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A B S T R A C T

Polymeric Electrolyte Membrane Fuel Cells (PEMFCs) are receiving a higher-than-ever interest to maximize their 
specific performance and reach the industrial maturity for large-scale application. One of the most promising 
development directions consists in using ultra-thin electrolytes, which are known to lower the ohmic over
potential. However, thin membranes effects extend largely beyond the mere internal resistance reduction, 
encompassing the often-overlooked full spectrum of water-related processes and of species crossover.

In this study a three-dimensional multi-phase computational fluid dynamics (CFD) simulation model is pre
sented and used to characterize the coupled current/water transport for two membrane thicknesses (30 and 6 
µm), using experimental data from literature at high stoichiometry for model validation and extending the 
simulations to low flow rates corresponding to realistic stoichiometry. The simulation results highlight the 
complexity of the transport processes involved, resulting in a promoted self-humidification for thin membranes 
and under low stoichiometry. Two original figures of merit are introduced to (i) quantify the dominant water 
transport mode, and (ii) to attribute a self-humidification quality to the produced electric power, innovatively 
identifying which transport mode prevails and how a given power density is produced in terms of external water 
need, thus proposing a new method to design highly-efficient and self-humidified PEM fuel cells.

1. Introduction

The urgency to decarbonize the power generation process has 
recently grown to an unprecedented priority in several sectors [1]. These 
are approximately divided among hard-to-decarbonize ones, where 
viable alternatives to combustion-based processes are not a short-term 
achievement, and others where mature technologies already exist to 
mitigate their carbon footprint. The transportation sector encompasses 
both classes due to its wide diversity, with mobility areas still based on 
high energy density liquid fuels (e.g., aviation, shipping, etc.) relying on 
carbon-neutral synthetic fuels for their decarbonization (e.g., e-fuels or 
sustainable aviation fuels, [2]), alongside others where the direct elec
trification already permits zero local emissions (e.g. light-duty trans
portation). In this context, one of the strategies to design an electric 
vehicle is to use fuel cells for electricity generation from on-board stored 
hydrogen, leveraging the higher energy density of hydrogen storage 
than that of batteries [3,4] and the power density progress made in the 
last decades for PEMFC. This type of electric vehicles (FCEVs, Fuel Cell 
Electric Vehicles) well complements the on-board energy limitation of 
Battery Electric Vehicles (BEVs), representing a hydrogen-based 

technology to extend the decarbonization of transportation [5]. Two 
development routes have been pursuit to lower the specific cost of 
PEMFCs (i.e., cost per unit of generated power), namely the use of 
ultra-thin membranes and the reduction of externally supplied humid
ity, with the former aiming at increasing the specific power and effi
ciency and the latter addressed to a system complexity and cost 
reduction. However, both directions are tightly interconnected, and 
their joint analysis is the core of this study.

The use of thin membranes extremizes the “zero-gap” concept of 
electrode distance minimization. Their advantage in reducing the ohmic 
losses are a well-known effect, as measured by Tabuchi et al. [6] 
comparing 30 µm and 6 µm Nafion membranes on a laboratory-scale 
low-temperature PEMFC, and a product-level confirmation of such 
concept lies in the 10 µm Nafion membrane of the Toyota Mirai fuel cell 
powertrain [7]. However, the reduced separator thickness amplifies the 
gas crossover, due to the reduced diffusion distance between ano
dic/cathodic gas mixtures where concentration gradients increase. 
Therefore, a Fickian-type diffusion flux originates on the entire mem
brane and electrode assembly (MEA) area. The consequences of gas 
crossover are multiple, and they span from the waste of reactants, the 
onset of degradation mechanisms, the need of frequent purges, and the 
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reduction of the cell potential. Regarding the waste of reactants, a uti
lization decrease of both hydrogen and oxygen is created by their 
membrane crossover, as a portion of molecules does not participate to 
electrochemical reactions, as well as inducing degradation mechanisms 
[8]. Focusing on nitrogen, its crossover to the anode is detrimental in 
closed-loop anodic layouts, where the excess hydrogen is recirculated to 
maximize its utilization, leading to the accumulation of nitrogen traces 
requiring frequent anodic purges, ultimately increasing the fuel waste 
[9]. Finally, the non-used electronic charges associated to leaked re
actants lower the cathodic cell potential and increase the anodic one, 
globally reducing the useful cell voltage (crossover overpotential, ηx). 
All these aspects are inversely proportional to the membrane thickness; 
hence a detrimental impact is to be expected for ultra-thin membranes, 
which has to be weighed against the beneficial reduction in internal 
cell’s resistance.

Regarding the techniques to obtain self-humidifying MEAs, these 
have been long researched in view of the potential to eliminate the 

humidifiers from fuel cell systems, leveraging the internal water diffu
sion permitted by ultra-thin membranes. Jung et al. [10] proposed a 
thin-film dual-layered electrode concept able to provide equal perfor
mance under dry conditions than conventional electrodes under fully 
humidification. Ultra-thin (5 µm thickness) membranes were realized 
and tested by Kienitz et al. [11], and the expected performance gain over 
thicker counterparts was confirmed in view of their reduced ohmic 
losses. Moreover, the ePTFE (expanded polytetrafluoroethylene) rein
forcement granted sufficient resistance to degradation to satisfy the 
Department of Energy (DOE) targets [12], and the reduced membrane 
thickness was postulated to contribute to a better self-humidification by 
mitigating the anode de-hydration, although this was not quantified, 
thus projecting this technology to an effective market application. The 
consequence of thin membranes use on vehicle range was analytically 
modelled by Kienitz [9], where a simple model was proposed to weight 
the benefits of higher cell efficiency with the lower hydrogen utilization 
due to more frequent anodic purges. The study numerically identified 
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List of Abbreviations
ABP Anodic Bipolar Plate
ACL Anodic Catalyst Layer
AGDL Anodic Gas Diffusion Layer
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BP Bipolar Plate
CBP Cathodic Bipolar Plate
CCL Cathodic Catalyst Layer
CGDL Cathodic Gas Diffusion Layer
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CL Catalyst Layer
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ePTFE Expanded polytetrafluoroethylene
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FV Finite Volume
GDL Gas Diffusion Layer
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RD Retro-Diffusion
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k Effective diffusivity coefficient of the k-th species [m2 s− 1]
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δeff Effective membrane thickness [µm]
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i0, a/c Anodic/cathodic exchange current density [A cm− 2]
ie Ionic current density [A cm− 2]
is Electronic current density [A cm− 2]
λa/c Anodic/cathodic stoichiometric ratio [-]
λ Membrane water content [-]
hlat Mass-specific latent heat [m2 s− 2]
kC / kE Condensation and evaporation rate constant [s− 1] / [Pa− 1 

s− 1]
keff Effective thermal conductivity coefficient [W m− 1 K− 1]
Ki Membrane permeability for the i th species [mol m− 1 s− 1 

