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Straight parallel graphite-based flow fields are experimentally assessed to evaluate the effect of geometrical
parameters on the performance of polymer electrolyte membrane fuel cell. A 1+1D fuel cell model is exploited to
evaluate the local operating conditions occurring along various positions of the flow field channel for different
load requirements. The estimated operating conditions are implemented in a zero-gradient hardware to perform
a broad experimental campaign, conducting tests under controlled and uniform operating conditions. The ach-
ieved experimental results depict the impact of the flow field geometry along different positions of the flow field
channel under real operating conditions, identifying the individual contributions of the geometric parameters on
water transport, oxygen transport and electrical resistance. The proposed methodology provides detailed in-

formation on the local operation of a large-area bipolar plate using a small-area sample, demonstrating the effect
of rib and channel geometrical parameters on real-world operation of a PEMFC.

1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are electro-
chemical devices that directly convert hydrogen into electric power with
high efficiency, in a scenario where hydrogen is becoming increasingly
important [1] and are thus a potential candidate to foster the diffusion of
hydrogen technologies for mobility and stationary applications [2-4].
The development of PEMFCs achieved a crucial point in the last years
when several targets were reached (efficiency, fast start-up and also
durability for automotive applications), but challenges remain in
meeting cost and durability targets for high power applications, such as
heavy-duty transport or stationary applications combined with renew-
able energy production [5,6]. Material development is focusing mostly
on the core components of PEMFC, in particular the membrane electrode
assembly and the bipolar plate, for the latter the US Department of
Energy predict that the cost will be 6% of the total stack cost with a
volume production of 100,000 systems per year [7].

Bipolar plate is a key component of the PEMFC stack that separates
hydrogen, air and the cooling fluid, while also ensuring efficient elec-
trical contact between the cells in the stack, minimizing the ohmic loss
[8]. Mechanical and chemical stability are necessary requirements to

* Corresponding author.
E-mail address: delio.casadei@polimi.it (D. Casadei).

https://doi.org/10.1016/j.ijhydene.2024.08.515

avoid contamination of the membrane electrode assembly, leading to
the study of different materials in the past. Metal bipolar plates are
commonly adopted in automotive applications [9] due to their ease of
mass production, cost effectiveness and high mechanical strength [10,
11]. However, they exhibit low corrosion resistance and, to overcome
this issue, it is necessary the addition of protective coating which in-
creases component costs [12,13]. Carbon-based bipolar plates are
prevalently used in heavy-duty transport and stationary applications,
where their larger volume is not a significant concern, while they ensure
the achieving of high durability targets because of their superior
corrosion resistance [14]. Both metallic and carbon-based bipolar plates
share the design of the gas channel distribution geometry. Hydrogen and
air flow in the stack through manifolds, feeding each cell uniformly.
Channels within each bipolar plate are manufactured to distribute re-
actants evenly over the cell surface. The design of the gas channels is of
primary importance to deal with the heterogeneity of local operating
conditions and to ensure high efficiency and durability. Different works
have demonstrated that gas channels significantly affect pressure drops
[15], water management [16,17], oxygen concentration [18,19] and
that the heterogeneous conditions can lead to local degradation issues
[20]. Studies conducted through the use of computational fluid dy-
namics (CFD) simulations investigate the impact of various factors on
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List of acronyms and abbreviations MEA Membrane electrode assembly
ORR Oxygen reduction reaction
CCM Catalyst coated membrane p Gas total pressure
CFD Computational fluid dynamics PEM Polymer electrolyte membrane
Ccv Cyclic voltammetry PEMFC Polymer electrolyte membrane fuel cell
ECSA Electrochemically active surface area Pw Water vapor pressure
EIS Electrochemical impedance spectroscopy R Universal gas constant
F Faraday’s constant R/C Rib-to-channel thickness ratio
GDL Gas diffusion layer RH Relative humidity
HFR High frequency resistance Rt Oxygen transport resistance
HP High power SEM Scanning electron microscopy
ilim Limiting current T Temperature
LP Low power x&: Oxygen dry mole fraction
LSV Linear sweep voltammetry
performance and operating conditions, including the number of chan-
nels [21], channel height [22], channel length [23], channel Table 1

cross-section [15,24], rib and channel dimensions [25-27] and the
introduction of baffles [28-32] and sub-channels [33]. In literature,
some academic research groups experimentally investigate the effect of
channel and rib geometry [34,35] as well as the electrical contact be-
tween the bipolar plate and gas diffusion layer (GDL) [36,37]. However,
experimental assessment of flow field geometries is not deeply investi-
gated in the literature while the same topic was investigated by means of
CFD simulations [38-40]. This work aims to provide a comprehensive
analysis of geometric parameters on performance to fill this gap and, to
the best of the authors’ knowledge, it represents the first experimental
methodology which can be applied to locally optimize the geometry of a
full-scale flow field.

In this work an experimental analysis is carried out to evaluate the
effect of the geometrical features of the channels at the air side on local
membrane electrode assembly (MEA) performance. Geometrical fea-
tures are investigated with reference to a high-performance flow field
geometry that is consistent with state-of-the art geometries adopted for
automotive applications [41]. An innovative methodology is applied in
this work that exploits the use of a zero-gradient hardware presented by
the authors in a previous publication [42]. The zero-gradient hardware
has a specific design that minimizes heterogeneity of the operating
conditions across the sample area, ensuring uniform pressure, gas
composition and temperature. This testing tool is adopted to evaluate
the cell performance under conditions consistent with real-world sce-
narios. A 1+1D model validated in a previous research is exploited [43]
to assess local conditions along the channel, such as oxygen mole frac-
tion, temperature, pressure relative humidity and water management.
The proposed methodology is a powerful and innovative tool that,
through experimental characterization with small-scale hardware and a
simple setup, provides insights into the local performance of large-scale
flow fields with various geometries under real-world operating
conditions.

2. Experimental methodology
2.1. Membrane electrode assembly

Commercial materials were adopted in the experimental campaign to
minimize uncertainties related to in-house production of the tested
MEAs. Each MEA evaluated in this study consists of a commercial
catalyst coated membrane (CCM) with a 15 pm membrane thickness,
platinum loading of 0.4 mg cm ™2 at the cathode side and 0.1 mg cm™2 at

1300

Characteristics of the tested MEAs. The features are declared by the manufac-
turer or were obtained through scanning electron microscopy (SEM) images.

