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A B S T R A C T

A 1+1D transient non-isothermal and multiphase polymer electrolyte membrane fuel cell model is developed. The model is validated on experimental data gathered 
on a segmented single cell and representative of a real-world automotive driving cycle, derived from the stack protocol defined in the ID-FAST H2020 project. During 
Low-Power operation, cell voltage response is mainly controlled by platinum oxide and water dynamics: the low hydration significantly affects cathode inlet per
formance. Throughout High-Power operation, instead, voltage transients are ascribable to local mass-transport related phenomena: in particular, liquid water 
accumulation along the channel strongly decreases the efficiency of cathode outlet region. Finally, the effect of relative humidity at cathode channel inlet is 
investigated: an increase in the humidification of the air inlet stream from 30% to 50% leads to a better proton conductivity and, therefore, to a significant 
enhancement of the performance of cathode inlet regions, which also means a slight improvement in the average stack efficiency from 62.2% to 62.8%. Lowering RH 
of the air-inlet stream from 30% to 15%, a worsening of proton conductivity is observed, which exacerbates performance heterogeneities and leads to a reduction of 
the average stack efficiency from 62.2% to 61.5%, consistently with experimental results.

1. Introduction

In recent years, lot of attention has been devoted to the greenhouse 
effect and air pollution resulting from carbon emissions originating from 
fossil fuel combustion [1]. The integration of renewable energy into the 
transport sector has found to be unavoidable. The effective utilization of 
renewable energy necessitates the refinement of efficient energy con
version devices, with a particular emphasis on advancements in the 
hydrogen economy, specifically looking at the fuel cell technology, also 
confirmed by techno-economic analyses [2,3]. Relevant progress in the 
field of polymer electrolyte membrane fuel cell (PEMFC) in the last two 
decades was achieved, allowing automotive manufactures to success
fully commercialize fuel cell electric vehicles (FCEVs). The interest 
received by PEMFC technology is due to several unique features: high 
efficiency and power density, low emissions, noise-free operation, fast 
start-up, fast response to load changes and modularity [4,5]. Never
theless, there are still important improvements that are needed to 
accelerate the spread of the technology by either reducing the cost or 
extending the durability of components. Improvements of PEMFC ma
terials can provide a major contribution to these targets in parallel with 
the development of proper operating strategies aimed at optimizing 
performance and mitigating degradation. Development of proper system 

control strategies, however, can be pursued only relying on effective 
modelling tools able to correctly describe the transient physical pro
cesses occurring in PEMFC stacks and components [6,7].

During the last two decades, a significant number of physics-based 
models were developed, which are categorized based on the modelling 
domain, incorporated physics and the inclusion of dynamic operation. 
Extensive literature exists on steady state modelling of the transport 
processes in PEMFCs, at various dimensions and physics. The initial 
numerical modelling employed a 1D scheme for simplicity and reduced 
computational time: they assumed single-phase isothermal conditions 
and simple membrane transport model, where membrane was assumed 
to be fully hydrated [8,9]. Moreover, this kind of models was able to 
capture distributions in either through-the-membrane electrode assem
bly (MEA) [10] or along-the-channel [11,12] directions. More recently, 
most of the models have evolved to 2D computational domains, 
capturing land/channel effects [13,14] or along the channel distribu
tions [15–17]. Pseudo 3D [18,19] and 3D models [20,21] have also 
become popular but, even if they would allow to account for 
along-the-channel variations in property, as well as the flow-field ge
ometry, their high computational cost makes them impractical for 
real-world simulations. On the other hand, the available computation
ally efficient models available in the literature typically oversimplify the 
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physics and cannot capture important phenomena, such as the 
two-phase flow [22]. Therefore, despite recent efforts, in literature there 
is still room for models that represents a good compromise between fi
delity and computational cost. In this sense, as suggested by Ref. [23], a 
1+1D geometry (also called quasi 2D) may represent a valuable solution 
for that kind of models that aspire to provide critical information for 
real-time fuel cell management. For this reason, in this work it was 
decided to adopt a 1+1D scheme. Since PEMFC dynamic response is 
becoming more and more important, transient phenomena were also 
analysed in recent models. For instance, Wang et al. [24] studied the 
dynamics voltage response of a PEMFC with flooded GDL when the 
operating conditions switches from highly humidified gases to drier 
gases highlighting that, thanks to a larger water diffusivity in anode gas 
diffusion layer (GDL), anode side shows a faster water loss with respect 
to cathode side []. Natarajan et al. [13] developed a two-dimensional 
transient model for the cathode of PEMFCs, understanding that, espe
cially at high current density, its performance was dominated by the 
dynamics of liquid water. They also suggested that drier inlet gas stream, 
as well as higher temperatures and reduced diffusion layer thickness 
could help to accelerate water removal and, hence, to improve cathode 
performance []. Recently, Goshtasbi et al. [23] developed a PEMFC 
model, geared toward real-time simulation on board, able to address all 
the main transient phenomena, namely oxide coverage, membrane, 
temperature and current density dynamics.

The aim of this work is to analyse the dynamic behaviour of real- 
world PEMFC under driving cycle operation. This goal is achieved by 
the development of a 1+1D transient non isothermal and multiphase 
model of PEMFC stack which is calibrated on steady state measurements 
of polarization curves, limiting current and EIS. The model is later 
validated against experimental data gathered on a segmented cell 
hardware [25] performing a specific driving cycle protocol including 
Low-Power and High-Power operation under variable operating 
conditions.

The work is organized as follows: in Section 2, experimental 

apparatus and data are described and analysed; in Section 3, the gov
erning equations and the numerical implementation of the PEMFC 
model are provided; model calibration and validation is reported in 
Section 4, with main investigation of the phenomena occurring inside the 
membrane electrode assembly (MEA) under the simulation of a real- 
world driving cycle protocol; additionally, the effect of air humidifica
tion on stack performance during the same driving cycle protocol is 
analysed.

2. Materials & methods

A segmented cell hardware with an active area of 5 cm × 5 cm was 
used [25]. The flow field for both anode and cathode sides consist of a 
triple serpentine made by three parallel channels. Both at anode and 
cathode side the graphite flow plates are segmented into four sections, 
such to separate four different portions of non-uniform active area: 
segment 1 = 5.83 cm2, segment 2 = 5.80 cm2, segment 3 = 7.65 cm2 and 
segment 4 = 5.72 cm2. The cell is operated in a counter-flow configu
ration and segment numbering follows the air flow, which enters in 
segment 1 while hydrogen stream enters in segment 4, as visible in Fig. 1
(a).

A complete set of data was used to calibrate and validate the PEMFC 
model, consisting in local polarization curves, whose operating condi
tions are listed in Table 1, limiting current density tests and driving load 
cycle operation. For completeness, in the Supplementary Information 
(SI) also Electrochemical Impedance Spectra (EIS) test is shown. Polar
ization curves were evaluated, considering the operating window from 
high to low current density values and for each current density the 
holding time was equal to 180 s and the average was performed on the 
last 120 s. In curve “oxygen”, pure oxygen is fed on the cathode side, in 
fully humidified conditions, whereas for curve “reference” and “dry”, air 
feed is used, with fully humidified conditions and with drier conditions 
both for anode and cathode, respectively. Limiting current tests were 
arranged considering three oxygen dilutions in nitrogen, specifically, 

Fig. 1. – (a) Experimental hardware layout for segmented cell. Reproduced with permission from Ref. [25] (b) Load profile and (c) Operating conditions of ID-FAST 
driving cycle.
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1%, 2% and 3%, and three different pressure at cathode/anode inlet, pin 
= 200 kPa, 310 kPa, 350 kPa. Cell voltage was held for 3 min at 0.4 V 
and then lowered to 0.3, 0.25 and 0.2 V, held 3 min per each, and the 
resulting average current density was recorded.

The ID-FAST drive cycle, representing the load cycle of the fuel cell 
system, was generated within the consortium of European ID-FAST 
H2020 project [26], using extensive real-world vehicle data gathered 
from customers, specifically detailing the relationship between vehicle 
speed and time. The power cycle of the fuel cell system was acquired 
through the application of a hybridization model for either the vehicle or 
powertrain, including data on the temperature variations of the fuel cell 
stack over time. Assessing power transitions in aggregated data and 
relying on proprietary fuel cell system model and experiments [27], it 
was possible to derive a load driving cycle, integrating stop periods with 
peculiar features, as reported in Ref. [25]. The obtained load driving 
cycle, as shown in Fig. 1(b), is composed of a Low-Power (LP) and a 
High-Power (HP) operating window, separated by a short-stop proced
ure. Low-Power region lasts approximately 60% of the whole duration 
and is characterized by cell voltage and current density, ranging among 
0.85 and 0.7 V and 0.095 A cm− 2 and 0.59 A cm− 2, respectively. The 
second part, instead, takes 40% of the whole driving cycle duration and, 
being characterized by cell voltage and current density ranging 
respectively among 0.85 and 0.6 V and 0.095 A cm− 2 and 1.75 A cm− 2, it 
is representative of high engine load. To mimic real operation of fuel cell 
system, both cell temperature and pressures are varied accordingly to 
PEMFC operation, as visible in Fig. 1(c). Specifically, during Low-Power 
operation, temperature and reactant pressures are kept constant, 
respectively to 71 ◦C and 140 and 190 kPa for cathode and anode side. 
During High-Power operation, cell temperature was increased up to 
90 ◦C through a symmetric triangular profile and reactant pressures are 
varying proportionally with stack load. The dew point temperatures of 
reactant air and hydrogen are constant during Low-Power operation, 
while they are changed according to Fig. 1(c) during High-Power 
operation. Stoichiometry is set constant to 1.4/1.6 for anode and cath
ode respectively.

3. Model formulation

The model developed consists in a 1+1D geometry, focusing on the 
through-the-membrane direction and the along-the-channel direction of 
the PEMFC. Therefore, for simplicity and clarity, first the 1D through- 
the-membrane model is introduced in Section 3.1 and the governing 
equations, properties and boundary conditions implemented in it are 
discussed. Then, in Section 3.2, the 1D along-the-channel model is 
described. Finally, more details concerning numerical implementation 
are given in Section 3.3. The following assumptions are made:

• Gaseous species are assumed to be ideal gases.
• Diffusion media and catalyst layers are isotropic and homogeneous.
• Pressure gradient in the through-MEA direction is neglected for 

gaseous species.
• Tafel kinetics is adopted for oxygen reduction reaction (ORR), while 

Butler-Volmer kinetics is adopted for hydrogen oxidation reaction 
(HOR).

• Double layer effects at cathode side are considered only for the 
simulation of the EIS spectra.

• Water is present in three phases. Evaporation/condensation mecha
nisms describe the phase change between liquid and vapor while 
absorption/desorption mechanisms govern the transition from dis
solved to vapor and vice versa.

• Only crossover of hydrogen across the membrane is considered. 
Crossover of other species is neglected since it does not affect 
significantly PEMFC performance.

• Control volume (CV) approach is used to implement each transport 
equation, described in Section 3.1.1.

• Gas flow in the channels is assumed to be laminar due to small 
Reynolds number.

• Liquid water transport through porous media is considered for both 
anode and cathode side, whereas liquid water transport in channel is 
assumed to affect only species transport in cathode gas channel.

• Flow pattern of liquid water in gas channel is assumed to be com
parable to a liquid film flow.

• Thermal conduction is considered for heat transfer in the porous 
medium

• Counter-flow configuration is implemented.