Pa− 1]
ṁec Mass transfer rate for phase transition [kg s− 1]
m˝

EOD Water mass flux due to electro-osmotic drag [kg m− 2 s− 1]
m˝

RD Water mass flux due to retro-diffusion [kg m− 2 s− 1]
Mk Molecular weight of the k-th species [kg mol− 1]
nd Electro-osmotic drag coefficient [-]
P˝ Power density [W m− 2]
ρm Mixture density [kg m− 3]
σe Ionic conductivity [S m− 1]
σs Electronic conductivity [S m− 1]
Scap Momentum source term due to capillary transport in 

porous media [kg m− 2 s− 2]
Sh Energy source term due to phase transition [kg m− 1 s− 3]
Si Membrane solubility for the i th species [mol m− 3 Pa− 1]
Sj Proton/water source term in the Nernst-Planck equation 

[mol m− 2 s− 1]
Sk Mass fraction source term for the k-th species [-]
Sm Mass source term for mass [kg m− 3 s− 1]
Sph.tr Phase-transition heat source term [kg m− 1 s− 3]
SΦe Ionic potential source term [A m− 3]
SΦs Electronic potential source term [A m− 3]
ST Source term for energy equation [kg m− 1 s− 3]
SV Momentum source term due to porous fluidic resistance 

[kg m− 2 s− 2]
ϑ Contact angle of porous media surfaces [deg]
xg

w Water vapour molar fraction [-]
xw,sat Water molar fraction at saturation [-]
Yk Mass fraction of the k-th species [-]
Vm Mixture velocity [m s− 1]
Vmem Partial molar volumes of the dry membrane [m3 mol− 1]
V0 Partial molar volumes of water [m3 mol− 1]
zk Number of exchanged charges for the k-th species reaction 

[-]
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the membrane thickness optimizing both aspects, hence maximizing the 
expected vehicle range, and reinforcing it as a key cell design parameter. 
However, the presented study used a simplified PEMFC model, without 
discussing the effect of different flow rates and assuming a linear ohmic 
resistance variation with its thickness (hence constant conductivity), 
which implies an assumedly identical water management under all 
conditions.

However, in the authors’ opinion a knowledge gap still exists in 
comprehensively consider the electric and water balance of ultra-thin 
membranes, and to objectively measure the degree of self- 
humidification of a PEMFC, which is still based on qualitative consid
erations. To achieve this research target, in this paper a model for the 
polymeric membrane of PEMFCs is implemented in a commercial 3D- 
CFD software, including the water-related processes (phase transition, 
electro-osmotic drag, liquid water back-diffusion) and the effect of gas 
crossover (H2, O2, N2, H2O) on mass transport and cell potential. The 
analysis starts from a model validation on the results of a test hydrogen- 
air PEMFC using two membrane thicknesses (30 µm and 6 µm) under 
high flow rate conditions [6], as typical from laboratory-scale studies. 
Then, the same analysis is numerically extended to a low stoichiometry 
operation (λa/c = 2.0), more relevant for the practical use of PEMFCs, 
and the electric performance and self-humidification degree are dis
cussed for the different flow rates and membrane thicknesses. Two 
original figures of merit are proposed to (i) quantify the dominant water 
transport mode between electro-osmotic drag and back-diffusion, asso
ciated to the external water supply, and (ii) to attribute a 
self-humidification index to the produced electric power density. The 
simulation results reinforce the design direction of minimization of the 
membrane thickness to reduce the cell’s resistance for a high efficiency 
and to operate under low flow rates to further promote the MEA’s 
self-humidification. The quantification of the gaseous crossover fluxes is 
also provided to include the mass transport of hydrogen, oxygen, ni
trogen and water vapour, hence presenting a comprehensive analysis to 
understand the effects of ultra-thin membranes in PEMFCs.

2. Methodology

2.1. Governing Equations for fluid and solid parts

In this study the governing equations for the multi-dimensional, non- 
isothermal and multi-phase simulation of transport processes in PEMFCs 
are adopted. This approach is detailed in [13–15] and will be resumed in 
the following. It consists of a unified set of coherent governing equations 
applicable to all cell domains (fluid, porous, solids), hence inherently 
granting flux continuity at interfaces, and applying the assumptions of 
steady-state and laminar flow.

In the limits of the Mixture Multi-Phase (MMP) approach, the mass 
(continuity) and momentum conservation are expressed as in Eq. (1) and 
2, with ε being the porosity of the porous media, ρm and Vm the mixture 
density and velocity, and Sm the apparent mass creation/destruction at 
Catalyst Layers (CLs) due to electrochemical reactions. Regarding the 
mixture momentum conservation, in addition to the pressure gradient 
(∇p) and the viscous resistance expressed by the molecular viscosity (μ), 
the source terms given by the fluidic resistance opposed by porous 
materials (SV) and by capillary effects (Scap) are included. The former is 
modelled using a Darcy’s law model based on the porous material 
permeability (K) as in Eq. (3), whereas the latter is modelled using an 
empirical Leverett [16] function based on the liquid volume fraction 
(αl), as in Eq. (4). They are applied both to Gas Diffusion Layers (GDLs) 
and CLs, with specific properties in each part. 

∇⋅(ερmVm) = Sm (1) 

∇⋅
(
ρmε2VmVm

)
= − ∇p +∇(με∇⋅Vm) + SV + Scap (2) 

SV = −
μ
K

εVm (3) 

Scap = σ⋅cosϑ⋅
(ε

K

)0.5
⋅∇J(αl) (4) 

The scalar species transport is modelled as in Eq. (5) for H2, O2, N2 
and H2O in terms of mass fractions of the generic k-th constituent (Yk). 
An effective diffusivity coefficient in porous media (Deff

k ) is calculated as 
a function of a reference value at standard conditions (Dk,0), which is 
modified based on temperature, pressure, and applying a Bruggemann’s 
correction to account for porosity effect (Eq. (6)). The k-th volumetric 
species source term (Sk) is calculated by the Faraday’s law (Eq. (7)), 
expressing the linear proportionality between reactants/product con
version rate into/from electric volumetric current density (j) at CLs, with 
zk being the number of transferred charges, F the Faraday’s constant, 
and Mk the molecular weight. 

∇⋅(ρmYkεVm) = ∇⋅
(

ρmDeff
k ∇Yk

)
+ Sk (5) 

Deff
k =

[

Dk,0⋅
(

T
T0

)1.5

⋅
(

p0

p

)]

⋅ε1.5 (6) 

Sk = ±
j

zk F
Mk (7) 

The energy conservation is expressed by Eq. (8) as a function of 
specific heat (cp), an effective thermal conductivity coefficient (keff ) and 
an energy source term (ST). This reproduces all the local heat source/ 
sink effects (Eq. (9)), i.e. the Joule effect at electronic and ionic con
ducting parts (with is and ie being their respective superficial current 
density, and σs and σe their respective charge conductivity coefficients), 
the activation overpotential (ηact), the molar entropy variation (Δs) and 
the heat transfer due to phase transition (Sph.tr). The charge conservation 
follows a diffusive-type differential equation (Eqs. (10) and 11) for the 
electronic and ionic charge transport, with electric potential sources as 
driving forces (Φs and Φe, respectively). 