Characteristic Unit

Cathode catalytic loading mg cm 2 0.4
Anode catalytic loading mg cm™2 0.1
Membrane thickness pm 15
Cathode catalyst layer thickness pm 12
Anode catalyst layer thickness pm 4
GDL thickness @ 0.025 MPa pm 180
GDL thickness @ 1 MPa pm 140
Through-plane electrical resistance @ 1 MPa mQ cm? 6
In-plane electrical resistance Q 1.1
Through-plane air permeability acc. to Gurley s 1
In-plane air permeability @ 1 MPa pm? 1.2

the anode side. The commercial GDLs employed in this study are Freu-
denberg H14CX483. The specific characteristics of the CCM and GDL are
detailed in Table 1.

Rigid PTFE gaskets were used to align the MEA, define the active area
and ensure 80% mechanical compression of the MEAs.

2.2. Testing hardware and flow fields

A zero-gradient testing hardware was used to carry out the experi-
mental campaign. The tool was specifically developed and it is described
in Ref. [42] and a 3D drawing is reported in Fig. 1a. The hardware is
characterized by an active area of 10 cm? and by co-flow straight-par-
allel flow field channels on both the anode and cathode sides. Having a
sample with lower active area compared to typical applications
(approximately 1:10), a high flow rate is allowed (10:1) having
compatible gas velocity in the gas channels that leads to good repre-
sentativeness of the results.

Cathode flow field plates were produced on purpose with various
geometries to assess the impact of geometric features on fuel cell per-
formance. The flow fields assessed in this work are outlined in Fig. 1b
and their geometric parameters are detailed in Table 2. Specifically, 5
cathode flow fields were fabricated to investigate the influence of rib
thickness, channel thickness and channel depth on PEMFC performance.
Starting from the base-case FF-A: FF-B maintains the same rib-to-
channel thickness ratio (R/C) but features higher rib and channel
thickness; FF-C presents the same rib thickness as FF-B but with a higher
R/C; FF-D shares rib thickness of FF-A while having a comparable R/C to
FF-C; FF-E is similar to FF-B but shows an increased channel depth to
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Fig. 1. (a) 3D drawing of the zero-gradient hardware. (b) Scheme of the flow field geometric parameters assessed to investigate the effect of the rib thickness,
channel thickness and channel depth. (c) Outline of the positions of the cathode channel length at which operating conditions are evaluated. (d) Scheme of the 1+1D
PEMFC model adopted to assess the local operating conditions investigated in the experimental campaign.

Table 2
Geometric parameters of the tested cathode flow field plates.

Name  Rib thickness Channel Channel Rib-to-channel
mm thickness mm depth mm thickness ratio

FF-A 0.25 0.60 0.40 0.417

FF-B 0.35 0.85 0.40 0.412

FF-C 0.35 0.50 0.40 0.700

FE-D 0.25 0.30 0.40 0.833

FF-E 0.35 0.85 1.00 0.412

assess the effect of this specific parameter.

The anodic flow field plate remains identical throughout the entire
experimental campaign. This decision derives from the understanding
that changes on the anode side result in performance variations that are
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minor compared to the substantial impact of changes in the cathode flow
field geometry [44]. The anode flow field utilized in the experimental
campaign is characterized by a rib thickness of 0.55 mm, a channel
thickness of 0.30 mm and a channel depth of 0.30 mm.

2.3. PEM fuel cell test protocols

The experimental tests were carried out in a testing station which
was already described in previous works [20,45]. The protocols for
characterization are here described.

Each MEA undergoes an identical conditioning procedure immedi-
ately after the assembly. The sample temperature is set at 80 °C,
hydrogen and air are supplied under fully humidified conditions at
ambient pressure with mass flow rates consistently maintained at 750
ml/min for hydrogen and 3750 ml/min for air. The voltage is varied
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between 0.6 V and 0.2 V, with each point lasting 60 s. The procedure is
iterated to thoroughly activate the sample that takes about 3 h.

Cyclic voltammetry (CV) tests are conducted at 30 °C, using fully
humidified Ho-N; gas reactants, with voltage ranging between 0.09 V
and 0.6 V to determine the electrochemically active surface area (ECSA).

Linear sweep voltammetry (LSV) measurements are carried out
under fully humidified Ho-N2 gas reactants at ambient pressure and
temperature to assess hydrogen crossover and short-circuit resistance.
Additionally, LSV tests are conducted at 80 °C and at cathode inlet
pressure of 150 kPa, 250 kPa and 350 kPa to evaluate hydrogen cross-
over values which are used for subsequent corrections in mass transport
measurements.

Each sample is experimentally characterized with polarization
curves, electrochemical impedance spectroscopy (EIS) and limiting
current measurements. Polarization curves are performed under refer-
ence conditions, as detailed in Table 3. Measurements are carried out in
galvanostatic mode, each data point is maintained for 180 s, only the
final 120 s of each point are recorded to ensure assessment under stable
conditions. Additionally, polarization curves are performed using the
same experimental procedures under operating conditions obtained
through model simulations in section 2.4. Polarization curves exhibit an
experimental error dependent on current density and operating condi-
tions, not exceeding 4 mV. Error bars are not included in the figures to
prevent increased complexity and reduced readability of the figures
themselves. For every polarization curve, EIS measurement are con-
ducted at 0.6 A cm’z, 1A cm’z, 2 Acm 2and 3 A em 2 across a fre-
quency range from 10 kHz to 0.1 Hz, covering 50 different frequencies.

Limiting current measurements are carried out relying on the
experimental procedures proposed by Baker et al. [46] and by Greszler
et al. [47]. The cell temperature is maintained at 80 °C, with both the
anode and the cathode sides supplied by fully humidified gas flow rates.
Measurements are conducted under oxygen concentrations of 1%, 2%
and 3% on a dry basis at the cathode inlet section. This procedure is
repeated for cathode inlet pressure of 150 kPa, 250 kPa and 350 kPa,
with the anode inlet pressure set 20 kPa higher. Current density values
are recorded at 0.3V, 0.2V and 0.1 V to ensure the achieving of limiting
current conditions. Under limiting current conditions, the oxygen con-
centration at the cathode catalyst layer approaches zero and the oxygen
transport resistance Rt can computed as [46]:

RT:4ijd03,p —Pw
Uim RT

where F is the Faraday constant, iy, is the measured limiting current,
x& is the dry mole fraction of oxygen, p is the gas total pressure, py is
the water vapor pressure, R is the universal gas constant, T is the cell
temperature. The oxygen transport resistance can be divided into a
pressure-dependent component, associated with intermolecular gas
diffusion thought flow field channel and the larger pores of the GDL, and
a pressure-independent component, which is related to Knudsen diffu-
sion occurring in the smaller pores of the microporous layer and catalyst
layer [46,48].