3.1. Through-MEA transport model

3.1.1. Numerical method for control-volume integration
Before introducing the specific governing equations of PEMFC for the 

through-MEA direction, the method of the control-volume integration 
used in this work is explained. In Eq. (1), the conservation equation is 
reported in a general form: 

∂ξ
∂t

= − ∇⋅ṅξ + sξ (1) 

This equation is later applied for species conservation, charge con
servation, liquid and adsorbed water conservation, energy conservation. 
In Eq. (1), ξ indicates the potential (molar concentration, electrostatic 
potential, liquid saturation, water content, temperature respectively). In 
the same equation, ṅξ is the flux and sξ the volumetric source associated 
to each variable ξ. Further details on each equation are reported later in 
this Section. Considering a specific sub-domain and dividing it into 
discrete control volumes of thickness dCV, the nodal points are set in the 
centre of each control volume and the boundaries are placed mid-way 
between adjacent nodes, such that each control volume surrounds a 
node, as visible in Fig. 2. The left/right boundaries of the CV are referred 
as left “l” and right “r”. The values of the variable ξ are evaluated at the 
CV centre. By integrating inside the CV the generic Eq. (1), it yields to 

dξj

dt
dj

CV = ṅl,j
ξ − ṅr,j

ξ + Sξ (2) 

where ṅl,j
ξ and ṅr,j

ξ are the fluxes at left/right boundaries of the CV, Sξ the 
source resulting from the integration of sξ inside the CV along the x- 
direction.

The flux ṅξ is driven by the gradient of the same quantity ξ and 
adequate transport resistances can be defined such that: 

ṅl,j
ξ =

ξj− 1 − ξj

Rj− 1
ξ + Rj

ξ

ṅr,j
ξ =

ξj − ξj+1

Rj
ξ + Rj+1

ξ

(3) 

Two exceptions are the electroosmotic drag flux and the capillary 

Table 1 
Operating conditions of polarization curves.

Label RHc RHa T Pa Pc λa λc yO2 ,dry

[− ] [− ] [◦C] [kPa] [kPa] [− ] [− ] [− ]
Oxygen 0.999 0.999 80 250 230 2 20 0.999
Reference 0.999 0.999 80 250 230 2 4 0.209
Dry 0.3 0.5 80 250 230 2 4 0.209
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driven transport which are described in Sections 3.1.4 and 3.1.3
respectively. Boundary conditions are applied to the extreme CVs at the 
respective CV boundary, depending on the specific boundary-condition 
typology, i.e. imposed value of the variable ξ and/or imposed flux ṅξ.

3.1.2. Transport of gaseous species through porous layers
Along the through-MEA direction seven subdomains are considered: 

GDLs, MPLs, CLs both for anode and cathode sides, together with the 
proton-exchange membrane (PEM). Each of those subdomains is divided 
into a certain number of control volumes (CVs), as shown in Section 3.3.

Gas species transport all over porous media is described by Eq. (4) for 
each CV: 

d
dt

(
εgascj

i

)
dCV =

cj− 1
i − cj

i

Rj− 1
gas + Rj

gas
−

cj
i − cj+1

i

Rj
gas + Rj+1

gas
+ Si (4) 

where εgas is the porosity of the layer, occupied by gas, εgas = ε(1 − s)
with s being the liquid saturation and ε the compressed layer porosity. 
The term on the left-hand side of Eq. (4) describes the accumulation of 
gas inside porous volume of the CV, while the first two terms on the 
right-hand side denote the diffusive fluxes coming into and exiting from 
the CV. Si represents the source term for the specific gas species, which 
accounts for the production or consumption of species due to the elec
trochemical reactions or mass exchange between phases.

The rates of hydrogen and oxygen consumption are linked to the 
electrochemical reaction rates and they are taken into account only in 
the anodic and cathodic catalyst layers: SH2 = − 1

2F
(
iHOR +iH2 ,crossover

)
and 

SO2 = − 1
4FiORR, where the term iH2 ,crossover accounts for hydrogen cross

over across membrane (Section 3.1.2). Concerning the phase change 
term, Svl, which interests only water vapor, further details will be pro
vided in the following lines. More information about the expression of 
the different source terms can be found in Table 7. Gas resistances in Eq. 
(4) are computed by considering the effective diffusion coefficient, Deff

i , 
of species i, as described in Table 2.

In the GDL domain, gas transport is ascribable to the molecular 
diffusion; the presence of the land structure is making the diffusion 
process in the porous region, right under the flow field structure, a two- 
dimensional phenomenon, increasing the diffusion path of the species. 
The thickness of the GDL was increased effectively to capture the 
increased transport length, as done in Refs. [23,31], correcting it by an 
additional factor fland. For the MPL, it was assumed that gas diffusion is 
not influenced by the land structure and it remains a one-dimensional 
problem. Knudsen diffusion mechanism contributes to the whole diffu
sion process. Gas diffusion in cathode CL is discussed in Section 3.1.4.

The model includes the crossover of hydrogen across membrane, 
whereas crossover of oxygen and nitrogen was neglected because of 

their low permeabilities values [32]. For sake of clarity, gas transport is 
not solved inside membrane, but the resulting flux of hydrogen deter
mined by partial pressure gradient across membrane is evaluated ac
cording to Eq. (5), assuming that no hydrogen is present at cathode side, 
and its consumption is considered in the mass conservation for hydrogen 
in CLa, as indicated in the related SH2 mentioned above. 

ṅH2 ,MEM =KH2

pCLa
H2

dMEM
(5) 

where pCLa
H2 

is the partial pressure of hydrogen in the anode CL and KH2 

indicates the permeability of membrane to hydrogen, reported in 
Table 3. Moreover, to the hydrogen crossover, a current iH2 ,crossover is 
associated and it must be considered in the charge balance at cathode 
side, assuming that it reacts immediately with oxygen, producing water, 
thus it is computed according to: 

iH2 ,crossover =2 F ṅH2 ,MEM (6) 

3.1.3. Liquid water transport
Liquid water is present inside porous media and gas flow channels. In 

porous media, liquid saturation, s, is defined as the ratio between the 
liquid water volume and the pore region volume. The mass conservation 
equation, that accounts for liquid saturation distribution across porous 
media, is given by Eq. (7): 

d
dt

(

ε
ρliq

MH2O
sj
)

dCV =
ρliq

MH2O μliq

(
pj− 1

cap − pj
cap

Rj− 1
liq + Rj

liq

−
pj

cap − pj+1
cap

Rj
liq + Rj+1

liq

)

+ Svl (7) 

Fig. 2. (a) Schematics of the numerical approach adopted to solve the conservation equation for the general variable ξ, evaluating the fluxes at the left/right 
boundaries of the j control volume associated to the specified variable, ṅl

ξ and ṅr
ξ respectively.

Table 2 
Properties of mass transport in porous media.

Property [Units] Equation Reference

Rgas
[
s m− 1] dCV

2Deff
i

−

DKni
[
m2s− 1]

2
3
rKN

̅̅̅̅̅̅̅̅̅̅̅

8
π

RT
Mi

√ [28]

Dmixi
[
m2s− 1] 1 − yi

∑Nspecies
j∕=i

yj

Di,j

[29]

Di
[
m2s− 1] (

1
DKn

i
+

1
Dmix

i

)− 1 [28]

Deffi
[
m2s− 1] ε

τ(1 − s)γs Di
[28]

Rliq
[

m− 1] dCV

2 Kabs krel

−

krel [ − ] s3 [30]
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In Eq. (7), gas-phase pressure is assumed constant across porous media 
in the through-plane direction and liquid pressure gradient is equal to 
capillary pressure, pcap. The dependence of water saturation on capillary 
pressure is described by the empirical correlation, developed by 
Ref. [33]. 

pcap(s)= − γliq cos(ϑc)

̅̅̅̅̅̅̅̅
ε

Kabs

√
(
1.417 s − 2.120 s2 +1.263 s3) (8) 

where Kabs, representing the absolute permeability of the porous layer, is 
a material property as indicated in Table A1 of the Appendix. The Lev
erett J-function appears to be less compliant with the fuel cell porous 
layers, where the water discharge capacity of the GDL is affecting local 
electrochemical performance [34–36]. Contact angles in GDLs and MPLs 
are in accordance with literature [37]. During last years, models for the 
liquid water transport in graphite-based porous-layer were developed, 
for example the mixed wettability model. Meanwhile, in the literature, 
experimental water retention curves are shown for some commercial gas 
diffusion layers, but more uncertainty is related to the catalyst layer one, 
because water imbibition and withdrawal into catalyst layer is very 
difficult to achieve [38]. Hence, no reliable measurements in literature 
are present for CL. It was preferred to adopt homogenously the J-Lev
erett approach for all the porous layers, well established in the literature. 
The source term Svl in liquid water conservation equation (Eq. (7)) is 
given by the evaporation/condensation mechanism, regulating mass 
transfer between liquid and water vapor phases [28], and it represents 
the source term of the water vapor transport equation (Eq. (4)) solved in 
each CV in which anodic and cathodic porous layers are discretized. 
Further details about the source terms in the different domains of the 
model can be found in Table 7. 

Svl =

{
dCV kvl (pv − psat)s, pv < psat

dCV kvl (pv − psat)(1 − s), pv ≥ psat
(9) 

3.1.4. Water uptake and transport through ionomer
The hydration of membrane and ionomer in the catalyst layers is 

modelled with the use of water content or hydration λ: 

d
dt

(
εion

ρion

EW
λj
)

dCV =

(
ρion

EW
λj− 1 − λj

Rj− 1
λ + Rj

λ

− ηl,j
d,eff

i
F

)

−

(
ρion

EW
λj − λj+1

Rj
λ + Rj+1

λ

− ηr,j
d,eff

i
F

)

+ Sd

(10) 

For the transport of water dissolved inside the ionomer, the water 
diffusion and the electro-osmotic drag fluxes are included. The dissolved 
water diffusivity Dλ, which depends on the water content and temper
ature, is based on the correlation in Refs. [39,40]. The terms ηl,j

d,eff
i
F and 

ηr,j
d,eff

i
F in Eq. (10) represent the electro-osmotic drag fluxes, associated to 

the transport mechanism of water molecules, that occurs because of the 
drag effect caused by the flux of protons in the same ionomer domain, 
thus to the current density, i. In order to approximate the drag flux at the 
CV boundaries of the domain, the drag coefficient of each CV is evalu
ated according to Ref. [41], based on the dependence by Ref. [42], 
corrected with the Arrhenius equation, as in Ref. [43], and the algebraic 
mean is applied between adjacent CVs, as listed in Table 3. Since current 
density is not homogeneous in the CL, a corrective factor was intro
duced, similarly to the proton transport resistance in CLs, i.e. 1

3+Ϛ, based 
on correction from Ref. [44] (further details are reported in Section 
3.1.6). Both the diffusivity of dissolved water Dλ and the electro-osmotic 
drag coefficient ηd, estimated in the CLs, are corrected for the Brugge
man correction, ε1.5

ion .
The source term Sd in Eq. (11), non-null in CLs, accounts for both 

phase transfer with water vapor (adsorption/desorption) and water 
production from ORR. The former is evaluated by using the non- 
equilibrium membrane water sorption model proposed by Ref. [20], 
according to which adsorbed water inside ionomer is proportional to the 
difference between the local water content λ and its value at equilib
rium, λeq. The water content at equilibrium, λeq, has been derived from 
real data taken on Nafion membranes [45]. As it is shown in Table 3, λeq 

accounts also for the effect of liquid water, as done by Ref. [23] and 
commented in the SI. 

Sd =

⎧
⎨

⎩

Svd +
iORR

2F
for cathode CL

Svd for anode CL
(11) 

Table 3 
Membrane water uptake and transport properties.