∇⋅
[(

ρm cp
)eff TVm

]
= ∇⋅

(
keff ∇T

)
+ ST (8) 

ST =

(
i2s

σeff
s
+

i2e
σeff

e

)

+ j ηact + j
T⋅Δs
zk F

+ Sph.tr (9) 

∇⋅
(
σeff

s ∇Φs
)
+ SΦs = 0 (10) 

∇⋅
(
σeff

e ∇Φe
)
+ SΦe = 0 (11) 

2.2. Modelling of water phase transition

The water phase change is modelled implementing the Sangtabi et al. 
[17] formulation for inter-phase mass transfer rate due to evapo
ration/condensation (ṁec, [kg s− 1]) reported in Eq. (12), where kC [s− 1] 
and kE [Pa− 1 s− 1] are condensation and evaporation rate constants, αl is 
the volume fraction of liquid, xg

w refers to the corresponding mole 
fraction in gaseous state and xw,sat at saturation, ρl is the density of the 
liquid phase and Mw is the water molar weight. 

ṁec =

⎧
⎪⎨

⎪⎩

kC (1 − αl)
Mw

R T
p
(
xg

w − xw,sat
)

if xg
w ≥ xw,sat

kE αl ρl p
(
xg

w − xw,sat
)

if xg
w < xw,sat

(12) 

The local ṁec is introduced as a mass source term for the gaseous and 
liquid water, alongside a volumetric heat source (Sh, [kg m− 1 s− 3]) 
related to the latent heat of phase transition (hlat [m2 s− 2]), as in Eq. (13): 

Sh = ṁec hlat (13) 
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2.3. Governing Equation for polymeric membrane

The modelling of the protons and liquid water transport across the 
solid PEM is based on the Nernst-Planck equation [14], which uses a 
concentrated solution approach to calculate the molar flux (Jj) of the 
diluted j-th species (Eq. (14)) as composed by the contributions of a 
migration, diffusive, convective, and source terms (right-hand side of 
Eq. (14)) in the solvent. In a solid electrolyte as that of PEM, the solvent 
convective term is always null (Vsolv = 0). 

Jj = − zjϑjFcj∇Φj − Dj∇cJ + cJVsolv + Sj (14) 

When Eq. (14) is applied to protons transport, the assumption of a 
uniform H+ concentration across the reduced membrane thickness is 
made (∇cj = 0), with the molar flux depending on the proton mobility, 
related to the proton diffusivity via the Nernst-Einstein equation stating 
Dj = R T ϑj, and driven by the ionic potential gradient (∇Φj), without 
source terms as in the solid polymer no redox reactions occur. The same 
equation can be applied to calculate the molar flux of the dissolved 
water, where the assumption of charge-neutral species (∇Φj = 0) leads 
to a diffusion-driven flux. The source term here is used to introduce the 
electro-osmotic drag effect (Eq. (15)), which is peculiar of the per
fluorosulfonic acid (PFSA) acid membranes, and which expresses the 
dissolved water transport operated by the ionic current. 

Sj =
nd ie

F
(15) 

The electro-osmotic drag coefficient (nd) quantifies the statistical 
number of water moles dragged per proton mole, and in this study it is 
expressed as in Eq. (16) [18] as linearly proportional to the membrane 
water content (λ). This is related to the dissolved water concentration 
(cw) and to the membrane dry density and equivalent weight (ρm,dry and 
EW, respectively), as in Eq. (17). The membrane water content is 
calculated from the local water activity, here assumed equivalent to the 
relative humidity (RH) of the adjacent CLs, as in Eq. (18) [18]: 

nd =
2.5
22

λ (16) 

λ =
EW

ρm,dry
cw (17) 

λ = 0.043 + 17.81⋅RH − 39.85⋅RH2 + 36.0⋅RH3 (18) 

While Eq. (18) allows to infer the membrane water content from the 
adjacent reagents’ humidity, hence providing a closure to Eq. (14) for 
the dissolved water transport, it also affects the membrane ionic con
ductivity via Eq. (19) [18], with influence also on heat generation (Eq. 
(9)) and ionic current conservation (Eq. (11)). 

σe = (0.5139 λ − 0.326)⋅e
1268

(
1

303−
1
T

)

(19) 

This set of equations embodies the two-way coupling between ionic 
current and dissolved water transport, and it underlines the relevance of 
an accurate modelling of both aspects for the interconnected hydric- 
electric description of the MEA processes.

The described approach is based on the concept of the polymeric 
membrane as a macro-homogeneous continuum, simplifying its funda
mental structure of a hydrophobic polymeric chain with negatively 
charged hydrophilic sulfonic acid groups (SO3

− ). This mixed hydropho
bic/hydrophilic behaviour is at the basis of the unrivalled ionic con
ductivity of PFSA acid electrolytes, although it requires a careful water 
balance for optimal cell operation. This picture is further complicated by 
the possible membrane contact with multi-phase vapour/liquid water 
reservoirs at CL interfaces, as described by the Weber et al. [19–21] 
model and referred to as “vapour-“ and “liquid-equilibrated" conditions 
(VE and LE, respectively). These extreme are used to explain the 

Schroeder’s paradox, i.e., a discontinuity in membrane water content 
from λ ≃ 14 (VE) to λ ≃ 22 (LE) under an equal water activity. In [19,
20] this is motivated by the membrane structural change, evolving from 
the pore-like membrane structure (λ ≃ 14, where the water-filled iono
meric pores do not form pathways to increase the water uptake, simi
larly to a collapsed channels network), to a liquid-filled channel concept 
(λ ≃ 22). These conditions are believed to be both present under fully 
saturated conditions, acting in parallel.

The membrane swelling due to water uptake is another aspect 
considered in this model, as the through-plane thickening of a fully- 
hydrated membrane increases the conductive path (δeff ) for protons, 
dissolved water, and gas crossover, with respect to the nominal distance 
(δ0). This is represented by Eq. (20) [20], where Vw = Mw/ρw and Vm =

EW/ρm are the molar volumes of water and of the dry ionomer, 
respectively. 

δeff

δ0
= 1 + 0.36

λ Vw

Vm
(20) 

Considering the modelling convenience in neglecting the effects of 
the swelling on the finite volume (FV) discretization of the MEA and of 
the adjacent parts, the effect on local transport is accounted for by means 
of an effective ionic conductivity (σe,eff , Eq. (21)), whereas all the species 
transport modes (dissolved water and gas crossover) will consider the 
effective distance δeff . 

