, ranging from 3.8 M to 8.5 M cells. Details from the coarsest and 
finest generated meshes are given in Table 5, highlighting a +120 % 
increase in the element count, as well as a − 20 % and − 95 % (a factor of 
20) decrease in the minimum and maximum cell volumes, respectively. 
Fig. 2 gives a visual representation of the coarsest and finest refinement 
in the cathode oxidant channels.

To check if the coarsest mesh level is enough for a good represen
tation of the fuel cell key performance parameters, a side-by-side com
parison has been made with the finest mesh. Fig. 3 displays current 
density and cathode pressure drop results, for a cell rated voltage of 0.5 

Table 1 
HTPEM numerical domain size.

Parameters Description Value

A MEA active area 45 cm2 (6.72 × 6.72)
ABP BP area included in the domain 49 cm2 (7 × 7)
HBP BP thickness 4 mm
HCL CL thickness 10 μm
HGDL GDL thickness 350 μm
HM Membrane thickness 75 μm
HMPL MPL thickness 65 μm

Table 2 
Flow-fields design alternatives.

Parameters Description D1 (3x) D2 (3x) D3 (3x) D4 (6x)

CRc Channel/rib 
ratio (cathode)

1.6 2.4 3.25 2.4

CRc/CRa – 1.07 1.6 2.17 1.6
Sc Cathode 

channel section
0.56 
mm2 

(0.8 ×
0.7)

0.84 
mm2 

(1.2 ×
0.7)

0.91 
mm2 

(1.3 ×
0.7)

0.84 
mm2 

(1.2 ×
0.7)

Sc,tot Cathode total 
section

1.68 
mm2

2.52 
mm2

2.73 
mm2

5.04 
mm2

Sc,tot/Sa,tot – 1.14 1.73 1.81 3.42

Table 3 
Reference cell operating conditions.

Parameters Description Anode Cathode

im Reference current density 1 A/cm2

ξ Reactants stoichiometry 1.2 (H2) 2 (air)
RH Relative humidity 

(ambient)
10 % 30 %

ṁ Inlet mass flows 5.75 × 10− 7 kg/s 3.25 × 10− 5 kg/s
Tn Cell nominal temperature 160 ◦C
pout Reactants outlet pressure 1 atm
Tin Reactants inlet temperature 120 ◦C

Table 4 
Electrochemistry parameters used in the simulations.

Parameters Description Anode Cathode

iref0
Ref. Exchange current density 2200 A/m2 0.0033 A/m2

ζ Specific active surface area 107 2 × 107
[
Cref ] Reference molar concentration 0.04088 kmol/ 

m3
0.04088 kmol/ 
m3

γ Concentration exponent 0.5 1
αa Exchange exponent (anode) 0.5 0.45
αc Exchange exponent (cathode) 0.5 0.45
V0 Reversible potential 0 V 1.152 V
ΔS Entropy of formation 0 J/kmolK − 44330 J/ 

kmolK
σp Membrane/CL protonic 

conductivity
8.65 S/m
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V. For both parameters, the difference between the two meshes is within 
4 %, thus confirming that the coarsest level is an acceptable compromise 
between accuracy and computational efficiency. Simulations reported 
from now on are all performed at the coarsest mesh level, for all the 
considered cell designs.

The polarisation curve sweep is performed changing the cell voltage 
at constant reactants mass flow rates.

Fig. 4 shows the comparison between the D1 polarisation curve and 

the reference from literature. There is a very good agreement in the 
ohmic losses region, while there are some discrepancies in the activation 
losses region at low current densities.

Overall, the model behaviour is satisfactory, considering the actual 
differences between the D1 design and the reference. More in details, the 
reference cell is smaller (25 cm2 vs 45 cm2) and features larger cathode 
channels; the currently investigated layout therefore exhibits a longer 
reactant path and slightly higher activation losses at very low current 
densities (<0.15 A cm-2). Nevertheless, these geometric differences do 
not influence the accuracy of the model in the voltage range of practical 
interest. Indeed, HTPEM stacks commonly operates at a rated cell 
voltage around 0.5–0.6 V [26], which is well into the ohmic region 
where the deviation between numerical results and experimental 
reference is less than 2 %.