2.4. Characterization procedures under real operating conditions

Each sample undergoes a further analysis under operating conditions

Table 3
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representative of real-world applications. The operating conditions
occurring within a full-scale cell are assessed at various positions along
the length of the cathode flow field channel, as depicted in Fig. 1c. In
particular, positions at 0%, 10%, 30%, 50%, 75% 90% and 100% of the
cathode channel length are considered. These conditions are used as
basis for carrying out the testing campaign in zero-gradient hardware,
reproducing the performance locally achieved along the channel. To
identify these conditions, a 141D transient, multiphase and non-
isothermal PEM fuel cell model is employed [43]. Coupling a 1D
through-the-membrane model with a 1D along-the-channel model, it is
possible to assess specific operating parameters across the stack at
different positions of the cathode flow field channel length. The model,
whose structure is schematized in Fig. 1d, is implemented into Mat-
lab®-Simulink environment adopting a counterflow configuration, with
the coolant flow running parallelly to the air stream, along with anodic
recirculation and straight-parallel flow field channels.

Based on system requirements [20], some key parameters (Table 4)
such as cathode and anode stoichiometries, inlet relative humidity of the
cathodic stream and inlet coolant temperature are fixed and provided as
inputs to the model. Two distinct operating modes are analysed: the
former, indicated as low power (LP), is representative of low engine load
conditions and is characterized by a cell voltage of 0.75 V; the latter,
indicated as high power (HP), reproduces high load requirements and is
characterized by a cell voltage of 0.65 V. The PEMFC model is used
solely as a tool to identify how operating conditions vary along the
channel length and the validation of the model on experimental data is
beyond the scope of this paper. Moreover, it is important to note that the
1+1D model was calibrated on a material with well-known properties,
although they were made with a different catalyst with respect to the
one analysed in this work, presenting different kinetics and oxygen/-
proton transport properties. This may explain the possible discrepancies
between model simulations and the experimental data presented in the
following which, however, since these differences do not greatly affect
water balance and relative humidity they do not significantly influence
the methodology and main results presented in this paper.

3. Results and discussion
3.1. Assessment of real-world local operating conditions
The main results of this modelling analysis are reported in Fig. 2 and

Table 4
Model boundary conditions for the low power (LP) and high power (HP) oper-
ating modes.

Operating parameters Low power (LP) High power (HP)

Cell voltage [V] 0.75 0.65

Cathode stoichiometry [—] 1.6 1.6

Anode stoichiometry [—] 1.4 1.4

Inlet cathode RH [%] 30 30

Inlet anode RH [%] Controlled by anodic Controlled by anodic
recirculation recirculation

Inlet cathode p [bar] 1.4 2.8

Inlet anode p [bar] 1.9 3

Inlet x&3 [-] 0.209 0.209

Inlet coolant T [°C] 68 85

Outlet coolant T [°C] 73 90

Polarization curves operating conditions used for sample characterization under reference conditions. Stoichiometries for cathode and anode are respectively 10/8

under air conditions and 48/8 under oxygen conditions.

Name T cell Dew point cathode Dew point anode RH cathode RH anode p cathode inlet p anode inlet x&y
°C °C °C % % kPa g5 kPa g5 %
Air-Ref 80 80 80 100 100 230 250 20.9
02-Ref 80 80 80 100 100 230 250 100
02 RH30%-Ref 80 45 45 30 30 230 250 100
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Fig. 2. Results predicted by the 1+1D PEMFC model for the LP operating conditions: (a) gas channel pressure, (b) gas channel relative humidity, (c) gas channel
temperature and (d) oxygen mole fraction at different positions of the cathode flow field channel length.

Fig. 3 for LP and HP operating modes respectively. The channel length
coordinate is consistently defined with respect to the air feed. Hydrogen
is counter-flow while liquid cooling is co-flow with the air flow.

Under LP operation, gas pressure (Fig. 2a) decreases linearly from
the channel inlet to the outlet because of pressure drops in the channels.
In particular, due to the larger air mass flow rate, and hence higher
velocity, the cathode side exhibits pressure drops approximately four
times greater than those observed in the anode channel. Examining the
evolution of gas composition along the channel in the LP operating point
(Fig. 2b), because of the water production along the channel a pro-
gressive increase in the relative humidity of the air stream is observed up
to 80% of the channel length, where a fully humidified condition is
achieved. Towards the end of the air channel (60%-100% length), the
net water flux across the membrane reverses direction, flowing from
cathode side to anode side [49]. This phenomenon is a consequence of
the counterflow configuration and determines a reduction in the relative
humidity of the cathode channel from 80% to 100% of channel length,
accompanied by an increase in the relative humidity of the hydrogen
stream, which reaches its maximum value around the 60% of the
channel length. Temperature (Fig. 2c¢) increases linearly from the air
inlet (0%) to the outlet (100%) parallel to the direction of the coolant
flow, due to heat release from oxygen reduction reaction (ORR) and
overpotentials associated to ohmic phenomena and electrochemical
reactions. Oxygen mole fraction is reported on a dry basis in Fig. 2d, it
shows a decreasing trend consistent with progressive oxygen con-
sumption because of the ORR. Considering all these aspects, model
predictions suggests that the maximum cell power output occurs around
55-60% of the channel length, situated in the middle region of the cell.
Additional details about the local operating conditions assessed through
the modelling analysis are reported in Table 5, where the values at
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different channel lengths are obtained through a linear interpolation of
the data derived from numerical simulations and shown in Fig. 2.

