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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• The modelling is based on electrical
Contact Resistance (CR) experimental
results.

• Test results are classified to develop two
models through a posteriori DoE
approach.

• The first model reflects the benefit of
MPL and the slight drawback of PTFE on
CR.

• The 2nd model predicts that higher
mechanical stress and thicker GDLs
reduce CR.

• The modelling approach can be used for
PEMFC design and component selection.
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A B S T R A C T

To understand the link between the physical properties of the Gas Diffusion Layer (GDL) and the overall per-
formance of a Proton Exchange Membrane Fuel Cell (PEMFC), it is essential to investigate the impact of
compressive loading on the physical parameters of the component, focusing on its electrical properties. This
paper’s experimental results obtained in the team’s previous research are classified and analysed using a pos-
teriori Design of Experiment (DoE). It allows us to determine the influential parameters on the component
behaviour. Two analytical models are developed through regression analysis, allowing for predicting the output
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variables as a function of the input ones. The results are evaluated with statistical tools. The first model predicts
the electrical Contact Resistance (CR) variation of the GDL as a function of mechanical compression and
component type. The analytical results show that cycling compression has a negligible effect due to the lower
number of applied cycles. The Micro Porous Layer (MPL) presence increases the CR, while the polytetrafluor-
ethylene (PTFE) decreases it slightly. The GDL thickness is the most influential geometrical parameter. For this
reason, a second analytical model is developed and predicts that CR is reduced primarily by increased me-
chanical compression and thicker GDLs.

1. Introduction

Given the growing concern due to climate and environmental
problems, the issue of energy use is one of the principal political and
social debates of these times. A significant aspect of developing
renewable energies is the possibility of efficiently converting solar,
chemical, and thermal energy into electrical energy. In this regard, Fuel
Cells (FCs) are closer than ever to meeting energy requirements as they
can provide environmentally friendly energy conversion systems
necessary for a world powered by renewable energies [1].

In the last decades, there has been a great interest in using low-
temperature Proton Exchange Membrane Fuel Cells (PEMFCs) as an
alternative to internal combustion engines and a promising technology
for other applications [2]. They have advantages over other FCs for the
relatively low working temperatures (from 50 to 120 ◦C), small volume
and quick start. A PEMFC consists of different components, such as the
End Plates (EPs), gaskets, BiPolar Plates (BPPs) and the Membrane
Electrode Assembly (MEA), which in turn is composed of Catalyst Layers
(CLs), Gas Diffusion Layers (GDLs) and a Proton Exchange Membrane
(PEM) [3].

FCs are assembled by mechanical compression with fasteners (e.g.,
nuts and bolts). The assembly requires careful control to ensure optimal
alignment of the different components and an appropriate assembly
pressure to obtain optimal contacts between the elements (i.e., me-
chanical, thermal, and electrical) and ensure gas-tight operations. In
addition to the assembly pressure, during the operation of the PEMFCs,
various phenomena generate mechanical compression that can affect FC
performance, such as the freeze/thaw cycles, the temperature and even
the humidity. Indeed, FCs are systems where physical phenomena are
coupled, and their interactions are very significant for the performance
and durability of the technology.

Mechanical compression generates two main effects on a FC in ser-
vice: the first is a positive effect, reducing the ohmic Contact Resistance
(CR) between the various components; on the other hand, the second
one is negative since it could increase the mass transportation resistance.
For this reason, researchers are focusing on understanding the rela-
tionship between the electrical properties of PEMFC components and
their variation under operating conditions [4]. In particular, GDL is the
most impacted component. Its porous, fibrous structure and minimal
thickness foster anisotropic, inhomogeneous, and non-linear physical
properties. These lead to a non-linear stress-strain curve with a
non-constant and anisotropic Young’s modulus [5] and strain hysteresis,
i.e. a sensitivity to the history of applied stresses [6–9].

Anisotropy of the compression modulus is observed between the in-
plane direction (around 1–10 GPa [10]) and the through-plane direction
(1–10 MPa in Ref. [10] and around 10–30 MPa in Ref. [8]). In the plane,
the GDLs are also aligned in preferential directions (machine and
cross-machine directions), where anisotropy is also observed [10].

Just as mechanical properties are affected by compression pressure,
so are the electrical properties of GDLs. Two main electrical properties
must be highlighted: contact and bulk resistance.

CRmakes it difficult for electrical charges to pass through the contact
surface between two bulk components. In fact, the actual contact area is
smaller than it appears because contact surfaces are rough and uneven,
which causes an increase in electrical resistance. This condition worsens
in GDLs, made of porous fibre composite materials with an even smaller

contact area.
Determining a mean bulk resistivity (namely its through-plane and

in-plane resistivity values) can be helpful since it is not easy to define all
coefficients of the resistivity tensor. The through-plane resistivity is the
resistance experienced by an electric current as it travels perpendicular
to the GDL plane, from one side to the other. On the other hand, in-plane
electrical resistivity refers to the resistance encountered by an electric
current as it moves parallel to the plane of GDL. If GDLs are considered
as isotropic, a commonly used method is to estimate the mean bulk re-
sistivity through carbon-fibre and air ones and take into account the
porosity ratio. The results showed that GDLs’ electrical conductivity
increases with compression while porosity decreases [11]. However, the
direction dependence of the electrical resistance must be considered.