σe,eff = σe

(
δeff

δ0

)− 1

(21) 

2.4. Modelling of gas crossover

Gas crossover results from the imperfect fluidic separation of the 
polymeric membrane. It is an undesired phenomenon as it (i) lowers the 
cell potential due to the anodic/cathodic crossover overpotentials 
(ηx,a/c), (ii) leads to reactants leakage to counter-electrodes, (iii) induces 
secondary processes precursors for membrane degradation (e.g., H2O2 
formation at anode [8], etc.), and (iv) pollutes the anodic flow with 
leaked nitrogen, leading to fuel-wasting periodic purging of the anodic 
compartment.

The nature of gas crossover through the electrolyte is essentially a 
diffusive-type transport, where the membrane is assumed as a porous 
medium and a species molar flux is driven by concentration and/or 
pressure gradients. The present study focuses on concentration gradi
ents, which are always present due to the different anodic and cathode 
flow composition, and whose modelling follows a diffusive (Fickian) 
rather than hydraulic model. Moreover, anodic/cathodic pressures are 
equal in this study, hence the pressure differential is absent. The diffu
sive model is based on the molar concentration gradient of the generic 
i-th species in the CL portion adjacent to the membrane surface (∇ci), 
and based on a diffusivity coefficient (Di, [m2 s− 1]) and the thickened 
membrane distance (δeff ), the molar flux (Ji, [mol m− 2 s− 1]) can be 
expressed as in Eq. (22). This equation is also used to model the diffusive 
transport of liquid water (“retro-diffusion”), as it shares the same 
fundamental nature. 

Ji = − Di ∇ci (22) 

However, the diffusivity coefficient is related to permeability (Ki, 
[mol m− 1 s− 1 Pa− 1]) by means of the species solubility (Si, [mol m− 3 

Pa− 1]), as in Eq. (23). The substitution of Eq. (23) into Eq. (22) leads to 
Eq. (24), where Ji is expressed a function of the partial pressure gradient 
(∇pi) and of the membrane thickness. 

Ki = Si Di (23) 

Ji = − Ki ∇pi (24) 

Eq. (22) and 24 can be indifferently used to model the species 
crossover rate, allowing to flexibly use experimental data both in the 
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form of Di or Ki measurements. Species crossover fluxes are implemented 
in the 3D-CFD model via local user-defined source mass terms for each 
species at anodic and cathodic catalyst layer (ACL and CCL, respec
tively), where concentration and pressure gradients across the mem
brane are spatially resolved via the local (cell)-based calculation, and 
mass conservation is granted by the opposite sign of anodic/cathodic 
terms for a given species. Expressions for the hydrogen diffusivity or 
permeability through Nafion were proposed by Bernardi et al. [22], 
Kocka et al. [23], Weber et al. [20], Cheng et al. [24]., and by Schoe
maker et al. [25], while nitrogen values are reported in Baik et al. [26] 
and in [23], oxygen values by Mench [27] and Weber et al. [20], and 
water vapour values by Springer et al. [18] and Motupally et al. [28].

In this study Eq. (25) from [20,29] and Eq. (26) from [20] are used 
for the permeability coefficients of H2 and O2, respectively, with Vmem 
and V0 being partial molar volumes of the dry membrane and of water, 
respectively. For N2 permeability, the constant value from [23] is used 
(KN2 = 1.5 × 10− 14 mol m− 1 s− 1 Pa− 1) while for water diffusivity Eq. 
(27) from [18] is used. 

KH2 =

(

2.2×10− 11⋅
λ V0

Vmem + λ V0
+2.9×10− 12

)

e

[
21000

R

(
1

Tref
−

1
T

)]

× 10− 3

(25) 

KO2 =

(

1.9× 10− 11⋅
λ V0

Vmem + λ V0
+1.1× 10− 12

)

e

[
22000

R

(
1

Tref
−

1
T

)]

× 10− 3

(26) 

Dw = e

[

2416

(
1

303−
1
T

)]

(
2.563 − 0.33 λ+ 0.0264 λ2 − 0.000671 λ3)

× 10− 10 (27) 

The effect of oxygen and hydrogen leakage also affects the crossover 
overpotential, as the loss of reactants molecules reduces the chemical 
potential for the electrochemical reaction. This effect is modelled based 
on the species crossover flux as in Eq. (22) or 24, which is converted into 
an equivalent current density using the Faraday’s law. Finally, this leads 
to a crossover overpotential at anode/cathode (ηx,a/c) using a Tafel 
approach (Eq. (28)), where the electrode exchange current density 
(i0, a/c) is used. 

ηx,a/c =
R T
α F

ln
(

z F |Ji|

i0, a/c

)

(28) 

Considering the higher anodic exchange current density than the 
hydrogen crossover current density, the impact of the hydrogen cross
over flux on the anodic overpotential is negligible and the Tafel 
approximation cannot be applied, therefore the anodic crossover over
potential is neglected. Conversely, at cathode the oxygen crossover flux 
is higher than the cathodic exchange current density, allowing the use of 
Eq. (28). The modelling of crossover overpotential is important when 
ultra-thin membranes are of interest, due to its potentially large effect in 
lowering the useful cell voltage.

3. Numerical model

The numerical domain reproduces the geometry of the test cell used 
in [6], i.e. a 10 mm long channel with a square-section channel (1.0 mm 
side). The bipolar plate rib separating the channels is 1 mm wide, hence 
creating a uniformly spaced channel-rib design with 1.0 mm pitch. In [6] 
several configurations were tested in a co-flow arrangement, among 
which the comparison of the mentioned design with narrow channel-rib 
ones (as low as 0.1 mm pitch) for the same 30 µm-thick membrane, and 
the comparison of the 1.0/0.4 mm pitch cases was simulated and dis
cussed in [30,31]. In this study, a different analysis is carried out, 
focusing on the effect of the membrane thickness variation in the 1.0 mm 

pitch design. The membrane was reduced in [6] from 30 µm to a 6 µm 
thickness, using the same CL (10 µm thick), GDL (200 µm thick), and 
channel/bipolar plate configuration. Fig. 1 represents the simulated 
domain, highlighting that the cell is specular with respect to the MEA 
plane, with identical anodic and cathodic parts, and that an axial sym
metry plane is used to simulate half of the domain.

Catalyst layers are modelled with a macro-homogeneous approach 
based on a porous media model for fluids (reactants and products), with 
a bi-component solid phase able to transport protons (ionomeric phase) 
and electrons (Pt/C support), and where electrochemical surface re
actions are modelled using a Butler-Volmer formalism. This model has 
been validated in [31] and used for PEMFC modelling studies in 
[32–34]. Porous media permeability is evaluated as a function of the 

Fig. 1. Simulated domain with labelled anodic/cathodic bipolar plates (ABP, 
CBP), gas diffusion layers (AGDL, CGDL), catalyst layers (ACL, CCL) and 
membrane (MEM), with indication of the co-flow arrangement and channel 
extrusions in transparency.