The HP operation, as it can be observed in Fig. 3, is characterized by
more severe operating conditions. Indeed, the higher power re-
quirements typical of the HP operating mode necessitate larger air and
hydrogen mass flow rates. This determines elevated flow velocities in
both the anodic and cathodic channels, leading to significant pressure
drops (Fig. 3a). In particular, pressure drops at cathode side are
approximately twice those predicted by the model in the LP mode, while
those estimated at the anode side are four times larger. The higher cell
temperature enhances water removal and evaporation in the gas chan-
nels, as already observed for the higher flow velocity, thus determining a
lower maximum relative humidity (Fig. 3b). Fully humidified conditions
are not achieved in either the cathodic or anodic sides. Due to the
counterflow configuration, the relative humidity at anode side increases
from the air outlet to the air inlet, reaching its maximum at around 20%
of the cathode channel length. Then, moving further towards the cath-
ode inlet, a net water flux from the anode to the cathode side leads to a
slight decrease in the relative humidity of hydrogen stream, reaching a
value of 85% at the anode channel outlet. It is worth noting that, with
respect to LP, the HP operation leads to a more uniform water distri-
bution, which should be taken into account in flow field design. The
stricter operating conditions of the HP mode are also highlighted by the
temperature profile (Fig. 3c), which increases from 85 °C at the cathode
inlet (0%) to approximately 90 °C at stack outlet (100%). Once again,
oxygen is progressively consumed along the channel length (Fig. 3d),
although it decreases more rapidly with respect to LP operation due to
the higher load required to the cell. Consequently, the maximum power
output predicted by the model shifts closer to the cathode inlet, at
around the 30% of flow field length. Further details about the local
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Fig. 3. Results predicted by the 1+1D PEMFC model for the HP operating conditions: (a) gas channel pressure, (b) gas channel relative humidity, (c) gas channel
temperature and (d) oxygen mole fraction at different positions of the cathode flow field channel length.

Table 5
Polarization curves operating conditions for different cathode channel length percentages used for sample characterization under low power operating conditions.
Stoichiometries for cathode and anode are respectively 10/8.

Name T cell Dew point cathode Dew point anode RH cathode RH anode Cathode inlet pressure Anode inlet pressure x&y
°C °C °C % % bar,ps barps %
LP0% 68 43 55 30 55 1.40 1.80 20.9
LP10% 69 49 58 40 60 1.38 1.80 19.9
LP30% 69 58 64 60 80 1.34 1.83 185
LP50% 70 65 70 80 100 1.30 1.85 16.0
LP75% 72 72 72 100 100 1.25 1.88 12.0
LP90% 72 71 60.5 95 60 1.22 1.90 10.0
LP100% 73 69 47 85 30 1.20 1.90 9.0
Table 6

Polarization curves operating conditions for different cathode channel length percentages used for sample characterization under high power operating conditions.
Stoichiometries for cathode and anode are respectively 10/8.

Name T cell Dew point cathode Dew point anode RH cathode RH anode Cathode inlet pressure Anode inlet pressure x&y
°C °C °C % % bar,ps bar,ps %

HP0% 85 57 79 30 80 2.80 2.80 20.9
HP10% 86 64 83 40 90 2.76 2.82 19.9
HP30% 87 76 84 65 90 2.68 2.86 17.5
HP50% 88 82 82 80 80 2.60 2.90 15.0
HP75% 89 86 76 90 60 2.50 2.95 12.0
HP90% 89 86 69.5 90 45 2.44 2.98 10.0
HP100% 90 86 68 85 40 2.40 3.00 9.0
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operating conditions of the HP mode are reported in Table 6.

3.2. Flow field performance under real operating conditions

According to the model analysis, a set of polarization curves is per-
formed for each tested flow field to evaluate the local performance
under real-world operating conditions. The local operating conditions
assessed for both LP and HP operations (as described in section 3.1) are
reproduced in zero-gradient hardware. This approach enables the
evaluation in small-scale configuration of performance occurring across
various positions within a full-scale cell. Polarization curves are con-
ducted for each operating condition reported in Table 5 and Table 6,
identified as a percentage of the channel length (0%-100%) from the air
inlet.

Polarization curves obtained experimentally under LP operating
conditions are reported in Fig. 4a. The results obtained at 0% and 10% of
cathode channel length represent the air inlet region of the stack, where
air is fed at low RH. Under these conditions, performance is mainly
limited by ohmic loss due to low membrane and cathode catalyst layer
hydration [34]. The middle region of the stack is characterized by a
performance improvement with respect to the air inlet. This enhance-
ment is attributed to the water produced through electrochemical re-
actions and the water flux from the anode to the cathode side, which
leads to higher membrane hydration and a consequent reduction in
ohmic loss [50]. Moving from the middle region of the stack towards the
air outlet, polarization curves are increasingly affected by mass trans-
port loss due to the decrease in oxygen mole fraction [51]. The shaded
region in Fig. 4a highlights the range of power densities where LP
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operation occurs. The voltage values range from 0.7 V to 0.80 V and are
mainly affected by the observed phenomena: performance improves
from the air inlet to the middle region due to better membrane hydra-
tion, while a performance reduction is observed from the middle region
to the air outlet because of the progressive reduction of oxygen mole
fraction. EIS measurements performed under low power conditions at 1
A cm ™2, reported in Fig. 4b, evidence a higher value of high frequency
resistance (HFR) at the air inlet, indicating that performance is limited
by membrane dehydration issues [52]. Moreover, the increase in the
low-frequency arc at the air outlet region demonstrates an increase in
the mass transport due to the reduction of oxygen mole fraction [53].
Polarization curves obtained experimentally under HP conditions are
reported in Fig. 4c. The performance trend presents some similarities to
the behaviour observed under LP conditions, although some differences
are notable. The transition from low to high membrane hydration is still
evident when comparing the air inlet to the middle region, but its impact
on performance is less pronounced compared to LP conditions. This is
consistent with increased water production at high current density
which counteracts low relative humidity in the gas feed [54]. Within the
operating voltage (from 0.6 V to 0.7 V), oxygen transport limitations
represent a more significant constrain compared to LP operation. The
higher reduction in oxygen mole fraction due to the higher current
density leads to a performance reduction even at 50% of the cathode
channel length and this influence becomes more pronounced moving
towards the air outlet section. EIS measurements carried out under high
power conditions at 2 A em 2 are reported in Fig. 4d and similar con-
siderations reported for LP hold. The increase in the low-frequency arc
from the air inlet to the air outlet confirms the increase in mass transport
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loss, which limits performance in the region close to the air outlet sec-
tion [53].