Property [Units] Equation Reference

ηl,j
d,eff

[ − ] 2.5
22

⋅
(

λj + λj− 1

2

)

exp
(

4000
R

⋅
(

1
303.15

−
1
T

)) [41,42,

47]

ηr,j
d,eff

[ − ] 2.5
22

⋅
(

λj + λj+1

2

)

exp
(

4000
R

⋅
(

1
303.15

−
1
T

)) [41,42,

47]
Dλ

[
m2s− 1] (

1 +
1.8 × 10− 5

EW/ρion
λ
)− 2

⋅0.054⋅
(
1.0 + 2.7 × 10− 3λ2)

[

1 + tanh
(

λ − 2.62
0.88

)]

exp
(

−
27800
R T

)

× 10− 4
[39,40]

Rλ
[
s m− 1] dCV

2Deff
λ

KH2

[
mol m− 1 s− 1Pa− 1] (

15.7⋅exp
(

−
20280
R T

)

+ 45⋅fv⋅exp
(

−
18930
R T

))

× 10− 12 [32]

kvd
[
m s− 1]

6.8× 10− 6⋅λ1.6⋅exp
(

20000
R

(
1

303.15
−

1
T

))
[46]

λeq [ − ]
(1 − tanh(10⋅s) )⋅

(

0.3 + 7⋅RH⋅(1 − tanh(RH − 0.5) ) + 0.69⋅(12.2 − 3.52)⋅
̅̅̅̅̅̅̅
RH

√
⋅
(

1 + tanh
(

RH − 0.92
0.23

)))

+

tanh(10⋅s)⋅(12.2 + 0.181⋅(T − 273.15) )

[23,45]

fv [ − ] 1.8 × 10− 5 λ
EW
ρion

+ 1.8 × 10− 5 λ

Table 4 
Effect of temperature, relative humidity and electrode potential on local oxygen 
resistance.

Function Expression Reference

f1(RH) exp( − 1.1⋅(RH − 1) ) if RH < 1 
1 if RH ≥ 1

Fitted from experimental data in 
[53]

f2(T) exp
(

17200
R

⋅
(

1
T
−

1
353.15

))
[53]

f3(Δφc) 2+ tanh(6 (Δφc − 0.5)) [54]
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Svd = kvd
ρion

EW
(
λeq − λ

)
(12) 

The interfacial water transport at ionomer/gas boundary can be 
modelled by the interfacial mass transport coefficient, kvd, which de
pends on temperature and water content [46]. Please, refer to Table 7
for a comprehensive description of the source terms.

3.1.5. Local oxygen-transport resistance through thin-ionomer-film
Numerous works are devoted to analysing and modelling of local 

oxygen-transport through the ionomer thin-film covering platinum 
nanoparticles, particularly evident in low platinum loading CLs [48] and 
after ageing [49]. As shown by Refs. [23,50], assuming that Pt nano
particles are deposited on carbon support homogeneously and are 
covered by both an ionomer and water films, local oxygen-transport 
resistance in CL is composed of several contributions (oxygen dissolu
tion and diffusion in water, dissolution and diffusion into ionomer film). 
However, the lack of microstructural measurements and the CL 
morphological heterogeneity make harder to identify the 
above-mentioned contributions. Thus, the model proposed by Refs. [51,
52], lumping all the contributions into one single resistance, except for 
the one related to oxygen dissolution into the ionomer, is adopted. The 
resistance, RPt

O2
, is dependent upon local operating conditions, as well as 

the roughness factor, that is the product of the electrochemical active 
surface area, ECSA, and the platinum loading, LPt,c. The oxygen flux, 
within the ionomer layer, can be expressed as in Ref. [52]: 

ṅfilm
O2

=
ceq

O2
− cPt

O2

RPt
O2

r.f .

(13) 

with cPt
O2 

and ceq
O2 

as the local oxygen-concentration at the Pt surface and 
the equilibrium-concentration at the ionomer-gas interface respectively. 
The latter is related to the gas-phase oxygen-concentration, cCL,gas

O2
, 

through the Henry’s law [52]: 

ceq
O2

= R ⋅T⋅Hcc⋅cCL,gas
O2

(14) 

where Hcc = 3.16 × 10− 5 mol m− 3 Pa− 1 is the Henry’s constant of dis
solved oxygen in Nafion [51]. The oxygen flux (Eq. (13)) is equal to the 
ORR oxygen flux, dependent upon cPt

O2
, under steady state conditions. 

The steady-state transport of oxygen through ionomer film is assumed in 
dynamic modelling [53,54] and no accumulation is included in the 
ionomer layer, because of its small volume [55]. Further dependence of 
the RPt

O2 
from the local operating conditions is included: 

RPt
O2

= RPt
O2 ,ref ⋅

353.15
T

⋅f1(RH)⋅f2(T)⋅f3(Δφc) (15) 

The factor f3(Δφc), as shown in Table 4, was introduced in Eq. (15)
(Ref. [54]) from the evidence that in the intermediate-potential region 
(between 0.45 and 0.7 V vs RHE) the local oxygen-transport resistance 
presents an increasing trend, associated to adsorption of some species on 
Pt surface, especially sulfonates from the ionomer layer, which de
termines a decrease of the effective active area and a significant growth 
of the associated mass transport resistance. At low electrode potentials, 
the factor f3 tends to 1, because adsorption of sulfonates is not favoured. 
The term RPt

O2 ,ref in Eq. (15) is linked to the total film-resistance for ox
ygen transport, R∗Pt

O2,ref , estimated from the experimental slope of the 
non-Fickian component of the oxygen-transport resistance with respect 
to the roughness factor, r. f. [56]. 

R∗Pt
O2,ref =

RPt
O2 ,ref

Hcc⋅R ⋅T
(16) 

RPt
O2 ,ref is set to 111 s m− 1 so that R∗Pt

O2,ref is equal to 1200 s m− 1 at 80 ◦C, 
consistently with typical values reported in literature (1100–1300 s m− 1 

[57]).

3.1.6. Reaction kinetics and charge conservation
The ORR kinetics model adopted is based on the modified Tafel 

expression [49], accounting for the effect of ORR inhibition due to 
platinum oxides (PtO) through the platinum oxide coverage, ϑPtO. The 
oxide coverage effect was also incorporated into the ORR kinetic 
expression through a Temkin isotherm approach, able to consider the 
respective interactions between the oxide species on the Pt-sites. 

iORR =4 F Kr,ORRECSAc LPt,c

( cPt
O2

cO2 ,ref

)0.8

(1 − ϑPtO) exp
(
−

ωPtO ϑPtO

R T

)
exp
(

−
αr,ORRFΔφc

R T

)

(17) 

where Δφc is the applied electrode potential at cathode CL, corre
sponding to the difference between the electrical, φel, and the protonic 
potential, φion, also equal to the sum of the equilibrium electrode po
tential, E0,ORR, and the overpotential for the ORR, whereas ωPtO stands 
for the energy parameter in the Temkin isotherm approach, quantifying 
the rate at which the apparent Gibb’s adsorption energy of adsorbed 
species on the catalytic sites change with the Pt coverage. The reference 
oxygen concentration, cO2,ref , in Eq. (17) is computed as pref

R T, where pref is 
equal to 101325 Pa and T is the local temperature in cathode CL.

The formation/reduction of PtO, highly impacting upon the dynamic 
cell performance and durability [58,59], is modelled, according to 
Ref. [49]. 

dϑPtO

dt
= (1 − ϑPtO)

Ko,PtO

Γ
⋅exp

(
αo,PtO FΔφc

R T

)

− ϑPtO
Kr,PtO

Γ
⋅exp

(

−
αr,PtO FΔφc

R T

)

(18) 

where Γ represents the adsorbed charge per unit area of platinum sur
face, Ko,PtO and Kr,PtO are the forward and backward reaction rates 
respectively.

Moreover, a current density linked to PtO oxidation/reduction, iPtO, 
is established and it must be included in the charge balance in the 
cathode CL. 

iPtO =2F ECSAc LPt,cΓ
dϑPtO

dt
(19) 

HOR owns knowingly a simple and fast kinetics, with low over
potential losses under most of typical operating conditions. Therefore, 
here a simple Butler-Volmer kinetics model is used for its description in 
its general form as function of the applied electrode potential at anode 
CL, Δφa, corresponding to the sum of the equilibrium electrode potential 
and the overpotential for the HOR, and the current density is found to 
be: 

iHOR =2F ECSAa LPt,a

(

Ko,HOR

(
CH2

CH2 ,ref

)0.5

exp
(

αo,HORFΔφa

R T

)

− Kr,HOR exp
(

−
αr,HORFΔφa

R T

))

(20) 

where the reference hydrogen concentration, cH2 ,ref , is calculated as 
described above for cO2 ,ref . Both at cathode and anode catalyst layers, 
charge conservation must be guaranteed, taking into account that, as 
already explained in Section 3.1.2, in the cathode CL an additional 
contribution, associated with the hydrogen crossover, iH2 ,crossover, arises: 

i= iORR − iH2 ,crossover − iPtO (21) 

i= iHOR (22) 

Thus, cell voltage, common boundary condition among the different 
MEA segments, is: 
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ΔV =Δφc − Δφa −
(

RMEM +Reff
CL +Rel

)
i (23) 

where Rel is constant and equals the electric resistance of GDLs and BPs, 
together with all the contact resistances, Reff

CL represents the effective 
proton-transport resistance opposed by catalyst layer, and RMEM is the 
proton-transport resistance opposed by the membrane, both dependent 
upon σion, that is knowingly function of both water volume fraction in 
ionomer, fv, and temperature, T (Table 5). Moreover, since the HOR is 
kinetically favoured and gas-diffusion resistances through anode CL are 
negligible, HOR reaction is occurring in proximity of CL/membrane 
interface, determining a short path for proton transport and conse
quently negligible ohmic losses in anode CL, assumed to be null [44]. Ion 
transport in cathode CL is modelled with a lumped approach, where Reff

CL 
is accounting for the effective catalyst layer utilization. The approach 
proposed by Ref. [23] is adopted, where coefficient Ϛ represents the 
polynomial fit of the solution obtained by Ref. [44]. 

Reff
CL =

dCL

ε1.5
ion σion

1
3 + Ϛ

(24) 

Ϛ= − 2.072 × 10− 3 + 7.184 × 10− 1 θ − 8.287 × 10− 3 θ2 (25) 

being θ = dCL
ε1.5

ion σion,CL

i
b with b =

2.303 αr,ORRF
R T .

The experimental high-frequency resistance (HFR) is given by the 
two different contributions, RMEM, and Rel, as reported in Table 5.

3.1.7. Heat transport
Temperature distribution across all the media in the through-plane 

direction is computed, assuming local thermal equilibrium between 
phases and negligible convective heat transport, as done in literature in 
porous structure, where Peclet number are typically low [60]. 

d
dt
(
CthTj)dCV =

Tj− 1 − Tj

Rj− 1
th + Rj

th

−
Tj − Tj+1

Rj
th + Rj+1

th

+ Sth (26) 

with Cth and kth are the thermal capacity and the thermal conductivity of 
the subdomain respectively, reported in Table 6. The source term Sth 

depends on the sub-domain region (Table 7), where ΔH̃vl and ΔH̃ORR are 
the specific enthalpies related to the phase change and to the ORR, 
respectively. The Joule effect linked to the electronic charge transport, 
Rel i2, is subdivided into the GDLs and MPLs, proportionally to their 
thicknesses, through a weight factor, fth.