Table 1 
Main material properties used in CFD models.

Component / Sub- 
model

Property Value Unit

GDL Porosity 
Permeability 
Contact angle

0.7 
5.7×

10− 12 

110

- 
m− 2 

deg

CL Porosity 
Permeability 
Contact angle θc 

:Ion. 
Density 
Ion. ConductivityIon.  
Spec. HeatIon.  
Th. ConductivityIon.  
Volume Fraction 
Pt/C 
DensityPt/C  
El. ConductivityPt/C  
Spec. HeatPt/C  
Th. Conductivity 
mPt 

Volume Fraction

0.4 
2.6×

10− 13 

110◦

2000 

Eq. (19)
903 
0.445 
0.6 
2250 
500 
707.68 
10 
0.004 
0.4

- 
m− 2 

deg 
kg/m3 

S/m 
J kg− 1 K− 1 

W m− 1 K− 1 

- 
kg/m3 

S/m 
J kg− 1 K− 1 

W m− 1 K− 1 

kg m− 2 

-

BP Density 
El. Conductivity 
Spec. Heat 
Th. Conductivity

2250 
20,000 
707.68 
20

kg m-3 

S m− 1 

J kg− 1 K− 1 

W m− 1 K− 1

Membrane Density 
Ion. Conductivity 
Spec. Heat 
Th. Conductivity

2000 
Eq. (19)
903 
0.445

kg m-3 

S m− 1 

J kg− 1 K− 1 

W m− 1 K− 1

Contact Resistances Electrical contact resistance 
Thermal contact resistance

2 × 10− 8 

3 × 10− 4
m2 Ω 
m2 K W− 1

Species crossover 
flux

H2 permeability coefficient 
O2 permeability coefficient 
N2 permeability coefficient 
H2O vapour diffusivity 
coefficient

Eq. (25)

Eq. (26)

1.5×

10− 14 

Eq. (27)

mol Pa− 1 m− 1 

s− 1 

mol Pa− 1 m− 1 

s− 1 

mol Pa− 1 m− 1 

s− 1 

m2 s− 1
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specific porosity as indicated in [35], with calculated values reported in 
Table 1.

A structured hexahedral FV mesh is used, with a uniform grid reso
lution (2 µm) in the through-plane direction which is used for all cases, 
resulting in 15 and 3 cell layers for the 30 µm and the 6 µm membrane 
models, respectively. Among the other components, the choice of the CL 
resolution is critical for the adopted modelling framework, not only due 
to the expected high through-plane gradients, but also because several 
membrane parameters, source terms, and species fluxes will involve 
variables calculated at CLs. The mesh sensitivity study to the CL reso
lution is reported in Fig. 2. A dedicated mesh sensitivity analysis is 
carried out increasing the through-plane resolution of the FV grid at CLs 
from 10 µm (1 layer) to 0.5 µm (20 layers). The variation of current 
density, membrane temperature, water content, and ionic conductivity 
at 0.4 V for progressively higher resolution cases are observed with 

respect to a 10 µm case (coarsest resolution, 1 cell layer for the entire 
CL), which is assumed as the reference case. This is carried out for the 30 
µm and the 6 µm membrane thicknesses (named A1 and A2, respec
tively), a relative invariance of all quantities is observed increasing the 
grid resolution from 1 µm to 0.5 µm. Considering the relevant increase in 
the total FV cells for higher resolutions, and the invariance in the elec
trical/thermal results, the 1 µm resolution (10 layers) is chosen for CLs.

A progressive grid resolution reduction in the GDLs is created mov
ing from the MEA to the channel and bipolar plate regions to lower the 
computational cost, as visible in Fig. 3. As for the in-plane directions 
(parallel and normal to the channel axis) a uniform grid resolution of 
0.125 mm is adopted, and 10-mm extrusions are added at both inlet and 
outlets for numerical stability. Symmetry planes are used to reduce the 
computational cost, allowing the simulation of half channel-rib assem
bly while applying a no-normal flux (symmetry) condition at both sides 

Fig. 2. Mesh sensitivity analysis on the CL resolution at 0.4 V considering (a) current density, (b) membrane temperature, (c) membrane water content, and (d) 
membrane ionic conductivity, with values normalized on the 10 µm resolution case (1 layer), for both A1 (black, 30 µm membrane thickness) and A2 (red, 6 µm 
membrane thickness) cases at 0.4 V. The CL resolution selected for the model creation is green boxed.

Fig. 3. Through-plane section of (a) the FV grid for the 30 µm membrane case, with (b) close-up to highlight the on the membrane (2 µm resolution), CLs (1 µm 
resolution) and part of the GDLs.
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of the domain. The total number of FV cells is 48,000 and 40,320 for the 
30 µm and the 6 µm membrane models, respectively. In Table 1 the main 
material properties used in the model are reported. The operating con
ditions used in the cell validation in [6] were that of a high anodic and 
cathodic flow rate (2.0 L/min), with 90 % relative humidity at 80 ◦C at 
inlets, and 2.5 bar as operating pressure. The cathodic crossover over
potentials are calculated as 0.024 / 0.048 V for the 30 / 6 µm membrane 
thickness cases, respectively.

In the first part of the study, the same operating conditions reported 
in [6] are used for model validation. However, the high flow rate that is 
typically used in validation studies, e.g. in the “zero-gradient” test con
ditions reported in [36], corresponds to elevated stoichiometric ratios at 
anode and cathode (λa/c), defined as the ratio between the anodic/ca
thodic inlet flow rate over the electrochemical reaction rate of hydrogen 
or oxygen, respectively. The operation at high λa/c is far from the con
ditions of practical interest, where the delicate balance of the cathodic 
air flow rate dictated by the power request of the air compressor compels 
to operate at much lower stoichiometric ratios. Hence, in the second part 
the analysis moves to anodic/cathodic stoichiometric factors of 2.0 (λa/c 

= 2.0), which is deemed as a realistic operating value. Simulation 

results will be used to investigate how this affects the water balance, the 
entity of gas crossover, and the overpotentials, to obtain a comprehen
sive view of both the effect of thin membrane use and that of low flow 
rates. For the sake of conciseness, the investigated cases are hereafter 
named as in Table 2.

4. Results

4.1. Results and validation at high stoichiometry

The simulated polarization and power density curves for the 30 µm 
and the 6 µm cases operated at the test conditions (high reactants flow 
rates, Cases A1-A2) are reported in Fig. 4a-b, spanning a voltage range 
from 0.4 to 1.0 V with a 0.1 V resolution. The different current-voltage 
relationship is in agreement with the experimental data from [6], 
although a small current density overestimation is predicted for the 
lowest voltage (0.4 V), with the thin membrane case (A2) showing lower 
ohmic losses than the thick membrane one (A1) thanks to the shorter 
conductive distance between the electrodes for a globally lower cell 
resistance. The simulation results confirm the robustness of the nu
merical framework not only under different electric potentials and 
currents, but also for largely different membrane thicknesses.