Because of the GDL structure, this conductivity/resistivity is aniso-
tropic. In Ref. [12], researchers numerically estimated the
through-plane and in-plane conductivities of carbon paper GDLs based
on porosity. This analysis revealed that the in-plane conductivity
exceeded the through-plane conductivity, aligning with experimentally
determined conductivities across various levels of porosity induced by
compression. M.S. Ismail et al. [13] were able to evaluate the effect of
GDL anisotropy. They demonstrated that considering isotropic GDLs
resulted in an over- or under-estimation of the average current density
(23–30 %). Anisotropic GDLs showed a more uniform current density
distribution and furthermore the in-plane anisotropy did not affect FC
performance [14]. The through-plane resistance is higher than the
in-plane one, which can be easily explained if we consider that electrons
travel muchmore in GDL fibres that are all in the plane rather than going
from one fibre to another located in the next plane. Both decrease with
mechanical compression [15].

FCs can undergo hundreds of thousands of load cycles during their
operational lifetime [16] and the effects of cyclic loading on the PEMFC
performance are observed. In Ref. [6], it is demonstrated that the overall
through-plane resistance of a GDL Sigracet® 24AA decreases as the
number of loading and unloading cycles increases, with the most sig-
nificant reduction occurring during the initial cycle, where it decreases
by up to 50 %. Similarly, Sadeghifar et al. [17] present analogous
findings, where cyclic loading and unloading lead to a decrease in the
total resistance of a GDL Sigracet® 34BCE, with the most substantial
reduction occurring during the first cycle, showing a decrease of
approximately 30 %.

Considering the effect of the other operating conditions on GDL, Wen
et al. [18] have analysed how different combinations of bolt configu-
ration and clamping torque can affect the pressure distribution and
overall performance of a single cell and a 10-cell PEMFC stack. Both the
single-cell and the 10-cell stack showed better pressure distribution and
maximum power density with increased clamping torque and the
number of bolts. It is possible to explain this result by looking at the
changes in the electrical CR and the GDL’s porosity under mechanical
compression because pressure uniformity reduces the ohmic resistance
of the PEMFC, particularly the CR, consequently increasing the
maximum power density.

Y. Faydi et al. [19] investigated the effects of dynamic mechanical
loading on GDL compression modulus, which resulted in non-linear and
insensitivity to the frequency of the dynamic excitation. Moreover, if
static loads increase, the modulus increases, whereas the hysteresis ef-
fect decreases if the dynamic load increases. They also observed a linear
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increase of the compression modulus alongside temperature up to
280 ◦C, after which it starts decreasing linearly.

PEMFC environment has high humidity and an increased tempera-
ture (60–90 ◦C). In Ref. [7], temperature had no significant effect on the
stress-strain curve. But the humidity was found to soften GDL.
Furthermore, polytetrafluorethylene (PTFE) was shown to affect and
increase the rigidity of GDL.

Chen. Y [20] studied the compressive behaviour of GDLs, finding
that it remains unchanged up to 60 ◦C. However, the compression
resistance decreases at higher temperatures (90 ◦C). Chien C et al. [11]
assembled a 12-bolt 3D-FEM model of PEMFC to predict the effect of
compression on GDL and PEM performance. By conducting simulations
involving a static load ranging from 1 to 7 MPa and a central thermal
load, the researchers demonstrated that the maximum deformation of
GDL occurs at the midpoint of BPP channel. This finding was consistent
with the results obtained from a 2D model found in the literature [21].
Furthermore, the study revealed that the deformation caused by the
smallest mechanical load is four times greater than that resulting from
the thermal load.

In a separate investigation, Serincan M.F et al. [22] explored the
influence of membrane water content on rigidity of GDL. They simulate
three distinct GDL configurations with an isotropic membrane: a soft
isotropic GDL, a rigid isotropic GDL, and an orthotropic GDL, which
reflects a more realistic scenario with rigidity varying between in-plane
and through-plane orientations. They then observed multiple water
distribution scenarios, finding a difference in results when considering
an isotropic GDL from real anisotropic properties of GDL. The soft GDL
undergoes deformation, resulting in the same shape as the orthotropic
GDL because the dimension ratios favour the through-plane direction.
The study also reported a close GDL displacement shape between the
through-plane water content variation and constant water content.
Water distribution at the membrane-GDL interface remained consistent
and stable in both scenarios.

Considering the impact of all the aforementioned operating condi-
tions, experimental and numerical approaches were adopted by the
team during the K. Bouziane’s PhD work [4] to examine the effect of
compression on the electrical properties of several structures of carbon
paper GDLs. The experiments were principally focused on particular
input parameters to identify their influence on one output parameter. An
extensive test campaign was carried out, resulting in a wide available set

of experimental data. This paper aims to design amethodology approach
to take advantage of these data through a posteriori Design of Experi-
ment (DoE) methodology. After selecting the parameters, two analytical
models are developed through regression analysis in order to predict the
impact of the operating conditions on the electrical properties of the
GDLs. The results are analysed through statistical tools to improve the
models e.g. by removing the outliers.