3.1.8. 1D through-the-membrane model: boundary conditions
Boundary conditions need to be set at each interface between do

mains and they are listed in Table 8. The boundary condition at GDL/ 
channel interface for liquid transport is in analogy with that imple
mented in the work of Pant et al. [19], properly modified to avoid 

numerical instabilities. Water flux is assumed to exit from GDL and 
enters the channel volume and no flux is entering into GDL. 

ṅliq,GDL|CH = 6.62 × 10− 3 sinh
(

0.003⋅ pcap

)
(27) 

3.2. Along-the-channel model

Mass, energy and liquid water transport equations are solved along- 
the-channel direction in each of the CVs in which cathodic and anodic 
gas channels are discretized.

3.2.1. Transport of gaseous species
Mass conservation equation is solved according to Eq. (28): 

Table 5 
Reaction kinetics and charge transport properties.

Property Units Equation Reference

Kr,ORR
[
mol m− 2 s− 1]

K∗
r,ORR exp

(

−
αr,ORRF

R

(
1.1805
353.15

−
E0,ORR

T

)

−
42000

R

(
1
T
−

1
353.15

))

Kr,PtO
[
mol m− 2 s− 1]

Ko,PtO exp
(

2 ℛ TE0,PtO

αr,PtOF

)
[49]

E0,ORR [V] 1.229 − 8.5× 10− 4 (T − 298.15) [23]
σion

[
S m− 1] [

σres + κion
(
fv(λ) − fv(λth)

)1.5
]
⋅exp

(
10540

R
⋅
(

1
303.15

−
1
T

))
[23]

RMEM
[
Ω m2]

∑ncv

i=1

dMEM/ncv
σion,i

HFR
[
Ω m2] RMEM + Rel

ReffCL
[
Ω m2] Eq. (24) [23]

Rel
[
Ω m2]

Table A1

Table 6 
Thermal conductivity values of the MEA layers.

Property [Units] Equation Reference

kth [Wm− 1K− 1] (1 − ε)kth,solid + ε
[
(1 − s)kth,gas +skth,liq

]

kth,solid =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

0.16
W
mK

in GDLa/c

0.16
W
mK

in MPLa/c

0.2
W
mK

in CLa/c 

kth,gas =

⎧
⎪⎪⎨

⎪⎪⎩

0.03
W
mK

at cathode

0.21
W
mK

at anode 

kth,liq = 0.65
W
mK

[23,61]

kth,MEM [W m− 1K− 1] 0.177+ 3.7× 10− 3λ [62]
Rth

[
m2 K W− 1] dCV

2kth

Table 7 
Source terms in the different domains of the model.

Domain s λ O2 H2 N2 H2O Heat

GDLc Svl – – – – − Svl Svl ΔH̃vl + fth Rel i2

MPLc Svl – – – – − Svl Svl ΔH̃vl + fth Rel i2

CLc Svl Sd SO2 – – − Svl −

Sd
(Svl + Svd)ΔH̃vl +

(
−

ΔH̃ORR + ΔH̃vl − 2F
(

Δφc −

Reff
CLi
)) i

2F
MEM – – – – – – RMEM i2

CLa Svl Sd – SH2 – − Svl −

Sd

(Svl + Svd)ΔH̃vl

MPLa Svl – – – – − Svl Svl ΔH̃vl + fth Rel i2

GDLa Svl – – – – − Svl Svl ΔH̃vl + fth Rel i2
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d
dt

(
Vj

CH
pi

R T

)
= Ṅj,IN yj,IN

i − Ṅj,OUT yj,OUT
i + ṅj

i,GDL|CHAMEA,CV (28) 

where Ṅj,IN and Ṅj,OUT are the inlet and outlet molar flux in channel 
volume and yj,IN

i and yj,OUT
i are the mole fraction of species i at the inlet 

and outlet of the channel segment j, respectively. The unknown of Eq. 
(28), i.e. the mole fraction yj,OUT

i , is calculated guaranteeing that the 
mole fraction in the centre of the j-th channel segment, yj

i, is the average 

of inlet and outlet mole fractions, i.e. yj
i =

yj,IN
i +yj,OUT

i
2 , as shown in Fig. 3. 

Therefore, yj,OUT
i = 2⋅yj

i − yj,IN
i , where the mole fraction at the inlet of the 

j-th channel, yj,IN
i , instead, is equal to the mole fraction of the gas coming 

from the previous channel segment, i.e. yj,IN
i = yj− 1,OUT

i = 2⋅yj− 1
i −

yj− 1,IN
i . ṅj

i,GDL|CH in Eq. (28) is the molar flux of species i with respect to 
AMEA,CV , entering the GDL/CH interface, assumed to be positive as it 
exits from GDL and enters the channel volume. 

ṅj
i,GDL|CH = heff ,j

m,i
(
ci,GDL|CH − ci,CH

)
(29) 

with heff ,j
m,i as the effective gas convective mass transport coefficient (Eq. 

(36)).

The outgoing flow rate Ṅj,OUT from each CV is driven by the pressure 
gradient, calculated as in Ref. [19]: 

pj+1 − pj

dCV
= −

f μgas

2 d2
h

Ṅj,OUT

pj

R TwCHhCHnRIB
(30) 

where dh is the hydraulic diameter of the channel and f is the friction 
factor expressed in Ref. [19]. To solve mass balance in gas channel some 
boundary conditions must be fixed: inlet mole fractions are set with 
Dirichlet-type boundary conditions, while the entering flow rate are 
given by 

ṄIN
=

⎧
⎪⎪⎨

⎪⎪⎩

i AMEA

4F
yIN

O2
STc

i AMEA

2F
yIN

H2
STa

(31) 

where STa/c are the anode and cathode stoichiometric ratio respectively.

3.2.2. Transport of liquid water in channels
During typical PEMFC dynamic operation, water management is 

furtherly complicated by the flooding of gas channel, especially at the 
cathode side [63,64]; cell performance and mass transport are highly 
affected by liquid water in channels and, particularly, by its flow pattern 
[65]. Under high current density, a large number of droplets emerging 
from GDL aggregate in the channel giving rise to water film that might 
hinder mass transport [66]. Water balance in gas channel volume must 
be correctly investigated, especially under transient operation of the fuel 
cell [67]. A liquid channel saturation, sCH, was defined as the channel 
volume fraction occupied by liquid water [68,69] and the resulting 
governing equation is: 

d
dt

( ρliq

MH2O
sj
CH Vj

CH

)

=
ρliq

MH2O
vliqsj− 1

CH hCHwCH −
ρliq

MH2O
vliqsj

CHhCHwCH

+ ṅj
liq,GDL|CHAMEA,CV (32) 

The first and second terms on the right-hand side of Eq. (32) repre
sent respectively the liquid water fluxes entering and exiting from the 
channel segment, dependent upon liquid velocity vliq, resulting from the 
balance of strains acting on the liquid film and droplets [70,71]. 
Neglecting the gravitational force, whose contribution is one order of 
magnitude lower the others for horizontal channels [70], the adhesion, 
shear and pressure drop related forces affect the motion of liquid 
droplets inside channels. The former represents the resistance force a 
droplet needs to overcome to initiate motion along the surface and it 

Table 8 
Boundary conditions for the through-MEA direction.

Domain 
Interface

Boundary conditions

CLa/c - MEM • Gaseous molar species flux ṅgas,i equal to zero.
•Continuity in water content, λ, as well as water flux in ionomer, 
ṅd, continuity.
•Liquid water flux, ṅliq, equal to zero.
•Temperature and heat flux, q̇, continuity.

CLa/c – MPLa/c •Gas concentration, ci, as well as gaseous molar species flux 
continuity
•Water flux in ionomer, ṅd , equal to zero.
•pcap, and liquid water flux, ṅliq, continuity.
•Temperature and heat flux continuity.

GDLa/c – 
MPLa/c

•Gas concentration, ci, as well as single diffusive species flux 
continuity.
•pcap and liquid water flux, ṅliq continuity.
•Temperature and heat flux continuity.

GDLa/c – CHa/ 
c

•Gaseous molar species flux at channel/GDL interface given by 
Eq. (29).
•Heat flux continuity.
•Liquid flux proportional to local pcap (Eq. (27))

Fig. 3. (a) Representation of the eight regions used as computational domain, (b) control volume (CV) approach used to discretize the through-MEA direction, 
determining one MEA model segment, (c) CV approach used to model cathodic and anodic gas channels. Each of the four experimental segment of the segmented 
hardware is discretized using two MEA model segments.
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does not depend on the velocity field in the channel [72], whereas the 
shear strain, determined by the fluid shear along the liquid surface [71], 
and the pressure strain, generated by the pressure gradient along the 
channel segments, depend linearly on the flow velocity in gas channels 
[72]. Since this model aims at capturing the effect of liquid water on the 
mass transport, the following simplified correlation is proposed, lump
ing the effect of the forces described above. 

vliq =αliq vgas =
αliq

1 − s
v∗gas (33) 

where vgas and v∗gas are the actual and superficial gas velocity respec
tively. The geometry of the flow field strongly affects water removal: as 
stated in Ref. [73], due to smaller pressure drop and poorer gas flow, 
water removal is more difficult in parallel flow field with respect to 
serpentine flow field. Therefore, the parameter αliq was calibrated on the 
experimental data to realistically account for the effect of flow field 
geometry.

3.2.3. Convective mass transport resistance at gas channel-GDL interface
The gas convective mass transport coefficient in the channel is 

determined for each species: 

hm,i =
Shi⋅Dmix

i
dh

(34) 

where dh is the channel hydraulic diameter and Dmix
i is the molecular 

diffusivity of the i species in the mixture, computed according to Table 2. 
Shi is the Sherwood number of the i species, which is commonly 
expressed as a function of the Reynolds number and the Schmidt num
ber, Re and Sci [74]: 

Shi = 1.615⋅
(

dh

zch
⋅Re⋅Sci

)1/3

(35) 

Liquid water presence in channel is significantly impacting mass 
transport in two ways: on one side, it is hindering, at most blocking, 
species mass transport towards cathode GDL; on the other one, it can 
strengthen gas convection by decreasing channel cross section area. The 
combined effect determines a fluctuating oxygen concentration in 
cathode CL and the relative impact of the two effect is dependent upon 
the liquid flow pattern [75]. For the case of a film flow, the blocking 
effect is reported to be dominant, determining an initial decrease in the 
oxygen concentration, followed by a slow increase, as liquid water is 
discharged from the channel [65]. In Ref. [76], the oxygen concentra
tion drops at the interface between GDL and gas channel was expressed 
in terms of effective Sherwood number. It was thus assumed to reduce 
mass transfer coefficient by an additional contribution dependent on the 
channel saturation, sCH, through a constant parameter, κliq: 

heff
m,i =

(
1

hm,i
+ κliqsCH

)− 1

(36) 

3.2.4. Heat transport
Energy conservation equation must be solved both for gaseous spe

cies, at anode and cathode sides. 

d
dt

(
Cth,CHcVj

CHcT
j
CHc

)
=
(

q̇j
GDLc|CHc

)
(wCH +wRIB)dCV − Ṅj,OUT

CHc cp

(
Tj

CHc − Tref

)

+ Ṅj,IN
CHccp

(
Tj− 1

CHc − Tref

)

(37) 

d
dt

(
Cth,CHaVj

CHaT
j
CHa

)
=
(

q̇j
GDLa|CHa

)
(wCH +wRIB)dCV − Ṅj,OUT

CHa cp

(
Tj

CHa

− Tref

)
+ Ṅj,IN

CHacp

(
Tj− 1

CHa − Tref

)
(38) 

Where Cth,CHc/a is the heat capacity of cathodic or anodic gas channels 

and q̇j
GDL|CH is the heat flux evaluated at both anode and cathode GDL 

and channel interfaces. Inlet temperature is set for the inlet fluxes and on 
the outer faces of the BPs. The reference temperature, Tref , is equal to 
353.15 K.