A further consideration regarding the analysed operating conditions
concerns the heterogeneity in current density among different regions
along the channel. The current density spread at 0.75 V in LP conditions
is considerably lower compared to HP conditions at 0.65 V. Conse-
quently, high power operation is characterized by heterogeneity among
regions, highlighting the need to take into account this aspect in the
design of a full-scale flow field.

A comparison under LP and HP conditions between the polarization
curves obtained through experiments (Fig. 5a) and model (Fig. 5b) is
reported. In both cases it is presented a focus on the operating voltages
corresponding to the conditions at which the modes operate. The out-
comes demonstrate a good consistency between the performance pre-
dicted by the model and the experimental results, even though not
strictly adherent. It is anyway confirmed that the local operating con-
ditions assessed with the model and adopted to carry out the experiment
accurately represent the operating conditions occurring locally within
the stack.

3.3. Effect of rib-to-channel thickness ratio and of rib thickness

This section presents a comparison of experimental results obtained
from cathode flow field plates labelled as FF-A, FF-B, FF-C and FF-D in
Table 2. These samples are characterized by identical channel depth,
while the rib thickness and channel thickness vary. A scheme of the
geometric parameters of these flow fields is reported in Fig. 1b.

The performance of the flow fields is assessed through character-
ization under real-world HP and LP operating conditions and polariza-
tion curves are reported in Fig. 6, reproducing the local operating
conditions occurring at positions 0%-10%-50%-75%-90%-100% along
the cathode channel length. In the region close to the air inlet, as shown
in Fig. 6a and Fig. 6b, the flow fields labelled as FF-C and FF-D
outperform FF-A and FF-B. The distinguishing feature affecting the
performance under these conditions is the contact area between the rib
and the GDL, which is directly related to the electrical contact resistance
between them [8,55]. FF-C and FF-D are characterized by a higher
rib-to-channel thickness ratio compared to FF-A and FF-B (as reported in
Table 2), resulting in a larger electrical contact. At the same time, high
contact area between rib and GDL facilitates the water retention in the
cathode catalyst layer and the membrane, improving ion transport

(2)
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resistance as well [56]. In conclusion, in the air inlet region, where
ohmic loss was recognized as the primary limiting factor having high
oxygen availability but low relative humidity in the cathode gas flow,
the electrical and ionic resistances are responsible for the performance
difference among the analysed flow fields.

The performance obtained at 50% and 75% of the cathode channel
length is reported in Fig. 6¢ and Fig. 6d respectively. The rib-to-channel
thickness ratio plays a key role at low current density values, where
polarization curves are primarily limited by ohmic loss. However, mass
transport loss leads to a rapid performance drop at medium and high
current densities. The assessed flow field geometries show different
behaviour in the mass transport region. Indeed, when the rib-to-channel
thickness ratio is fixed, flow fields with higher rib thickness present a
more rapid voltage drop a high current densities, as it is shown by the
performance drop of FF-B and FF-C compared to FF-A and FF-D
respectively. A higher rib thickness results in increased liquid water
accumulation within the GDL, presumably under the rib [57], increasing
the risk of flooding. This phenomenon is particularly pronounced under
these operating conditions due to the high relative humidity of the gas
flow rates.

The performance achieved in the air outlet region is analysed in
Fig. 6e and Fig. 6f. Under these conditions, the reduction in oxygen mole
fraction represents the primary limiting factor [58], resulting in a steep
voltage drop observed across all assessed flow fields. Flow fields with
higher rib-to-channel thickness ratio still present advantages at low
current densities, where ohmic loss is the limiting phenomena. How-
ever, with increasing current density, a high rib-to-channel thickness
ratio becomes detrimental in terms of performance since the reduced
area in which channels and GDL face each other leads to an increase in
the oxygen transport resistance [32]. Analysing these results it is clear
that the limiting phenomena can vary across different positions along
the channel length.

For each tested flow field, a power density profile along the channel
is obtained and reported in Fig. 7a and Fig. 7b for LP and HP operating
conditions respectively. The power density profile is evaluated consis-
tently with the previous analysis. For both LP and HP cases one oper-
ating point is obtained for each value of cathode channel length, the
outcome of this analysis is reported in Fig. 7 for the flow field plates
assessed in this section.

Power density profiles obtained under LP operating conditions, as
represented in Fig. 7a, evidence higher performance for flow fields
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labelled as FF-C and FF-D compared to FF-A and FF-B. As confirmed by
the previous analysis, at the operating voltage of 0.75 V defined for LP
conditions performance is mainly limited by ohmic loss, therefore the
flow fields with higher rib-to-channel thickness ratio (FF-C and FF-D)
exhibits superior performance [37]. Mass transport loss becomes sig-
nificant only near the air outlet region due to the lower oxygen mole
fraction [59] caused by oxygen consumption along the channel length.
Therefore, in the air outlet region the difference among the samples is
reduced because of mass transport limitations. It is observed that for
samples with comparable rib-to-channel thickness ratio, oxygen trans-
port resistance is higher with greater rib thickness, in accordance with
previous findings. A bell-shaped curve is obtained under LP conditions,
with a peak around 50% of the cathode channel length, this is due to low
cathode gas RH at the air inlet and high mass transport resistance at the
air outlet, leading to performance reductions at the air inlet and air
outlet region, respectively.

Power density profiles obtained under HP conditions are reported in
Fig. 7b. The operating voltage of 0.65 V is lower compared to LP con-
ditions, resulting in a greater impact of mass transport loss since per-
formance is evaluated from polarization curves at higher current
densities. In the air inlet region ohmic loss dominates, as already
observed under LP conditions, hence the differences among the different
flow fields are related to the rib-to-channel thickness ratio. Oxygen
transport resistance limits performance in the air outlet region, as seen
under LP conditions, but in this case it also affects the central region due
to higher current density reached under these conditions, leading to a
rapid performance decrease. The power density curve under HP condi-
tions shows an initial performance increase due to the progressive
sample hydration, followed by a progressive reduction and homogeni-
zation in performance among the different flow fields towards the air
outlet region, driven by mass transport loss. As a result, the power
density curve peak shifts towards a position closer to the air inlet
compared to that observed under LP conditions.