However, a deeper investigation of the differences between A1 and 
A2 cases reveals the full scale of processes influenced by the membrane 
thickness, each contributing to the cell’s electric resistance and water 
balance. The average RH at ACL/CCL is reported in Fig. 5, showing that 
while at CCL a stable RH value is observed due to protons-dragged water 
(electro-osmotic drag effect, EOD) adding to the electrochemically 
produced water, at the ACL a severe de-hydration occurs. The membrane 
drying worsens under high current operation, as illustrated by the 
spatial distribution of RH is reported in Fig. 6 at ACL/CCL for the 0.4 V 
cases. These are selected as those with the highest current density for 

Table 2 
List of simulated cases.

High Stoichiometry Low Stoichiometry

Thick Membrane (30 
µm)

Case Label: A1 
Mem. Thickness: 30 µm 
Reactants Stoich.: high 
[6].

Case Label: B1 
Mem. Thickness: 30 µm 
Reactants Stoich: low (λa/c =

2.0).
Thin Membrane (6 

µm)
Case Label: A2 
Mem. Thickness: 6 µm 
Reactants Stoich: high 
[6].

Case Label: B2 
Mem. Thickness: 6 µm 
Reactants Stoich: low (λa/c =

2.0).

Fig. 4. (a) Polarization curves and (b) power density curves for the A1 and A2 cells at test conditions: experiments from [6] (black), and CFD results (red).

Fig. 5. Average relative humidity at (a) ACL and at (b) CCL for the A1 and A2 cells at test conditions from simulation results.
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each membrane, as well as those with the most acute de-hydration entity 
at ACL, with local minima as low as RH=0.4 under the bipolar plate ribs 
(Fig. 6-a/b). Conversely, a specular RH distribution is observed at CCL 
(Fig. 6–c/d), with local maxima under the bipolar plate ribs due to the 
concurrent water generation and oxygen depletion, creating a locally 
water-rich gaseous mixture.

The local membrane water content depends on the RH both at ACL 
and at CCL as per Eq. (18), and the average water content reported in 
Fig. 7-a confirms its reduction for increasing current density, which 
remains less critical for A2 than for A1 cases. The ionic conductivity is 
calculated as in Eq. (21), and the average value is reported in Fig. 7–b, 
following the trend indicated by the average water content and con
firming a generally less conductive electrolyte under high current den
sity operation, with the thin membrane cases (A2) maintaining both a 

higher humidification and conductivity with respect to the thick mem
brane ones (A1). It is important to underline that the ionic conductivity 
is a material property, i.e. per unit thickness, and that does not directly 
depend on the membrane thickness, thus being a size-independent ma
terial variable.

Finally, the water phase transition is observed at ACL and CCL. At 
ACL the de-hydration process leads to ubiquitous undersaturated con
ditions, hence the admitted gaseous mixture is not involved in phase 
transition, whereas at CCL a more complex situation arises. Locally 
water-rich conditions originate under the bipolar plate ribs, due to the 
water accumulation from the high electrochemical reaction rate and to 
cathodic-oriented EOD transport. Hence, the saturation limit is locally 
overcome, and a condensation process is initiated. This consists in a gas- 
to-liquid mass transfer rate, modelled as in Eq. (12), and in a 

Fig. 6. Simulated RH spatial distribution for the A1 (left column, a-c) and A2 (right column, b-d) cases at 0.4 V, at ACL (top row, a-b) and CCL (bottom row, c-d).

Fig. 7. (a) Average membrane water content and (b) average membrane ionic conductivity for the A1/A2 cells at test conditions from simulation results.
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condensation heat source, as in Eq. (13). In Fig. 8a local binary (0/1) 
indicator or the condensation/evaporation condition at CCL is reported 
for the 0.4 V cases, clearly showing that condensation loci are always 
localized under the bipolar plate ribs, and that the A2 case (i = 3.05 A 
cm− 2) is much more subject to intense condensation than the A1 one (i 
= 2.33 A cm− 2), due to the increased water production rate associated to 
the higher current density.

4.2. Results at low stoichiometry

The high flow rate in [6] used for the validation study are explicitly 
applied to maximize the reactants mass transport rate, hence to promote 
the uniformity of mass, heat and charge transport on the entire MEA 
surface. However, such operations are far from the conditions of 

practical interest, where low stoichiometric values are necessary to limit 
the parasitic power losses [37,38]. Therefore, an iterative closed-loop 
algorithm is in-house implemented to modify the inlet flow rate based 
on the error between the obtained λa/c and the target value (λa/c = 2.0), 
until convergence is met. In Fig. 9 the λa/c values are calculated for the 
A1/A2 cases (λa/c > 30) and for B1/B2 ones, confirming that the λa/c =

2.0 condition is met within an acceptable Δλa/c = ±0.1 tolerance. 
Despite the absence of experimental data available for such conditions, 
the presented analysis is based on the same governing equations and 
conservation principles outlined in Section 2 without model variations, 
hence it is considered a physics-based simulation framework to infer the 
interplay of transport processes under a different reactants’ flow rate 
and understand how these are affected by a different separator 

Fig. 8. Simulated condensation/evaporation condition for the A1 (left column, a) and A2 (right column, b) cases at 0.4 V at CCL.

Fig. 9. Stoichiometric factors at anode (a) and cathode (b) for the high stoichiometry cases (A1, A2) and for the low stoichiometry ones (B1, B2).

Fig. 10. (a) Polarization curves and (b) power density curves for the B1/B2 cells (λa/c = 2.0, blue), compared with A1/A2 cells at high stoichiometry (red).
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thickness.
The polarization and power density (P˝ [W m− 2]) curves for the B1/ 

B2 cases are reported in Fig. 10-a/b, alongside the counterparts at high 
stoichiometric factor (A1/A2 series), for the sake of comparison. As 
visible, while the thin membrane case (B2) confirms the lower ohmic 
losses than the thick membrane one (B1) also under low flow rates, both 
suffer a relevant overpotential increase with respect to their high stoi
chiometry counterparts (A2 and A1, respectively).