3.3. 1+1D PEMFC model: numerical implementation

According to the method previously introduced, the system of gov
erning equations is implemented into a 1+1D domain, discretized into a 
certain number of CVs, as in Fig. 3. The along-the-channel direction is 
discretized into 8 CVs, whereas the through-plane direction presents 5 
CVs for each GDL, 5 CVs for each MPL, 1 CV for each CL and 10 CV for 
membrane. The number of CVs adopted for each sub-domain resulted 
from a sensitivity analysis, aimed at saving computational time and 
being physically consistent. The cell active area attributed to each CV, 
AMEA,CV , in the along-the-channel direction from the first to the eighth is 
equal to 2.92 cm2, 2.92 cm2, 2.90 cm2, 2.90 cm2, 3.82 cm2, 3.82 cm2, 
cm2, 2.86 cm2 and 2.86 cm2, where each of the four segments of the 
experimental segmented hardware is discretized using two MEA blocks.

As it is shown in Fig. 3, “Cell 1” coincides with cathode inlet and 
anode outlet while “Cell 8” corresponds to cathode outlet and anode 
inlet. Therefore, at “Cell 1” all the boundary conditions related to 
cathode feed, i.e. mass flow rate, inlet temperature, inlet pressure and 
inlet relative humidity are imposed, while at “Cell 8” all the boundary 
conditions concerning anode feed are fixed. Considering that cell 
voltage is equal among the 8 different MEA segments, the preset ode15s 
solver implemented in MATLAB-Simulink environment iteratively sol
ves for each time step and in each point of the domain the system of the 
equations, such that the global current density is equal to the one 
imposed externally, changing the cell voltage. Relative and absolute 
tolerances of the solver were fixed to 1× 10− 9. For solving the liquid 
water transport in porous media, a minimum is considered for the liquid 
relative permeability, specifically 5.12× 10− 7, to avoid numerical 
instabilities.

Polarization curve simulations and limiting current density simula
tions were performed by applying the same experimental profile, as 
described in Section 2. For the driving cycle operation, the Low-Power 
operation and the High-Power operation, with the experimental 
boundary conditions, shown in Fig. 1, were simulated without including 
the short-stop procedure, as performed experimentally [25].

3.4. Methodology for model calibration and validation

The 1+1D PEMFC model described in Sections 3.1 and 3.2 is cali
brated and validated on a wide set of experimental data gathered on the 
segmented cell hardware described in Section 2. In particular, local 
polarization curves, whose operating conditions are listed in Table 1, 
global limiting current tests and a dynamic cell voltage response to a 
current step are exploited to calibrate the model. Model validation, 
instead, exploits experimental data representative of real cell operation 
under the ID-FAST drive cycle protocol, distinguishing between the Low- 
Power and the High-Power operating mode of the load cycle, previously 
described in Section 2, together with local experimental data from 
limiting current density test. Furthermore, to furtherly proves the pre
dictive capabilities of the model, the effect of air inlet humidification 
was also investigated by comparing model simulations with experi
ments. A statistical index, the root mean square error (RMSE), is pro
vided where necessary to prove the consistency between model 
simulations and experiments. The main results of model calibration and 
validation are discussed in Sections 4.1 and 4.2 respectively.
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4. Results & discussion

4.1. Model parametrization and calibration

The 1+1D PEMFC model is calibrated on the experimental data 
described in Section 2. For this purpose, a specific dataset is considered, 
including polarization curves (Table 1), limiting current tests and 
voltage dynamic response under current step, evaluated in the same 
operating conditions of driving cycle load protocol. Parameters values 
were taken from the literature whenever possible or known but, 
nevertheless, a set of 10 parameters was identified to require calibration 
based on their uncertain nature or on a sensitivity analysis. Those pa
rameters were proven to have significant effect on model predictions, 
affecting the kinetic, ohmic and mass transport overpotentials, as also 
observed in the literature [77–79]. The values are reported in Table 9
and commented in this section. In Table A1, in the Appendix, all the 
model parameters are shown. The parameters are discussed in groups to 
separate those related to ORR kinetics, those affecting ionic conductiv
ities and those impacting both on gas and liquid water transport.

Parameters affecting ORR kinetics are the rate constant K∗
r,ORR, which 

is then corrected to account for its temperature dependence, and the 
platinum oxidation rate constant, Ko,PtO. The former was calibrated from 
the low current density region of the “oxygen” polarization curve, 
determining a value equal to 1452 mol m− 2 s− 1, in the typical range 
from literature [80]. Since the evolution in time of oxide coverage 
profile, as well as its dynamic growth or reduction, is crucial if the aim is 
to accurately model the transient performance of a PEMFC [23,81], it 
was decided to calibrate the platinum oxidation rate constant, Ko,PtO, 
from a dynamic test. In particular, the model voltage response to two 
current steps, from 0.59 to 0.25 A cm− 2 and from 0.25 to 0.095 A cm− 2, 
shown in Fig. 4, was analysed and compared to experiments. Ko,PtO was 
found to be equal to 2× 10− 10 mol m− 2

Pt s− 1, which is in accordance with 
typical kinetic constant related to PtO formation, implicitly corrected by 
the Temkin factor [81,82]. The other parameters of electrochemical 
ORR and HOR reaction kinetics are based on literature values [55].

Parameters that determine the ion conductivity in the membrane and 
the catalyst layers, thus related to σion, are the coefficients σres, κion and 
λth. These parameters were calibrated on local polarization curves under 
“reference” and “dry” conditions, focusing on the ohmic region of the 
same. Good fit values were proven to be 0.3 S m− 1, 50 S m− 1 and 1 
respectively, which are within the acceptable range reported in 
Ref. [23].

Parameters affecting gas transport were estimated through limiting 
current test. In particular, Knudsen radii for MPLs and CLs were cali
brated, together with the factor fland which, as it was already discussed in 
Section 3.1.2, is used to increase the diffusion path of the species in the 
GDL to accounts for the effect of the land structure on the transport 
process. Under low oxygen concentration and flow rate, no effect of 
liquid transport on mass transport is expected, confirmed by model 
predictions and consistent with [77].

On the contrary, liquid transport parameters, specifically αliq in Eq. 

(33) and the specific mass transport resistance associated to the presence 
of a liquid film, κliq, in Eq. (36), were fitted by focusing on the mass 
transport region of the “reference” polarization curve which, due to its 
fully humidified operating condition, is the one that shows the most 
critical liquid water removal. It should be noted that the resulting liquid 
velocity values during simulation of the “reference” polarization curve is 
consistent with values reported in Ref. [83], in the order of 1 − 2.5×

10− 3 m s− 1.
In Fig. 4, the voltage response to specific current steps is reported and 

good adherence with experimental data is observed. Cell voltage is 
slightly overestimated with respect to the experimental signal, particu
larly in the first 20 s after the second step, even if the characteristic time 
of voltage relaxation is consistent with experimental trend. This pecu
liarity can be ascribed to the simplified approach used in the description 
of Pt-oxide formation/reduction equation. Pt-oxide layer growth is an 
electrochemical process which might be characterized by several in
termediate steps and involve different oxide species and their charac
teristic times are actually different, depending upon the species [84]. In 
this model, the coverage caused by PtOx species is modelled with a 
single reaction mechanism, as done in previous literature [81]. The 
discrepancy with experimental data suggests that some oxide species are 
formed in a short time while a different type of oxide is formed under 
longer time scale, as discussed in our previous work [85]. This could 
explain the reason why discrepancies in terms of amplitude of voltage 
peaks can be detected.

Fig. 5 shows a comparison between model results and experimental 
data in terms of polarization curves: in each plot curves recorded in each 
segment are reported from air inlet, Fig. 5(a), to air outlet, Fig. 5(d). 
Local cell performances are well predicted in a wide range of operating 
condition (different relative humidities and stoichiometries). For the 
“dry” polarization curve, an improvement in performance is visible, 
moving along the channel direction, thanks to the better ionomer hy
dration, whereas, for the “reference” condition, a decreasing trend in 
performance is evident, passing from the cathode inlet region to the 
outlet one. For the fourth segment, corresponding to cathode outlet, a 
decay in performance is observed for the high-current density region, 
caused by mass-transport resistances induced by liquid water flooding of 
porous media and channel. For the inlet segment, in the “dry” polari
zation curve, an underestimation of performance is visible, mainly for 
intermediate and high current density values, associated to higher pre
dicted ohmic losses. Indeed, in the low RH conditions, because of 
proton-transport limitations, it is expected that the ORR reaction takes 
place mostly in the region of the cathode CL near the membrane. The 
lumped model of CL may slightly overestimate the effective resistance to 
proton transport under dry conditions, because of its simplified as
sumptions. A good consistency is anyway obtained after model 
calibration.

Global limiting currents values, evaluated as a weighted average of 
local segments performance, were used for calibration purposes and 
they are reported in the SI. In Fig. 6, local limiting currents for three 
different oxygen dilution, 1%, 2% and 3%, are shown as model valida
tion, to firstly prove the capability of the model to predict performance 
heterogeneities. Because of the largest oxygen activity, the cathode 
inlet, namely segment number 1, is the best performing region of MEA 
and, proceeding in the along-the-channel direction, a significant per
formance reduction is observed due to the progressive oxygen depletion. 
This holds true also increasing oxygen dilution up to 3 %.

Electrochemical impedance spectroscopy was also simulated to 
evaluate the consistency between conductivity values in the model and 
in the experiment and it is reported in the SI. Because of the simplifi
cation in the description of the cathode catalyst layer, few differences 
are observed between the simulated and the experimental spectra, 
which cannot thus be used for direct calibration. Nevertheless, it proves 
good capability of the model to separate Ohmic and kinetic phenomena.

Table 9 
Model parameter calibration.

Parameter Units Value Source

σres
[
S m− 1] 0.3 Polarization curves

κion
[
S m− 1] 50 Polarization curves

λth [ − ] 1 Polarization curves
K∗
r,ORR

[
mol m− 2 s− 1] 1452 Polarization curves

Ko,PtO
[
mol m− 2 s− 1] 2 × 10− 10 Current step response

fland [ − ] 1.4 Limiting current
αliq [ − ] 9.5 × 10− 4 Polarization curves
κliq

[
s m− 1] 350 Polarization curves

rKn,CLa/c [nm] 250 Limiting current
rKn,CLa/c [nm] 70 Limiting current
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4.2. Model validation

4.2.1. Analysis of Low-Power operation
The ID-FAST driving cycle, described in Section 2, was simulated 

with the 1+1D PEMFC model described and calibrated in previous 
sections. Fig. 7(a) shows a comparison between model predictions and 
experiments in terms of voltage profile during Low-Power, demon
strating adherence with experimental data, as confirmed also by the root 

mean square error (RMSE) that is equal to 7.9 mV. Slow voltage dy
namics can be observed and it is attributable to the combination of 
physical phenomena with higher characteristic time, specifically plat
inum oxide layer formation and ionomer hydration in catalyst layers and 
membrane. In SI, further insights are reported showing how PEMFC 
dynamic performance at local and global level are singularly affected by 
these two phenomena. Pt-oxide surface coverage is reported in Fig. 7(b) 
and, as in Fig. S8, it can be inferred that downward and upward cell 

Fig. 4. – (a) Two consecutive current down-steps, from 0.59 to 0.25 A cm− 2 and from 0.25 to 0.095 A cm− 2, under the operating conditions of driving cycle. (b) 
Experimental (dashed line) and simulated (solid line) voltage dynamics response to the current down-steps.