3.2. Effects of cathode flow-fields design

For a thorough comparison between the four proposed cathode 

Table 5 
Details of the coarsest and finest D1 meshes.

D1 - Coarsest D1 - Finest

Total n. of elements 3835274 8536577
Tetras 87.5 % 84.4 %
Hexas 11 % 14.4 %
Pyramids 1.5 % 1.2 %
Min. Element volume 1.12 × 10− 8 mm3 8.83 × 10− 9 mm3

Max. Element volume 1.37 × 10− 3 mm3 2.45 × 10-4 mm3

Fig. 2. Coarsest vs. Finest D1 mesh details. (a) domain cut-out; (b) coarsest mesh; (c) finest mesh.

Fig. 3. Coarsest vs. Finest D1 mesh comparison. (a) MEA current density and (b) pressure drop at the cathode flow-fields.
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designs, the reference case has been slightly modified, to better resemble 
actual thermal management at rated operating conditions. Specifically, 
instead of the uniform fixed temperature BC, a simplified cooling ramp 
has been imposed at the anode/cathode terminals (Fig. 5). The ramp 
assumes a 5 ◦C coolant temperature difference and an average coolant 
temperature of 155 ◦C, thus 5 ◦C below the nominal cell temperature. All 
other simulation parameters are as already listed in the previous sub- 
section, while the comparison has been made at a rated cell voltage of 
0.5 V.

3.2.1. Pressure distribution in flow-fields
A fundamental output parameter from the simulations is the flow- 

fields pressure distribution, which is crucial for the cell efficiency 
(pressure drop within the channels) and the MEA structural integrity 
(local differential pressure acting on the membrane).

Fig. 6 shows cathode-side pressure drops and cathode vs. anode 
pressure drop ratios. The D1 case produces a cathode pressure drop 
around 0.26 bar, which is about 10 times higher than the equivalent 
pressure drop at the anode side and is not acceptable at the given flow 
rates. To achieve comparable pressure drops at the cathode and anode 
sides, the overall gas passage section should be at least 3 times larger at 
the cathode (D4).

For the evaluation of the differential pressure, a membrane integrity 
index (MII) has been defined as follows: 

MII=
pcat − pan

0.13⋅105 (23) 

where pcat is the local pressure at the membrane-CL interface on the 
cathode side, pan is the average pressure acting on the membrane on the 
anode side and 0.13 bar is the maximum local differential pressure 

allowed for the safe operation of the Celtec® P1100W MEA.
To preserve the membrane integrity, the MII value must be well 

below unity across the membrane surface. Fig. 7 shows the MII contour 
distribution for all cathode designs, highlighting critically high MII 
values on a large portion of the membrane area for the D1 case. For D2 
and D3 there is a significant reduction in the MI average magnitude, but 
the maximum values are still too close to 1 (~0.8) for a safe MEA 
operation. On the other hand, the D4 design guarantees very low MII 
values (below 0.4) on the whole membrane surface.

Current flux density distribution & polarisation curves.
Fig. 8 shows the average current density and the current density 

uniformity index (UI) for the four considered designs.
The UI index represents how a specified field variable varies over a 

surface, where a value of 1 indicates the highest uniformity [24,25]. 
Fig. 8(a) highlights a higher current output for D1, but the analysis of 
Figs. 9 and 10 indicates that the actual reason for that is not a better 
reactant utilisation efficiency. In fact, the much higher overpressure 
generated at the cathode side alters (increases) the oxygen concentra
tion across most of the serpentine pattern (Fig. 10(a)), thus augmenting 
the volumetric current production at the CL. Fig. 8(b) shows instead that 
the D4 cases produces the best uniformity of current density distribution 
among all the considered designs, which is also visually confirmed by 
Fig. 9(b). A more uniform current distribution is desirable to reduce 
thermal stresses and thus mitigate the membrane deterioration over 
time.