Hence, the comparison of the four series (high/low stoichiometry, 
thick/thin membrane) focuses on overpotentials breakdown, and in 
Fig. 11 the activation, ohmic and concentration overpotentials are re
ported for the four series at medium (1.0 A cm− 2) and high current 
density (1.7 A cm− 2). It is evident that the introduction of thin mem
branes mainly affects the ohmic overpotential, as visible in the A1/A2 
and B1/B2 comparisons, whereas both the activation and the concen
tration overpotentials are almost invaried. However, it is interesting to 
note that whereas at 1.0 A cm− 2 a similar reduction is observed (− 35 % 
and − 37 %, respectively) under all the stoichiometric ratios (Fig. 11-a), 
at 1.7 A cm− 2 such reduction is amplified for the low stoichiometric ratio 
cases (Fig. 11–b), moving from − 17 % for the cases at test conditions 
(high λa/c) to − 50 % for the λa/c = 2.0 cases. Therefore, this indicates a 
higher-than-expected relevance to the use of thin membranes under 
realistic stoichiometry, suggesting a better hydration state for the ultra- 
thin membrane case (B2), whose entity would be underestimated if only 
test conditions at high λa/c were observed. In the next section, the effects 
of membrane thickness on water balance and self-humidification char
acteristics will be analysed to motivate such aspect.

4.3. Membrane water balance analysis

The analysis of the membrane water management is carried out 
considering the combined effect of the electro-osmotic drag and of the 
retro-diffusion (RD) on water transport. The EOD flux is uniquely 
directed towards the cathode, as it shares the cationic migration in the 
acid electrolyte, whereas liquid water diffusion is generally oriented 
towards the negative gradient of species concentration. However, being 
the CCL typically at higher liquid water concentration than ACL, an 
anodic-oriented flux originates, hence the “retro-diffusion” name. The 
vapor water diffusion will be treated in the next section dealing with the 
gas species crossover. The analysis of fluxes is preferred over the mass 
flow rate to provide a size-independent metric (i.e., per unit surface).

The resulting EOD and RD mass fluxes (m˝
EOD and m˝

RD [kg m− 2 s− 1], 
respectively) are reported in Fig. 12-a/b for all cases, conventionally 
observed at CCL (mass addition/removal for positive/negative mass 
flux, respectively). The results show that: 

• m˝
EOD generally follows an increasing trend with the current density, 

coherently with Eq. (15), although a less-than-linear tendency is 
observed due to the nd reduction with membrane dehydration 
(Fig. 7).

• m˝
EOD is almost insensitive to membrane thickness and cell stoichi

ometry, as all simulation results show similar EOD fluxes for a given 
current density.

• m˝
RD at CCL is always negative, confirming the anodic-oriented liquid 

water diffusion, and its magnitude is inversely proportional to the 
membrane thickness, i.e., higher for thin membrane cases (A2, B2) 
than for their thick membrane counterparts (A1, B1). Focusing on the 
stoichiometric factor, a more intense m˝

RD is observed for low 

Fig. 11. Overpotentials breakdown: activation (grey), ohmic (red) and concentration (blue) for the four simulated cases (high stoichiometry: A1/A2, low stoichi
ometry: B1/B2), at (a) medium (1.0 A cm− 2) and (b) high current density (1.7 A cm− 2).

Fig. 12. Mass fluxes at CCL due to (a) EOD and (b) RD for the A1/A2 cells (high stoichiometry, red) and B1/B2 cells (low stoichiometry, blue). Thick membrane (30 
µm) cases in solid line (A1, B1), thin membrane (6 µm) cases in dashed line (A2, B2).
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stoichiometry operation (B1, B2), indicating a combined effect of 
reduced flow rate and ultra-thin membrane for maximum retro- 
diffusion, which is key to self-humidification.

The m˝
EOD and m˝

RD contributions are rationalized to define a Figure of 
Merit (FoM) (ΓEOD/RD, Eq. (29)), expressing the “MEA dominant transport 
index” as the ratio of the EOD and RD mass fluxes, respectively (Eq. (15), 
22, 24), and quantifying the level of EOD dominance (ΓEOD/RD > 1), the 
opposite condition (ΓEOD/RD < 1), or an equilibrated self-humidification 
condition (ΓEOD/RD = 1.0). In this analysis the ratio of mass fluxes is 
preferred over their algebraic sum (e.g., net water flux) to define a non- 
dimensional metric. For the sake of clarity, the absolute value of m˝

RD is 
considered, to draw magnitude-based considerations on EOD and RD 
mass transport. 

ΓEOD/RD =
m˝

EOD

|m˝
RD|

(29) 

The obtained ΓEOD/RD results are resumed in Fig. 13, outlining three 
scenarios which will be related to the produced power density and to 
grade its external humidifying request: 

I. ΓEOD/RD > 5: MEA condition with m˝
EOD > 5

⃒
⃒m˝

RD
⃒
⃒, hence with a 

cathodic-oriented EOD water flux largely dominating on the 
anodic-oriented RD (i.e., >5 times larger), with a high demand of 
external water supply to avoid ACL dehydration (e.g., from hu
midifiers) and a poor self-humidification quality.

II. 1 ≤ ΓEOD/RD ≤ 5: MEA condition with a dominance of m˝
EOD, but 

where the m˝
RD contribution to self-humidification is consider

able, defining a design with an appreciable passive humidifica
tion level, i.e., relying on internal water recirculation with a 
reduced need for external water supply. Although the ΓEOD/RD =

1.0 condition would be desirable, this range of ΓEOD/RD is a more 

achievable target, hence of high interest in view of its good self- 
humidification quality.

III. ΓEOD/RD < 1: a less common condition, where the anodic-oriented 
m˝

RD overcomes the cathodic-oriented m˝
EOD, requiring an external 

water supply from humidifiers to avoid ACL dehydration.

The analysis of the ΓEOD/RD function in Fig. 13 shows that thick 
membrane cases (A1, B1, solid lines) are in the ΓEOD/RD > 5 condition 
(Case I), with a dominance of EOD over RD and a high request of 
externally supplied water, although this is less severe under realistic 
stoichiometry (B1, with maximum ΓEOD/RD = 13.0) than for test ones 
(A1, with maximum ΓEOD/RD = 27.1). Moving to thin membrane cases 
(A2, B2, dashed lines), the 1 ≤ ΓEOD/RD ≤ 5 condition (Case II) is satis
fied for both test and realistic stoichiometries, again with lower ΓEOD/RD 

values for the latter. These results indicate the quality of thin membrane 
MEAs in reducing the need of external water supply thanks to the pro
motion of internally recirculated water for humidification purposes. As 
illustrated in Fig. 14, the lower ohmic losses unambiguously enhance the 
cell’s specific performance. This can be applied either to increase the 
power density at constant efficiency, or to improve the efficiency at 
constant power density. The former approach is exemplified in the B1 
case at 0.5 V (Fig. 14–b), where the adoption of a thin membrane (B2) 
leads to a higher power density (+26.2 % at equal ηc=0.34) or efficiency 
(+30.4 % at equal power density of 0.79 W cm− 2). Finally, the RD- 
dominant condition (Case III) is never observed in the simulation results.

This is further elucidated by the analysis of a second FoM where the 
power density is rationalized on the net water flux (ΓP˝ [W s kg− 1], Eq. 
(30)), with m˝

net calculated as in Eq. (28). As this FoM quantifies the 

Fig. 13. ΓEOD/RD index for the A1/A2 cells (high stoichiometry, red) and B1/B2 
cells (low stoichiometry, blue). Thick membrane (30 µm) cases in solid line (A1, 
B1), thin membrane (6 µm) cases in dashed line (A2, B2).