Fig. 5. Model calibration on local polarization curves whose operating conditions are listed in Table 1. Markers refer to experiments, lines to model results.
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voltage peaks are attributable for a large extent to such dynamics. The 
small discrepancies in terms of amplitude of cell voltage peaks are as
cribable to the simplified description of PtO formation. Nevertheless, 
during the driving cycle, ϑPtO ranges between 0.1 and 0.45, consistently 
with other values reported in literature for the same range of potential 
[23]. It is worth also noting that, consistently with the physics of the 

phenomenon, the fraction of active surface covered by platinum oxide, 
as current increases, starts decreasing, explaining partially voltage un
dershoot, and it does not reach a stabilization in 50 s. The same holds 
true, going lower in current, at 0.59 A cm− 2. As current lowers again, 
determining an increase in cathode potential, ϑPtO starts increasing 
again, causing the overshoot in cell voltage. For the low-current period 

Fig. 6. Local limiting current test. Measurements are carried out for three different values of oxygen dilution: 1 %, 2 % and 3 %. Squares, circles and diamonds refer 
to experiments and to an oxygen dilution equal to 1 %, 2 % and 3.

Fig. 7. – Low-Power operation: (a) Simulated and experimental voltage. (b) Predicted PtO coverage (c) Simulated and (d) experimental local current density 
evolution for the four segments.
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at 0.095 A cm− 2, lasting 180s, the oxide coverage shows after a fast 
increase, a relaxation period, determined by the simultaneous decrease 
in cell voltage. From Fig. 7(b) it can also be appreciated that the PtO 
surface coverage slightly changes among the four different regions of the 
MEA, consistently with local operating conditions: indeed, because of 
the lowest water content, it will be better explained later, segment 1 
experiences the highest ohmic losses and, therefore, at fixed voltage 
produced by the four regions of the cell, it will be characterized by the 
highest cathode electrode potential, which promotes the formation of an 
oxide layer on platinum nanoparticles surface.

Fig. 7(c) and (d) provides the along-the-channel distributions of 
current density according to simulation and experiments respectively, 
by which it can be detected the ability of the model to correctly predict 
how performance vary among the four different sections of the cell. To 
quantify the coherence between model simulations and experiments in 
terms of local current density, the average RMSE among the four 
different MEA portion is calculated and it results equal to 20 mA/ cm2 

meaning that, in the Low-Power operating conditions of the ID-FAST 
protocol, the proposed model is capable to correctly reproduce perfor
mance heterogeneity. Further information concerning the local RMSE of 
the four different cell segments can be found in the Supplementary In
formation. Consistently with experimental behaviour, the third segment 
of the MEA is found to be the most performing one, whereas cathode 
inlet region is actually characterized by the worst performance, under all 
the operating conditions of the Low-Power region. The main driver for 
performance is represented by the hydration state of the ionomer in 
cathode catalyst layer, reported in Fig. 8(c). The ionomer hydration is 
actually increasing along channel direction, because of water accumu
lation along the channel and the simultaneous higher water production, 
demonstrated by the middle region. Indeed, the third segment is expe
riencing the largest water content λ, determining very low ohmic losses 
and thus, higher performance, although oxygen activity is lower. The 

cathode-outlet region, although a relevant water content, as shown by 
Fig. 8(c), is less performing than cathode-middle region because of the 
lower oxygen activity related to the progressive consumption of re
actants along the channel and to larger liquid water fraction in porous 
media, as shown by Fig. 8(d). Cathode inlet region, instead, presents an 
average λ equal to 3–4, that is actually impacting on proton transport, 
determining higher ohmic losses both in membrane and cathode CL.

Focusing on current redistribution among segments, current dy
namics of the different regions are well reproduced for all the current 
density range. Looking at 0.59 A cm− 2, the third and the fourth segments 
present a decreasing trend in current density, ascribable to a decrease in 
oxygen activity, whereas the first and the second segments tend to 
perform better, thanks to better hydration. On the other side, as visible 
in Fig. 8(d) and (e), reporting the evolution of liquid saturation in both 
cathode CL and channel during the Low-Power period, both the third 
segment and the fourth segment presents an increasing average satu
ration, ranging between 2 % and 3 %, during 0.59 A cm− 2, that hinders 
oxygen transport towards GDL and through the CL.

A further insight into understanding the hydration state of the MEA 
along channel direction is given by the analysis of the HFR (Fig. 8(a) and 
(b)). During this part of driving cycle, an important reduction of HFR can 
be observed passing from the first to the fourth segment, consistently 
with the progressive water generation and accumulation along gas 
channel volumes, as also demonstrated by the hydration state of cathode 
ionomer and testifying the good reproduction of water dynamics. The 
experimental HFR is reported for comparison and a good consistency 
with the simulated value, ranging from 90 mΩ cm2 to 20 mΩ cm2. For 
the fourth segment, a slightly higher value is predicted, determined by a 
decrease in water content in the very outlet region. This is linked to an 
underestimation of water saturation at cathode outlet that is expected to 
be higher in real world flow channels, under the same operating con
ditions [86]. Lastly, it must be pointed out that there is a significant 

Fig. 8. – Low-Power operation: Simulated (a) and experimental (b) HFR distribution among the different segments. (c) Predicted water content at cathode CL for the 
four segments. (d) Predicted liquid saturation at cathode CL for the four segments. (e) Predicted liquid saturation along the cathode channel for the four segments.
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change in the hydration state among cell segments from cathode inlet to 
cathode outlet, and the continuous cycling, mainly at lower hydration 
state, could be particularly detrimental for ionomer durability, linked to 
mechanical stresses.

4.2.2. Analysis of High-Power operation
In Fig. 9(a), simulated voltage profile during the High-Power period, 

is compared with the experimental one, showing a consistent prediction 
of the same. The root mean square error, indeed, is equal to 22 mV. Load 
is dynamically changing, together with the simultaneous change in 
operating pressure, temperature and dew point of the feed gases, and 
this causes significant voltage transients, that are actually ascribable to 
local mass-transport related phenomena.

As already seen for the Low-Power operation, ϑPtO is varying over 
time but its impact on ORR is actually lower with higher loads, since 
oxide-free active area is higher. Specifically, during simulation of Low- 
Power operation, its variation ranges between 0.43 and 0.25, whereas 
during High-Power operation, it varies between 0.2 and 0.09, apart from 
the first minutes, where it rapidly decreases from 0.43, following the fast 
load change. In Fig. 9(c) and (d), simulated and experimental local 
current density distribution is shown. It is actually decreasing along 
cathode channel, with the cathode inlet region that is the best per
forming one at 1.75 A cm− 2. Indeed, as visible in Fig. 10(c), proton 
transport is not the limiting phenomenon, because the higher water 
production, as well as higher RH in channels, is favouring the ionomer 
hydration. Thus, the main driver in local performance is represented by 
oxygen activity at cathode CL, that is progressively decreasing along 
channel direction. Mass transport is furtherly hindered by a higher 
liquid flooding of the porous media and channel volumes. As it is shown 
in Fig. 10(e), because of the highest liquid water saturation in cathodic 
gas channel, third and fourth segments of the cell are experiencing 
relevant flooding phenomena which significantly hinder reactant 

diffusion causing an important performance decay. Further analysis on 
the effect of channel flooding on PEMFC dynamic performance is present 
in SI. It is worth noting that also the cathode inlet region is characterized 
by a certain degree of flooding during this operation regime, even if with 
a minor intensity with respect to middle-outlet region. For all the seg
ments of the cell, the increase of liquid saturation in channel at 
increasing current output, up to the maximum load value, namely 1.75 
A cm− 2, determines a significant increase of mass transport resistance in 
channel and hence a reduction in local performance, with a voltage 
undershoot around 0.62V. At the same time, the high mass flow rate, 
and hence high liquid phase velocity, proportionally linked to gas-phase 
one, allows water to be progressively discharged from the channel. This 
is also favoured by the simultaneous increase in cell temperature, that 
lets to keep more water in vapor phase, thus decreasing the magnitude of 
water flux exiting from the GDL, and by a lower RH of the air fed on the 
cathode side.

The drying phenomenon caused by an increasing cell temperature, 
and thus by a decreasing RH at cathode channel inlet, affects the pre
dicted performance of the inlet region, whose current output, as it is 
evident by Fig. 9(c), starts suddenly decreasing reaching a downward 
peak at minute 62. This peculiar behaviour is less pronounced in the 
experimental data where current distribution of the different regions 
tends to converge. The discrepancy could be attributed to the underes
timation of the local saturation, linked to an overestimation of the 
discharge capacity of the porous media and channel. The complex 
interconnection among the three phases of water inside MEA layer is still 
object of investigation and debate in PEMFC modelling and it has a 
strong impact on dynamic performance, particularly at a local level 
[87]. Moreover, the liquid water flow through channel could occur with 
different flow patterns and may be influenced by the gas-phase velocity 
field, by the wettability property of channel and GDL surfaces, as well as 
by the flow field geometry. Even if the two-fluid flow model 

Fig. 9. – High-Power operation: (a) Simulated and experimental voltage. (b) Predicted PtO coverage (c) Simulated and (d) experimental local current density 
evolution for the four segments.
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demonstrated to work well with steady-state conditions and to indirectly 
capture the effect of liquid water on MEA performance, on the other 
side, in a highly dynamic scenario, it could let to underestimate the 
actual liquid water saturation [88].

The average RMSE is higher in the High-Power mode (112 mA /cm2)

with respect to the one estimated for the Low-Power region (20 
mA /cm2). Here, the larger discrepancy, as already discussed above, is 
associated with the peculiar behaviour of the cathode inlet region of the 
cell and is also consistent with the higher measurement uncertainty 
under high current operation compared to low current. Furthermore, in 
comparing model simulations with experimental data, it must also be 
taken into account the intrinsic dynamics of the devices and equipment 
that make up the testing station, for instance gas humidifier and back 
pressure valves. The testing system components may induce uncon
trolled phenomena, such as water condensation in pipes or the local 
formation of liquid water droplets, that may only in part or not at all 
described by a mathematical model and that may play an important role 
when testing a dynamic drive cycle on a real cell. Further details can be 
found in the Supplementary Information.

Looking at the HFR evolution over time during high load request 
period of the High-Power, the difference between segments is minor, 
with value around 17 mΩ cm2 and 22 mΩ cm2 because of the higher 
water production. It is, however, worth to analyse what is occurring in 
the last part of the High-Power operation, where load drops down from 
1.75 A cm− 2 to 0.095 A cm− 2 and membrane and CLs ionomer actually 
experienced a drying-out period. It can be observed, looking at Fig. 10
(a), a significant rapid increase in the HFR, experienced by all the cell 
segments, followed by a slow decrease to the operating values of the 
Low-Power period. Specifically, the HFR of the inlet region, with the 
highest variation, is peaking at a value around 120 mΩ cm2, followed by 
all the other segments proportionally with a minor intensity. The 
simulated dynamics is consistent with what observed experimentally, 

shown in Fig. 10(b). Similarly, the water content in the cathode CL 
ionomer shows a fast-decreasing trend with main impact on the inlet 
region. The presence of the peak is related to the superposition of 
different effects: high cell temperature, decreasing pressure and low 
water production. With load decrease, also water production is 
decreasing, determining a decrease in the local hydration state of the 
ionomer. The equilibrium water content of the ionomer is strongly 
related to the RH of the air around the ionomer film and, as pressure 
goes down, also the RH is expected to rapidly decrease, thus increasing 
the driving force for the desorption phase. This operating condition is 
worsened by high cell temperature, that keeps RH low. Actually, the 
consecutive rehydration of the ionomer is dominated by the dynamics of 
cell temperature, that keeps on decreasing, down to 71 ◦C. This phe
nomenon can occur during real-operation of automotive fuel cell system, 
as also reported in Ref. [89].