The four flow field geometries assessed in this section are further
analysed through polarization curves conducted under pure oxygen
conditions, both with fully humidified and 30% relative humidity of gas
reactants (O2-Ref and O2 RH30%-Ref conditions reported in Table 3).
Polarization curves under oxygen conditions are reported in Fig. 8a. The
analysis is insightful as the outcomes are not affected by oxygen mass
transport resistance, due to the high availability of the reactant, there-
fore the main phenomena determining the performance are attributed to
ohmic loss. Low and high RH values in the gas feed are used to evaluate
the impact of electrical resistance against ionic resistance effects
observed for inlet conditions. Samples characterized by a similar rib-to-
channel thickness ratio exhibit comparable performances, while an in-
crease in this ratio corresponds to reduced ohmic loss and enhanced
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performance. The ratio between rib thickness and channel thickness
directly influences the contact area between the bipolar plate and the
GDL [25]. A higher contact area improves the electrical contact between
these two components, resulting in a consequential reduction of the
ohmic loss and an overall performance improvement. EIS measurements
carried out at 1 A cm 2 under oxygen conditions are reported in Fig. 8b
and Fig. 8c respectively, with fully humidified (O2-Ref) and 30% rela-
tive humidity (O2 RH30%-Ref) of gas reactants. The samples exhibit
comparable capacitive features, suggesting consistent ORR kinetic
properties, as demonstrated by the charge transport resistance associ-
ated to the reported arcs. Differences in EIS among the flow fields arise
with the increase of rib-to-channel thickness ratio, resulting in a
reduction of the HFR values. Indeed, HFR is a measure of the electrical
series including the electrical resistance of the GDLs, MPLs, catalyst
layers and bipolar plates as well as the ionic resistance of the membrane
[60]. An enhanced electrical contact between bipolar plate and GDL is
achieved by increasing the rib-to-channel thickness ratio [37]. The HFR
difference between samples with distinct electrical contact area becomes
more pronounced moving from fully humidified gas reactants to 30%
relative humidity. The increase in HFR under low RH conditions is
attributed to membrane dehydration, which leads to a reduction in ionic
conductivity [52]. Samples with a higher contact area between bipolar
plate and GDL retain more water within the GDL [61], resulting in a
reduced HFR under low relative humidity conditions compared to
samples with a lower rib-to-channel thickness ratio. It is concluded that
positive impact of the rib-to-channel thickness ratio is not solely
attributed to electrical contact resistance between GDL and bipolar
plate, but also to increased water content in the membrane if low RH is
provided in the gas feed.

Fig. 8d depicts polarization curves with air/hydrogen gas reactants
(Air-Ref conditions detailed in Table 3). Samples characterized by a
higher rib-to-channel thickness ratio exhibits higher performance at
mid-current density, a region where ohmic loss is the primary limiting
phenomena [59], consistently with observations under pure oxygen
conditions. A distinct behaviour arises at current densities exceeding
3.5 A cm ™% when comparing similar values of rib-to-channel thickness
ratio, samples characterized by higher rib thickness present liquid water
flooding phenomena at high current density [50]. This behaviour is
related to the accumulation of liquid water within the GDL in the region
under the rib, which is further accentuated with higher rib thickness
[62]. In Fig. 8d, polarization curves under air/hydrogen conditions
(Air-Ref) are also reported with a correction applied for the value of
HFR, which is obtained at 1 A cm™2. The results depict comparable
performance up to 3 A cm 2, indicating that the discrepancy in the
ohmic region for non-corrected curves is attributable to HFR difference.
Meanwhile, at higher current densities, differences in mass transport
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curves, (e) EISat 1 A cm™2, (f) EIS at 3 A cm 2.

become evident even for HFR-corrected curves, revealing higher mass
transport loss for samples with thicker rib. EIS measurements at 1 A
cm~2 and at 3 A cm~2 under air/hydrogen conditions (Air-Ref) are re-
ported in Fig. 8e and Fig. 8f respectively. At 1 A cm™2 the main
observable differences among the considered flow fields are represented
by the HFR differences related to variations in rib-to-channel thickness
ratio. At higher current density, the measured behaviour reveals an in-
crease in the low frequency arc for FF-B compared to FF-A and for FF-C
compared to FF-D, confirming the higher oxygen transport resistance
associated to the thicker rib [53].

3.4. Effect of channel depth

The impact of channel depth on sample performance is investigated
by introducing an additional flow field labelled as FF-E, which maintains
the same channel and rib thickness as FF-B but the channel depth is
increased to 1 mm. The performance of the two flow fields geometries

are compared in this section. Polarization curves under low power and
high power conditions are reported at various percentages of the cath-
ode channel length in Fig. 9.

At 10% of the cathode channel length (Fig. 9a), FF-E appears to
achieve performance comparable to FF-B across the low and middle
current density range. However, FF-E exhibits a current density that is
about 60 mA cm™2 higher than FF-B under LP at 0.75 V, and about 170
mA cm ™2 higher under HP conditions at 0.65 V. Under these operating
conditions the limiting factor is the low RH at the cathode side [34]. The
performance difference between the two geometries is attributed to the
lower gas velocity at the cathode side in case of FF-E, which is a
consequence of the larger cross sectional area of the gas flow related to
the increased channel depth [22]. The lower gas velocity enhances
water retention, resulting in higher membrane hydration [21,63].