Finally, Fig. 11 collects polarisation curves for all the considered 
cathode designs, in the 0.4–0.9 V range. Within the cell’s useful voltage 
range (0.4–0.6 V), the maximum difference in the current output is less 
than 6 % for the two limiting designs. The difference between the D4 
design and the two intermediate D2 and D4 designs does not exceed 3.5 
% in the same range. These findings further support the choice of D4 as 
the optimal cathode flow-fields design, due to MEA safety and current 
uniformity arguments, with only very limited losses in the overall cur
rent output.

3.3. Practical design guidelines

The single-cell simulations allow the derivation of quantitative tar
gets that can be used directly in the preliminary design of HT-PEMFC 
stacks. Table 6 summarises the recommended limits together with the 
corresponding engineering actions.

3.3.1. Robustness and scalability

• Pressure-drop scaling. In laminar regime, Δp scales linearly with 
channel length and inversely with the cube of the hydraulic diam
eter; thus, if cross-section and number of passes are preserved, the Δ 

Fig. 4. Polarisation curve for D1, Tn = 160 ◦C. Comparison with the refer
ence data [5].

Fig. 5. Simplified temperature ramp imposed at the anode and cathode terminals.
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pc/Δpa ratio remains essentially constant when the active area grows 
from 45 cm2 to ≥150 cm2 [8].

• Manifold distribution. Experimental measurements on ten-cell HT- 
PEM stacks equipped with six-pass flow-fields report cell-to-cell 
pressure spreads <5 kPa, demonstrating that the single-cell flow- 
field can be extrapolated to the stack without loss of hydraulic bal
ance [27].

These independent sources support the robustness of the proposed 
criteria and confirm that the six-pass (D4) serpentine pattern retains its 
hydraulic, electrochemical, and structural integrity advantages when 
applied to multi-cell stacks.

4. Conclusions

The design-oriented single cell simulations presented in the previous 
Section have provided valuable insights for the realisation of the HTPEM 
experimental stack within the POR-H2 research project.

More in details, the following conclusions can be drawn. 

• to ensure structural integrity of the MEA and achieve reasonable 
overpressure at the cathode side, an adequate global passage section 
should be provided through the flow-fields (at least 3 times higher 
than the anode flow-fields section): this favours a 6-step serpentine 
design for the cathode flow-fields, compared to the baseline triple- 
serpentine configuration;

Fig. 6. (a) cathode pressure drop and (b) cathode vs. anode pressure drop ratio for the four considered cathode designs.

Fig. 7. Membrane Integrity Index, cathode catalyst-membrane interface.
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• lower pressure losses (and thus lower gas velocities) guarantee a 
more uniform oxidant distribution along the cathode flow-fields, 
with consequently better oxidant utilisation;

• an improvement in the uniformity of the current density distribution 
is directly linked with smaller temperature gradients and, therefore, 
longer duration of the MEA.

The optimal, 6-step cathode serpentine design will be adopted in the 

Fig. 8. (a) Average MEA current density (b) current density Uniformity Index, cathode catalyst-membrane interface.

Fig. 9. Current flux density distribution. (a) cathode catalyst-membrane interface, D1; (b) cathode catalyst-membrane interface, D4.

Fig. 10. O2 molar concentration. (a) cathode flow-fields, D1; (b) cathode flow-fields, D4.
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manufacturing of the forthcoming experimental stack. Next steps of the 
computational modelling research activity will include: i) the insertion 
of liquid cooling channels integrated within the graphite BPs; ii) the 
realisation of a full stack three-dimensional model (up to 5 cells) with 
cooling channels; iii) a simulation campaign dedicated to the stack 
thermal management strategy optimisation.
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