4.2.3. Analysis of inlet air humidification
To analyse the effect of air inlet humidification on PEMFC perfor

mance in single-cell, the Low-Power operation of the cycle was simu
lated considering two additional different values of air RH at channel 
inlet, namely 15% and 50%.

In Fig. 11, simulated and experimental voltage profile during Low- 
Power for the three different cases are shown. A reduction of the RH 
at cathode gas channel inlet determines a progressive worsening in stack 
performance resulting in a downward shift of voltage profile and, thus, 
of efficiency. Looking at the ionomer hydration, it actually gets reduced 
with lowering RH of air feed stream. Since during Low-Power simulation 
the limiting phenomena affecting PEMFC performance is represented by 
the proton transport across membrane and catalyst layers, thus it is not 
surprising to detect that the case RH-15 presents the lowest perfor
mance. This is also confirmed by the average stack efficiency, which 
decreases from 62.2% for the case RH-30 to 61.5% for the case RH-15. 

Fig. 10. – High-Power operation: Simulated (a) and experimental (b) HFR distribution among the different segments. (c) Predicted water content at cathode CL for 
the four segments. (d) Predicted liquid saturation at cathode CL for the four segments. (e) Predicted liquid saturation along the cathode channel for the four segments.
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According to experimental data, no relevant variations can be observed 
between case RH-30 and case RH-50, in the high-voltage region, 
whereas a slight increase in voltage is appreciable between those two 
cases at lower voltage, i.e. at 0.59 A cm− 2. Model is predicting slightly 
higher performance for the case RH-50, linked to a further increase in 
performance of the inlet region. Consequently, a slight improvement in 
the average stack efficiency, from 62.2% for the case RH-30 to 62.8% for 
the case RH-50, is predicted by the model. The effect of air inlet hu
midification on the local current density, for the cases RH-15 and RH-50, 
is reported in Fig. 12(a)–(c) respectively and compared with experi
mental results, Fig. 12(b)–(d). According to both experiments and model 
prediction, a progressive reduction in current output of cathode inlet 
region, i.e. segment 1, can be observed at decreasing RH of air feed 
stream. Indeed, the drier feed conditions get worse proton conductivity 
increasing, therefore, ohmic losses.

A progressive increase in current output of the third segment of the 
MEA on the contrary, can be observed at decreasing RH. This behaviour 
is the result of both a mathematical and physical phenomenon: indeed, 

at fixed current output required to the stack, if performance of cathode 
inlet region decreases thus, obviously, those of cathode outlet region 
must increase. Furthermore, thanks to water production by ORR, water 
is progressively accumulated along-the-channel and this works in favour 
of third and fourth segments which, therefore, exhibit a good hydration 
state that contributes to improve local performance. Thus, it is not 
surprising to detect that for the case RH-15 segment number 3 is the 
most performing one, even more than the fourth thanks to a larger ox
ygen activity. For the case RH-50 the situation is reversed in the sense 
that cathode inlet region, and in particular the segment 2, becomes more 
performing than cathode outlet region where the accumulation of liquid 
saturation in porous media, together with oxygen depletion, contributes 
to deteriorate local performance. Further details on the effect of inlet 
humidification may be found in the SI.

5. Conclusion

A 1+1D transient non-isothermal and multiphase PEMFC model has 

Fig. 11. – (a) Simulated and (b) experimental cell voltage during Low-Power operation for different RH.

Fig. 12. – (a) Simulated and (b) experimental local current density for an air inlet humidification equal to 15 %. (c) Simulated and (d) experimental local current 
density for an air inlet humidification equal to 50 %.
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been developed and implemented. It consists in a 1D through-the- 
membrane transport model, which accounts for all the main transport 
phenomena occurring in PEM fuel cells, i.e. gas and liquid phase 
transport in porous media, dissolved water phase transport through 
membrane, charge transport in catalyst layers and heat transport 
through the MEA, plus a 1D along-the-channel model that, solving both 
mass and heat balances, allows to accurately predict changes in re
actants concentration, water and pressure distributions in the in-flow 
direction.

The 1+1D model was calibrated and validated on experimental data 
gathered in the framework of European ID-FAST on a segmented cell 
hardware. Results highlight the capability of it to correctly reproduce 
the main transient phenomena occurring in a PEMFC under realistic 
automotive operating conditions. During Low-Power operation, because 
of the low water production, the limiting phenomenon is represented by 
the proton transport across membrane and catalyst layers. Consistently, 
cathode inlet is the less performing region while the third segment, 
representing the proper compromise between oxygen availability and 
local hydration state, is the most performing section of the MEA. In 
High-Power condition, instead, mass transport becomes the limiting 
phenomenon and the large fraction of liquid water in channels and 
porous media significantly hinders reactant diffusion worsening local 
performance of third and fourth segments. For this reason, with respect 
to the Low-Power operation, in High-Power cathode inlet becomes the 
most performing region of the MEA.

Lastly, the effect of air inlet humidification was investigated: an in
crease in RH from 30% to 50% leads to a slight increase in stack effi
ciency thanks to a better proton conductivity promoted by the larger λ in 
CLs and membrane. This effect is particularly evident for segments 1 and 
2 whose local performance are significantly enhanced by the less dry 
operating conditions. On the other hand, the larger water content in the 
inlet stream and the progressive water accumulation in the along-the- 
channel direction negatively influence the performance of cathode 
outlet region, where flooding phenomena in channels and porous media 
hinder gas diffusion. A decrease in the air inlet humidification from 30% 
to 15%, instead, determines a worsening in stack efficiency due to the 
higher ohmic losses originated by the lower water content. This phe
nomenon particularly affects the cathode inlet region of the cell deter
mining an important performance heterogeneity among the different 
sections of the MEA.

Therefore, local operating conditions significantly changes in the 
along-the-channel direction during a real-world automotive driving 
cycle: this may lead not only to heterogeneities in terms of performance, 
as described in this paper, but also in terms of degradation which, 
therefore, must be carefully investigated in future works. In particular, 
because of the largest water content λ, it is reasonable to think that, for a 
RH at cathode channel inlet equal or higher than 30%, middle and outlet 
regions of the cell will be those exposed to the most important ECSA loss. 
Indeed, in the literature [4,90] it is widely recognized that almost all the 
main degradation mechanisms are exacerbated in the presence of a large 
water content. These results highlight the necessity to develop tools able 
to design proper control strategies aimed at extending lifetime [3] and, 
being able to correctly predict the effect of operating conditions, the 
proposed model may be certainly helpful.
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Nomenclature

A Surface area/m2

a Gas activity/-
c Gas concentration of i-species/mol m− 3

d Thickness of layer i/m
Cth Volumetric thermal capacity/J m− 3 K− 1

cp Specific heat capacity/J kg− 1 K− 1

dh Hydraulic diameter of gas channel/m
Dmix

i Mixed diffusion coefficient of species i/m2 s− 1

Deff
i Effective diffusion coefficient of species i/m2 s− 1

DKn
i Knudsen diffusivity of species i/m2 s− 1

Dij Binary diffusion coefficient of gas species i in j/m2 s− 1

E0,i Equilibrium potential of reaction i/V
Eact Activation energy/J mol− 1

EW Equivalent weight of ionomer/g mol− 1

F Faraday’s constant/C mol− 1

f Friction factor for pressure losses/-
fland Geometric correction for GDL/-
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fth Correction factor/-
fv Water volume fraction in ionomer/-
h Height/m
hm Mass convective transfer coefficient/m s− 1

HCC Henry constant/mol Pa m− 3

ΔH̃ORR Enthalpy change associated to electrochemical reaction ORR/J mol− 1

ΔH̃vl Enthalpy change associated to phase change/J mol− 1

i Current density/A m− 2

Kabs Absolute permeability/m2

KH2 Hydrogen permeability across membrane/mol m− 1 s− 1 Pa− 1

Kr,i Kinetic constant of reduction branch for reaction i/mol m− 2 s− 1

Ko,i Kinetic constant of oxidation branch for reaction i/mol m− 2 s− 1

kvd Interfacial constant of water sorption/m s− 1

krel Relative permeability/-
kvl Phase change rate constant in layers/mol m− 3 s− 1 Pa− 1

LPt,c/a Catalyst loading at cathode and anode catalyst layer/g m− 2

Mi Molecular weight of species i/g mol− 1

Ṅ Molar flow rate/mol s− 1

ṅ Mole flux/mol m− 2 s− 1

nRIB Number of parallel channels/-
p Pressure/Pa
pcap Capillary pressure/Pa
R Transport resistance in governing equation
R Universal gas constant/J mol− 1 K− 1

q̇ Heat flux/W m− 2

Re Reynolds number/-
r.f . Roughness factor/m2

Pt m− 2

RH Relative humidity of gas/-
S Source term in governing equation
s Liquid saturation/-
Sci Schmidt number/-
Shi Sherwood number/-
T Temperature/K
v∗i Superficial velocity of phase i/m s− 1

vi Velocity of phase i/m s− 1

V Volume/m3

V Molar volume/m3 mol− 1

y Mole fraction/-
w Width/m
ΔV Cell voltage/V

Greek letters
αliq Correction coefficient for the liquid phase velocity/-
αo,i Anodic transfer coefficient for reaction i/
αr,i Cathodic transfer coefficient for reaction i/-
γliq Surface tension of water/N m− 1

Δ Difference/
ε Porosity/-
φ Potential/V
Ϛ Correction coefficient in Reff

CL/-
ηd,eff Electro-osmotic drag coefficient/-
λ Water content in ionomer phase/-
λth Threshold ionomer water content for ionic conductivity/-
μ Gas dynamic viscosity/Pa s
ρ Density/kg m− 3

Γ Site density of platinum/mol m− 2

ωPtO Energy parameter for Temkin isotherm/J mol− 1

ϑPtO PtO oxide coverage fraction/-
ϑc Contact angle/-
τ Tortuosity of porous layer/-
σ Conductivity/S m− 1

Subscripts, superscripts and abbreviations
a Anode
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amb Ambient
avg Average
BP Bipolar plate
c Cathode side
CH Channel
CL Catalyst layer
CV Control volume
ECSA Electrochemical active area
eff Effective property
el Related to solid phase
eq Equilibrium conditions
gas Gas phase
GDL Gas diffusion layer
HFR High Frequency Resistance
HOR Hydrogen Oxidation Reaction
HP High-Power operation
IN Inlet
ion Related to ionomer phase
liq Liquid water
LP Low-Power operation
lv Related to water vapor-liquid phase change
MEM Membrane
MEA Membrane-electrode assembly
MPL Micro-porous layer
ORR Oxygen Reduction Reaction
OUT Outlet
PEMFC Polymer Electrolyte Membrane Fuel Cell
RHE Reference Hydrogen Electrode
sat Saturation
SI Supplementary information
th Thermal transport
tot Total
v Water vapor
vd Related to water sorption in ionomer

Appendix

A complete list of model variables and parameters is provided in Table A1. The parameter values shown here correspond to the parameters used in 
the simulation of all the cases reported in this work and the anode and cathode parameters are assumed to be equal unless noted otherwise.