Fig. 14. (a) Cell efficiency as a function of the power density, and (b) close-up on the high power density region, for the A1/A2 cells (high stoichiometry, red) and 
B1/B2 cells (low stoichiometry, blue). Thick membrane (30 µm) cases in solid line (A1, B1), thin membrane (6 µm) cases in dashed line (A2, B2).

Fig. 15. Self-humidification quality metric (ΓP˝) as a function of the cell’s 
thermodynamic efficiency (HHV based) for the A1/A2 cells (high stoichiom
etry, red) and B1/B2 cells (low stoichiometry, blue). Thick membrane (30 µm) 
cases in solid line (A1, B1), thin membrane (6 µm) cases in dashed line (A2, B2).
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relationship between the produced power density and the net water flux 
(Eq. 31), it is used to isolate the electric power density production from 
the underlying net water flux, introducing the concept of “self-humidi
fication quality of the power density”. 

ΓP˝ =
P˝

m˝
net

(30) 

m˝
net = m˝

EOD + m˝
RD (31) 

In Fig. 15 the ΓP˝ values for all cases are reported as a function of the 
cell’s thermodynamic efficiency, calculated as the ratio of the cell 
voltage over the HHV (Higher Heating Value) thermoneutral potential, 
to draw conclusions not affected by efficiency variations. The results 
show that for all the efficiency range, an increase in the ΓP˝ index is 
obtained reducing the membrane thickness under the same stoichiom
etry (i.e., solid-to-dashed series in Fig. 15), meaning that a higher power 
density is obtained per unit of net water flux, under the same operating 
efficiency. This depicts an electric power generation more reliant on 
internal self-humidification, i.e. having a higher self-humidification 
degree (ΓP˝) and confirming the better hydration quality hypothesized 
in [11]. The effect is amplified when moving from high stoichiometry 
cases to low ones (i.e., red-to-blue series in Fig. 15), further emphasizing 
the relevance of this process under realistic operation. This demon
strates the primary relevance of thin membranes in the development 
process of high power density and high-efficiency PEMFCs, indicating a 
design path to generate a self-humidification attribute to the generated 
power.

4.4. Gas Crossover at high and low stoichiometry

The crossover effects of gas species are modelled using Eqs. (22) and 
24 for H2, O2, N2 and for water vapour. The resulting mass fluxes across 
the MEA are reported in Fig. 16, observed at CCL or at ACL depending on 
their positive sign as required for the logarithmic y-scale. Starting from 

H2 crossover (Fig. 16-a), a CCL-oriented flux is present under all con
ditions, strongly depending on the membrane thickness and being 
emphasized for thin membranes. A similar trend is observed for O2 
(Fig. 16–b), where an ACL-oriented flux is present and whose magnitude 
is amplified for thin membranes. However, the O2 crossover flux clearly 
shows the effect of low stoichiometry for the B1-B2 cases, exhibiting a 
flux reduction due to oxygen starvation at CCL under high current 
density, ultimately reducing the concentration gradient necessary for 
the crossover flux. The ACL-directed crossover flux of N2 (Fig. 16–c) is 
independent of the reaction rate and inversely proportional on mem
brane thickness. Finally, the water vapour crossover flux (Fig. 16–d) is 
the one most dependent on the reaction rate, via the electrochemical 
production rate of water at CCL that creates the concentration gradient. 
The water vapour crossover flux increases both with thin membranes, as 
expected, and at high current densities, peaking around 1.0 × 10–9 kg 
s− 1 cm− 2 and representing the highest crossover flux contribution. This, 
together with the ACL-directed N2 flux, poses a research focus on the 
flux of the cathodic species (water vapour and nitrogen) towards the 
anode, and these results will be used in future modelling studies to 
numerically study the transport of these undesired species away from 
ACL.

5. Conclusions

The necessity to enhance the power of PEMFCs and to lower their 
specific cost to advance their contribution to decarbonization is pursued 
via the use of ultra-thin membranes and by strategies to promote self- 
humidification. The interconnection of both development directions 
requires a comprehensive analysis of both the electric performance and 
the associated water management, with an interplay of processes that 
differs from the high flow rate conditions (typical of laboratory testing) 
to realistic low flow rates. While it is known that ultra-thin membranes 
reduce the ohmic losses, the related variations in the membrane water 
management and species crossover are less investigated, preventing a 

Fig. 16. Species crossover mass fluxes for (a) hydrogen at CCL, (b) oxygen at ACL, (c) nitrogen at ACL, and (d) water vapour at ACL, for the A1/A2 cells (high 
stoichiometry, red) and B1/B2 cells (low stoichiometry, blue). Thick membrane (30 µm) cases in solid line (A1, B1), thin membrane (6 µm) cases in dashed line 
(A2, B2).
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comprehensive understanding their potential and limitations. This is 
made even more challenging by the absence of quantitative indices to 
grade the dominant water transport mode across the membrane and the 
self-humidification degree. The key outcomes from this study are: 

• A numerical model using the STAR-CCM+ CFD code is carried out on 
a literature experimental data from [6], where two membrane 
thicknesses (30 and 6 µm) were tested under high flow rates. The 
model includes an in-house developed sub-model for 
through-membrane fluxes.

• Simulations are numerically extended to more realistic values (λa/c =

2.0), observing that the relevance of ultra-thin membranes is 
amplified under low stoichiometry and high current density.

• A MEA dominant transport index (ΓEOD/RD) is proposed, identifying the 
dominant water transport mode across the membrane. The results 
indicate that ultra-thin membranes allow a good self-humidification 
quality, which excels for the operation at low stoichiometry 
(1 ≤ ΓEOD/RD ≤ 5).

• A Self-humidification index of the power density (ΓP˝) is introduced, 
rationalizing the produced power density to the net water flux. Re
sults show an increase in the ΓP˝ index for ultra-thin membrane 
cases, stating that a higher power density is obtained per unit of net 
water flux.

• The most relevant species crossover fluxes are the anodic-directed 
ones, namely N2 and water vapor, whose entity is maximized for 
ultra-thin membranes.

The study reveals the complexity of the interconnected electrical 
operation and water management for various membrane thicknesses 
and flow rates, and it reveals that the ultra-thin membrane operation not 
only leads to a cell resistance reduction, but it extends to (i) a more self- 
humidified membrane and (ii) a reduced request on the humidification 
system under the same performance, although (iii) at the cost of higher 
anodic N2 and water vapour. The two original Figures of Merit proposed 
from this analysis can be adopted to meter the membrane hydration 
state and to grade new cell designs aiming at complete self- 
humidification, contributing to the advancement of PEMFC design 
methods for large-scale industry requirements.
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