The variation in membrane hydration under LP and HP conditions at
10% of the cathode channel length is evidenced by the difference in the
HFR values depicted in Fig. 9b. Under these conditions, flow field FF-E
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exhibits lower HFR compared to FF-B. This difference is to be attributed
to the increased water retention in the membrane, since the rib-to-
channel thickness ratio is the same for the two geometries. It is thus
attributed to the reduced gas velocity within the cathode channels of FF-
E [24,64], which is characterized by a larger channel cross sectional
area. The reduction in HFR for FF-E is beneficial for performance and
results in lower ohmic loss compared to FF-B [65], as observed in Fig. 9a.
Polarization curves obtained under the operating conditions at 50%
of the cathode channel length are reported in Fig. 9c. The two flow fields
exhibit comparable performance up to 0.65 V, with noticeable differ-
ences only at low cell voltage, not realistic for real-world operation,
nevertheless in this condition the sample with shallower channels pre-
sents higher performance. In the middle region, where both anode and
cathode gas reactants are highly humidified and the membrane is well
hydrated, high gas velocity at the air side plays a beneficial role [66]. A
higher gas velocity enhances oxygen transport and water removal,
resulting in improved performance for FF-B and lower performance for
FF-E due to the reduced velocity within the cathode channels [21].
Polarization curves obtained under the operating conditions occur-
ring at 90% of the cathode channel length are depicted in Fig. 9d, these
conditions are characterized by high cathode RH and by low oxygen
mole fraction. The performance of the two flow fields are comparable up
to around 1.25 A cm ™2, beyond which the sample with deeper cathode
channels exhibits lower performance. Under these conditions, the lower
velocity within the cathode channels further negatively impacts the
oxygen transport resistance to the electrodes [24], resulting in lower
performance for FF-E at high current densities. The difference in oxygen
transport is attributed to variations in mass transport convection caused
by different flow velocities within the channel. The resulting differences
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in the laminar boundary layer affect the velocity within the GDL,
thereby influencing oxygen transport from the channel to the catalyst
active sites.

Power density profiles at different positions of the cathode channel
length are derived from low power and high power polarization curves,
with the operating voltage fixed at 0.75 V for LP conditions (Fig. 10a)
and 0.65 V for HP conditions (Fig. 10b). The results evidence that a
deeper channel achieves higher power density at the air inlet and in the
central region under LP conditions. This is consistent with the consid-
erations reported before and attributed to the gas velocity. Lower water
removal from the MEA and better membrane hydration is achieved for
FF-E in all the positions where increasing water retention is positive for
performance [15]. However, in the region from the middle of the stack
to the air outlet, oxygen transport becomes increasingly important, in
particular at higher current densities, as in HP. Under these conditions a
deeper channel is detrimental to performance and shallower channels
are preferable, consolidating the finding that higher air velocity in the
gas channel enhances oxygen transport and reduces the risk of liquid
water flooding [27].

Polarization curves of FF-B and FF-E under pure oxygen conditions
are reported in Fig. 11a, considering both fully humidified (O2-Ref) and
30% RH (02 RH30%-Ref) conditions. Under fully humidified condi-
tions, both flow fields geometries present similar results, with slightly
higher performance achieved by FF-E, characterized by deeper channels.
FF-E maintains higher performance compared to FF-B even under 30%
RH of gas reactants and moreover, the voltage difference between them
is more pronounced compared to fully humidified conditions. EIS
measurements obtained at 1 A cm~2 under fully humidified (O2-Ref)
and 30% relative humidity of gas reactants (02 RH30%-Ref) are
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(f) EIS at 2 A cm ™2,

depicted in Fig. 11b and Fig. 11c respectively. The results highlight that
the main distinction between the analysed flow field geometries is
associated to the values of HFR. FF-E exhibits lower HFR compared to
FF-B and this difference is more pronounced at low RH conditions. The
observed outcomes are in accordance with the deeper cathode channels
of FF-E, which results in a lower gas velocity and thus in an increased

water retention [22,67]. This phenomenon is particularly notable at low
RH gas reactants, where the increased water retention significantly en-
hances membrane hydration and consequently increases ion conduc-
tivity [68], leading to the differences in results observed in Fig. 11a.
Polarization curves performed in air/hydrogen under fully humidi-
fied conditions (Air-Ref) are reported in Fig. 11d. The flow field FF-E,
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characterized by higher channel depth, results to be disadvantaged
under these operating conditions. Indeed, FF-E exhibits lower perfor-
mance compared to FF-B and this performance difference increases from
low to high current density. Additionally, Fig. 11d also depicts the
curves performed in air/hydrogen conditions with a voltage correction
for the values of HFR obtained at 1 A cm 2. Despite this correction,
corrected and non-corrected curves presents the same trend, this sug-
gests that the differences in performance of the two flow fields cannot be
solely attributed to variations in HFR. EIS measurements with fully
humidified air/hydrogen gas reactants (Air-Ref) performed at 1 A cm ™2
and 2 A cm ™2 are reported in Fig. 11e and Fig. 11f respectively. While
comparable results are reached by the two samples at low current
density, at 2 A cm™2 the flow flied characterized by deeper cathode
channels shows an increase in the low-frequency arc confirming the
previous findings which attribute the performance difference to a higher
oxygen transport resistance due to lower gas velocity [24].

The experimental characterization points out the impact of cathode
channel depth on performance and emphasises the effect of various
phenomena under different operating conditions. Both water retention
and oxygen transport resistance play a key role in flow field design,
therefore the optimization of channel depth is essential to effectively
address these considerations.

3.5. Oxygen transport resistance and high frequency resistance analysis

The oxygen transport resistance, derived from limiting current
measurements, is reported in Fig. 12a as a function of the cathode gas
pressure. Comparing FF-B and FF-E, which differ only in cathode
channel depth, it is evident that this geometric parameter primarily af-
fects the slope of the reported curves. The slope corresponds to the
pressure-dependent component of the transport resistance, as described
in section 2.3, which is related to intermolecular gas diffusion [69]. In
accordance with the results of section 3.4, an increase in cathode
channel depth leads to an increase in the transport resistance component
[24]. This effect is caused by the reduction in gas velocity within the
cathode channels, resulting from the increased cross sectional area, with
the consequential reduction of oxygen transport [18]. Indeed, a varia-
tion in gas flow velocity within the channel affects the thickness of the
laminar boundary layer, influencing velocity and mass transport con-
vection through the GDL and subsequently impacting oxygen transport
from the channel to the catalyst active sites. It is worth noting that
similar outcomes are achieved by FF-A and FF-B, which are character-
ized by the same value of rib-to-channel thickness ratio. On the other
hand, the increase of this ratio (FF-C and FF-D) return higher values for
both pressure-dependent and pressure-independent components. The
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increase in rib-to-channel thickness ratio corresponds to a greater
portion of the GDL covered by the ribs, resulting in an increased diffu-
sion length for oxygen molecules to the catalyst layer, thus rising the
transport resistance [70]. This trend is consistent with the findings from
section 3.3, where increased mass transport loss is observed for flow
fields with higher rib-to-channel thickness ratios.