Table A1 
– Model parameters

Parameter Value [Unit] Reference

AMEA MEA area 25 cm2 Mat. Prop.
Cth,CHc/a Volumetric heat capacity of gas channels 1.21× 103/ 1.47 × 103 J m− 3 K− 1 [23]
Cth,GDLa/c Volumetric heat capacity of GDLa/c 1.58 × 106 J m− 3 K− 1 [28]
Cth,MPLa/c Volumetric heat capacity of MPLa/c 1.98 × 106 J m− 3 K− 1 [28]
Cth,CLa/c Volumetric heat capacity of CLa/c 1.56 × 106 J m− 3 K− 1 [28]
Cth,MEM Volumetric heat capacity of membrane 1.9 × 106 J m− 3 K− 1 [28]
dGDLa/c GDL thickness 117 μm Mat. Prop.
dMPLa/c MPL thickness 22 μm Mat. Prop.
dCLa/c CL thickness 7/10 μm Mat. Prop.
dh,c/a Hydraulic diameter 9.19× 10− 4 m Geometry
dMEM Thickness MEM 15 μm Mat. Prop.
Eact,ORR Activation energy ORR 42 ​ kJ mol− 1 [91]
E0,PtO Equilibrium potential for PtOx formation 0.86 V [92]
EW Ionomer equivalent weight 1.1 ​ kg ​ mol− 1 Mat. Prop.
ECSAc Electrochemical surface area 40 m2

PtgPt Mat. Prop.
F Faraday constant 96485 C mol− 1 Prop.
fland Geometric corrective factor for mass transport path in GDLa/c 1.4 Fitted
hCH,c/a Channel height 1× 10− 3 m Geometry
ΔH̃ORR Enthalpy change associated to ORR − 2.42× 105 J mol− 1 Prop.

ΔH̃vl Enthalpy change associated to liquid-vapor phase change 4.15× 104 J mol− 1 Prop.

HCC Henry constant 3.16× 10− 5mol m− 3 Pa− 1 Prop.
Kabs,GDLa/c Absolute permeability GDLa/c 3× 10− 12 m2 Mat. Prop.
Kabs,MPLa/c Absolute permeability MPLa/c 1 × 10− 12 m2 Mat. Prop.

(continued on next page)
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Table A1 (continued )

Parameter Value [Unit] Reference

Kabs,CLa/c Absolute permeability CLa/c 2 × 10− 13 m2 Mat. Prop.
Ko,PtO Forward reaction rate PtO 2× 10− 10 mol m− 2

Pt s− 1 Fitted
K∗
r,ORR Kinetic constant ORR 1452 ​ mol m− 2 s− 1 Fitted
KO,HOR/ Kr,HOR Kinetic constant HOR 0.3/0.3 ​ mol m− 2 s− 1 [41]
kvl Evaporation/Condensation rate 1 mol Pa− 1 m− 3 s− 1 [41]
LPt,a ,LPt,c Platinum loading at anode/cathode CL 1/5 gPtm− 2 Mat. Prop.
nRIB Number of parallel channels 3 Geometry
pref Reference pressure 101325 Pa Prop.
Rel Electric resistance of GDLs and BPs 10 mΩ cm2 Measured
R∗Pt
O2,ref

Local film-resistance for oxygen transport 1200 s m− 1 [52]

R Universal gas constant 8.314 J mol− 1 K− 1 Prop.
rKn,MPLa/c Knudsen radius MPLa/c 250 nm Fitted
rKn,CLa/c Knudsen radius CLa/c 70 nm Fitted
Tref Reference temperature 353.15 k Prop.
wCH,c/a Channel width 850× 10− 6 m Geometry
zCHc,a Channel length 0.49 m Geometry

αr,ORR Symmetry factor ORR 0.5 [49]
αo,PtO ,αr,PtO Symmetry factor for PtO kinetics 0.25 [49]
αo,HOR,αr,HOR Symmetry factor HOR 0.5 [41]
αliq Liquid velocity in flow channel coefficients 9.5× 10− 4 Fitted
γliq Liquid water surface tension 0.062 N m− 1 [30]
γs Exponent for s correction to gas diffusivity 3 Prop.
εGDLa/c Porosity GDLa/c 0.65 [93]
εMPLa/c Porosity MPLa/c 0.40 [93]
εCLa/c Porosity CLa/c 0.35 [93]
εion,CLa/c Ionomer volume fraction CLa/c 0.25/0.20 Mat. Prop.
Γ Site density of Pt 2.1/F mol m− 2 Mat. Prop.
Kliq Correction factor for convective mass transport resistance 350 s m− 1 Fitted
κm Coefficient of σion 50 s m− 1 Fitted
λth Coefficient of σion 1 Fitted
σres Coefficient of σion 0.3 s m− 1 Fitted
μgas c/a Gas dynamic viscosity at cathode/anode channels 2.1× 10− 5/1.1× 10− 5 

Pa s
[23]

μliq Liquid water dynamic viscosity 3.55 × 10− 4 Pa s [30]
ρliq Liquid water density 982 kg m− 3 [30]
ρion Dry membrane density 1980 kg m− 3 Mat. Prop.
θGDLa/c Contact angle GDLa/c 110◦ Mat. Prop.
θMPLa/c Contact angle MPLa/c 130◦ Mat. Prop.
θCLa/c Contact angle CLa/c 100◦ Mat. Prop.
τGDLa/c Tortuosity GDLa/c 1.55 [93]
τMPLa/c Tortuosity MPLa/c 3 [93]
τCLa/c Tortuosity CLa/c 3 [93]
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model of liquid water dynamics in proton exchange membrane Fuel Cells, J. Power 
Sources 541 (2022), https://doi.org/10.1016/j.jpowsour.2022.231598.

[71] E.C. Kumbur, K.V. Sharp, M.M. Mench, Liquid droplet behavior and instability in a 
polymer electrolyte fuel cell flow channel, J. Power Sources 161 (2006) 333–345, 
https://doi.org/10.1016/j.jpowsour.2006.04.093.

[72] A.D. Santamaria, P.K. Das, J.C. MacDonald, A.Z. Weber, Liquid-water interactions 
with gas-diffusion-layer surfaces, J. Electrochem. Soc. 161 (2014) F1184–F1193, 
https://doi.org/10.1149/2.0321412jes.

[73] S. Xu, P. Liao, D. Yang, Z. Li, B. Li, P. Ming, X. Zhou, Liquid water transport in gas 
flow channels of PEMFCs: a review on numerical simulations and visualization 
experiments, Int. J. Hydrogen Energy 48 (2023) 10118–10143, https://doi.org/ 
10.1016/j.ijhydene.2022.12.140.

[74] D.W. Green, M.Z. Southard, in: Perry’s Chemical Engineers’ Handbook, ninth ed., 
McGraw-Hill Education, New York, 2019. https://www.accessengineeringlibrary. 
com/content/book/9780071834087.

[75] M. Koz, S.G. Kandlikar, Numerical simulation of the interfacial oxygen transport 
resistance for a PEMFC cathode incorporating water coverage, ECS Meet. Abstr. 
MA2012-02 (2012) 1334, https://doi.org/10.1149/ma2012-02/13/1334, 1334.

[76] M. Koz, S.G. Kandlikar, Oxygen transport resistance at gas diffusion layer - air 
channel interface with film flow of water in a proton exchange membrane fuel cell, 
J. Power Sources 302 (2016) 331–342, https://doi.org/10.1016/j. 
jpowsour.2015.10.080.

[77] L.M. Pant, S. Stewart, N. Craig, A.Z. Weber, Critical parameter identification of 
fuel-cell models using sensitivity analysis, J. Electrochem. Soc. 168 (2021) 074501, 
https://doi.org/10.1149/1945-7111/ac0d68.

[78] A. Goshtasbi, Modeling, Parameter Identification, and Degradation-Conscious 
Control of Polymer Electrolyte Membrane (PEM) Fuel Cells, University of 
Michigan, 2019.

[79] V. Kannan, H. Xue, K.A. Raman, J. Chen, A. Fisher, E. Birgersson, Quantifying 
operating uncertainties of a PEMFC – Monte Carlo-machine learning based 
approach, Renew. Energy 158 (2020) 343–359, https://doi.org/10.1016/j. 
renene.2020.05.097.

[80] K.C. Neyerlin, W. Gu, J. Jorne, H.A. Gasteiger, Determination of catalyst unique 
parameters for the oxygen reduction reaction in a PEMFC, J. Electrochem. Soc. 153 
(2006) A1955, https://doi.org/10.1149/1.2266294.

[81] G.A. Futter, P. Gazdzicki, K.A. Friedrich, A. Latz, T. Jahnke, Physical modeling of 
polymer-electrolyte membrane fuel cells: understanding water management and 

impedance spectra, J. Power Sources 391 (2018) 148–161, https://doi.org/ 
10.1016/j.jpowsour.2018.04.070.

[82] R.K. Ahluwalia, D.D. Papadias, N.N. Kariuki, J.-K. Peng, X. Wang, Y. Tsai, D. 
G. Graczyk, D.J. Myers, Potential dependence of Pt and Co dissolution from 
platinum-cobalt alloy PEFC catalysts using time-resolved measurements, 
J. Electrochem. Soc. 165 (2018) F3024–F3035, https://doi.org/10.1149/ 
2.0031806jes.

[83] Z. Lu, C. Rath, G. Zhang, S.G. Kandlikar, Water management studies in PEM fuel 
cells, part IV: effects of channel surface wettability, geometry and orientation on 
the two-phase flow in parallel gas channels, Int. J. Hydrogen Energy 36 (2011) 
9864–9875, https://doi.org/10.1016/j.ijhydene.2011.04.226.

[84] S. Arisetty, Y. Liu, W. Gu, M. Mathias, Modeling platinum oxide growth of PEMFC 
cathode catalysts, ECS Meet. Abstr. MA2015-02 (2015) 1367, https://doi.org/ 
10.1149/ma2015-02/37/1367, 1367.

[85] M. Zago, A. Baricci, A. Bisello, T. Jahnke, H. Yu, R. Maric, P. Zelenay, A. Casalegno, 
Experimental analysis of recoverable performance loss induced by platinum oxide 
formation at the polymer electrolyte membrane fuel cell cathode, J. Power Sources 
455 (2020), https://doi.org/10.1016/j.jpowsour.2020.227990.

[86] Y. Wu, J.I.S. Cho, T.P. Neville, Q. Meyer, R. Zeische, P. Boillat, M. Cochet, P. 
R. Shearing, D.J.L. Brett, Effect of serpentine flow-field design on the water 
management of polymer electrolyte fuel cells: an in-operando neutron radiography 
study, J. Power Sources 399 (2018) 254–263, https://doi.org/10.1016/j. 
jpowsour.2018.07.085.

[87] R. Vetter, J.O. Schumacher, Experimental parameter uncertainty in proton 
exchange membrane fuel cell modeling. Part II: sensitivity analysis and importance 
ranking, J. Power Sources 439 (2019) 126529, https://doi.org/10.1016/j. 
jpowsour.2019.04.057.

[88] G. Zhang, K. Jiao, Multi-phase models for water and thermal management of 
proton exchange membrane fuel cell: a review, J. Power Sources 391 (2018) 
120–133, https://doi.org/10.1016/j.jpowsour.2018.04.071.

[89] N. Kitamura, K. Manabe, Y. Nonobe, M. Kizaki, Development of water content 
control system for fuel cell hybrid vehicles based on AC impedance, SAE Tech. Pap. 
(2010), https://doi.org/10.4271/2010-01-1088.

[90] A. Kneer, N. Wagner, A semi-empirical catalyst degradation model based on 
voltage cycling under automotive operating conditions in PEM fuel cells, 
J. Electrochem. Soc. 166 (2019) F120–F127, https://doi.org/10.1149/ 
2.0641902jes.
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