The value of rib-to-channel thickness ratio also affects the high fre-
quency resistance, as it is directly related to the contact area between the
bipolar plate and the GDL [36]. The HFR values obtained at 1 A cm 2
under O2-Ref and O2 RH30%-Ref conditions are reported in Fig. 12b, in
both operating conditions the HFR decreases from FF-A and FF-B to FF-C
and FF-D. These differences are consistent with the observations
described in section 3.3, where the impact of the contact area between
the bipolar plate and the GDL on ohmic loss under various operating
conditions is discussed [37]. FF-E, despite having a rib-to-channel
thickness ratio comparable to flow fields FF-A and FF-B, exhibits HFR
values in Fig. 12b that deviate from the trend observed in other samples.
HEFR values for FF-E are lower compared to other flow fields with similar
rib-to-channel thickness ratio and this difference increases at low RH.
This behaviour is attributed to the different cross sectional area, which is
2.5 times larger in FF-E compared to FF-B, this results in lower gas ve-
locity and higher water retention in FF-E [21]. The increased water
content improves ionomer hydration and reduces the HFR value, effect
particularly evident under low RH conditions [71].

The geometric parameters of the cathode flow fields have shown to
significantly influence transport resistance and electrical conductivity,
crucial features affecting fuel cell stack performance [72]. Therefore, the
development of variable flow field geometry, optimized for the local
operating conditions occurring within the fuel cell stack, is of prime
importance.

4. Conclusions

This study focuses on characterizing the performance of graphite-
based flow fields on the cathode side of PEMFCs, featuring straight-
parallel channels with varying geometric parameters. To reproduce
real-world operations, boundary conditions for low power and high
power operating modes were defined. A 1+1D PEMFC model was
employed to assess local operating conditions across different regions
within the fuel cell stack. These conditions obtained through the model
were then experimentally reproduced using a zero-gradient hardware,
developed on purpose to investigate flow field performance in small-
scale configuration under uniform operating conditions.

The experimental campaign conducted under both LP and HP con-
ditions reveals the primary limiting phenomena occurring at various
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Fig. 12. (a) Oxygen transport resistance as function of the cathode gas pressure and (b) high frequency resistance evaluated under O2-Ref and 02 RH30%-Ref

conditions at 1 A cm™2 of flow field plates characterized by different geometry.
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positions along the channel under real-world operating conditions.
Performance under LP conditions, investigated across a voltage range of
0.7 V-0.8 V, exhibits a bell-shaped power density profile, with a peak
around 50% of the cathode channel length. This profile results from the
combination of low cathode gas RH at the air inlet, leading to perfor-
mance reduction due to low membrane hydration, and performance
reduction at the air outlet region caused by high mass transport resis-
tance. Under HP conditions, examined within a voltage range of 0.6
V-0.7 V, the power density profile initially increases due to gradual
sample hydration, followed by a progressive reduction in performance
towards the air outlet region driven by mass transport loss. Because of
the lower operating voltage values of HP compared to LP conditions, the
power density curve peak shifts towards a position closer to the air inlet
compared to that observed under LP conditions.

The assessment of rib and channel features revealed their significant
impact on performance. The rib-to-channel thickness ratio, which cor-
relates with the contact surface between the bipolar plate and the GDL,
directly affects electrical resistance. It has been demonstrated that per-
formance at the air inlet region is primarily limited by ohmic loss, under
these conditions an increase in the rib-to-channel thickness ratio results
in higher performance obtained through a reduction in HFR. Results
obtained at the air inlet demonstrate that a 1.7-fold increase in R/C from
FF-B to FF-C leads to a performance enhancement of 10% under LP
conditions and 17% under HP conditions.

Oxygen transport resistance becomes the primary limiting factor
moving towards the air outlet region. Experimental results indicate that
rib thickness significantly affects mass transport properties, a thicker rib
leads to increased water accumulation in the GDL region under the rib.
This water accumulation is crucial at the air inlet region under low RH
conditions, where EIS measurements have demonstrated better MEA
hydration, and it also impacts the middle and air outlet regions, where
water accumulation may cause flooding phenomena.

Channel depth directly impacts gas velocity within the channels,
thereby influencing transport properties. A greater channel depth cor-
responds to an increased cross sectional area, resulting in reduced gas
velocity and, as evidenced by limiting current measurements, increased
oxygen transport resistance. Moreover, the lower gas velocity leads to
higher water retention, as observed by the reduced values of HFR under
low RH conditions. The limitations in oxygen transport and the
increased water retention lead to reduced performance in the air outlet
region, where low oxygen mole fraction and flooding phenomena are
the primary limiting factors. On the other hand, deeper channels
enhance membrane hydration, addressing issues related to low ion
conductivity, in particular in the air inlet and middle regions where
performance is limited by ohmic loss. At the air inlet, the 2.5-fold in-
crease in channel depth from FF-B to FF-E results in a performance
improvement of 16% under LP conditions and of 12% under HP
conditions.

The originality of the proposed methodology allows to provide
detailed information on the local operation of a large-area bipolar plate
using a small-area sample and a simple experimental setup. Further-
more, the novelty of the presented experimental analysis demonstrates
the effect of rib and channel geometrical parameters on real-world
operation of a PEMFC, contributing to the development of advanced
high-performance flow field geometries. This novel approach allows for
flow field optimization by reproducing the real-world conditions
occurring locally in a full-scale cell within a small-scale configuration,
eliminating the need for full-scale hardware and significantly reducing
the cost and complexity of the testing setup. Moreover, the proposed
methodology enables the isolation of the impact of each flow field
geometric parameter variation on performance, leading to a deeper
understanding of the limiting phenomena which cannot be achieved
with full-scale samples.

The proposed methodology is highly adaptable and can be applied to
a variety of research areas. For instance, it can be used in future studies
to assess the impact of GDL characteristics on fuel cell performance by
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following the same procedures outlined in this paper. Additionally,
degradation mechanisms can be investigated by reproducing the local
degradation occurring in different regions of a fuel cell stack within a
small-scale configuration, allowing for the isolation of driving factors
affecting durability under controlled operating conditions that repro-
duce real-world operations. This research offers significant benefits for
industrial applications by providing a simplified and cost-effective
alternative to full-scale samples, enabling the investigation of local
performance achievements across various positions along the channel.
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