This paper is organised as follows. The methodological framework of
this study is described in Section 2. A brief description of the available
experimental results is given in Section 3. In Section 4, the criteria for
the parameters selection, the adopted statistical analysis and the results
obtained by the developed analytical model are explained. The same
procedure was used for the second model. It is described in Section 5,
before the article’s conclusions.

2. Methodological framework for analytical model development
(Fig. 1)

2.1. Experimental data collection

The foundation of our analytical model development is based on the
rigorous experimental data collection carried out by our research team
(Fig. 1). Previous investigations into the electrical CR between the GDL
and BPPs have yielded a substantial dataset. This latter encompasses
various conditions including variations in mechanical compression, GDL
types, and environmental conditions such as humidity and temperature
[4].

2.2. Preliminary data analysis

Initial analyses of these experimental results entailed a classification
and assessment to ascertain the quality and relevance of the data for
modelling purposes. Through this preliminary scrutiny, we established
the integrity and consistency of the data, paving the way for a robust
DoE process.

2.3. Posteriori design of experiment

Employing a posteriori DoE, we meticulously structured the avail-
able data to identify the most influential parameters affecting GDL

Fig. 1. Methodological framework for the analytical model development.
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behaviour. The DoE approach facilitated a systematic exploration of the
interactions between different variables and their collective impact on
the electrical properties of the GDL.

2.4. Development of the GDL type-based analytical model (1st version)

The first version of our GDL type-based analytical model was derived
from this stratified data. It sought to predict variations in CR as a
function of mechanical compression, sensitivity of the cycling
compression, and GDL type. Despite the model’s initial promise, statis-
tical evaluation suggested areas for improvement, particularly con-
cerning the model’s ability to accurately predict outcomes across all
levels of mechanical compression.

2.5. Statistical evaluation of the GDL type-based analytical model (1st
version)

We conducted a rigorous statistical assessment using analysis of
variance (ANOVA) and regression analysis to refine the model. This
statistical evaluation pinpointed inconsistencies and led to the removal
of outlier data points that could skew the model’s predictive accuracy.

2.6. Development of the GDL type-based analytical model (2nd version)

Subsequent to the removal of inconsistent data, we introduced the
second version of the model. This revised model demonstrated improved
accuracy in predicting the CR across different types of GDL under
varying mechanical compression.

2.7. Statistical evaluation of the GDL type-based analytical model (2nd
version)

The second version of the model underwent another round of sta-
tistical validation. The adjustments made in response to the initial
evaluation solidified the model’s reliability, as reflected in the more
robust statistical parameters.

2.8. Results and interpretation of the GDL type-based analytical model

The outcomes of this iterative process confirmed the second version
of the model as a reliable predictor of CR. The model adeptly accounted
for the most influential factors, aligning closely with the empirical data.

2.9. Development of the thickness-based analytical model

To further the scope of our study, we developed a thickness-based
analytical model. Recognising the paramount influence of GDL thick-
ness on CR, this model was tailored to predict how variations in GDL
thickness and mechanical compression affect CR.

2.10. Statistical evaluation of the thickness-based analytical model

The thickness-based model was also subjected to a thorough statis-
tical evaluation, echoing the rigorous analytical approach employed
throughout our study.

2.11. Results and interpretation of the thickness-based analytical model

The final iteration of our model effectively predicts CR trends based
on GDL thickness, providing valuable insights for PEMFC design opti-
misation. It demonstrates the effectiveness of our methodological
framework in leveraging experimental data for analytical model
development.

3. Available experimental results

The carried out experimental campaign consists of three types of ex-
situ experimentations to determine the electrical properties attributed to
the ohmic losses in PEMFCs: electrical contact resistance (Rc), through-
plane resistance (Rtp) and in-plane resistance (Rip) [4]. Each investiga-
tion is focused on an electrical property of GDL. Furthermore, in order to
study the effect of humidity, the through-plane resistance test was car-
ried out with both dry and impregnated GDLs.

Different types of GDL have been deeply studied considering
different physical properties, as well thickness, structural composition,
presence of Micro Porous Layer (MPL) and PTFE. Moreover, the impacts
of temperature, compression velocity, humidity and cyclic compression
were also evaluated among the operating conditions.

Since the experimentations were thought individually, they do not
have the same operating conditions, GDLs types and mechanical loading
profiles. For this reason, a preliminary deep evaluation of the available
results was done to avoid using parameters with missing information, e.
g. developing a model with two different GDL samples investigated
under different operating conditions. A summary of the investigated
types of GDL and operating conditions in the various experiments are
reported in Tables 1 and 2, respectively.

By classifying the experimental results, it was possible to have a clear
view of the available data and make the first evaluations for the project
roadmap.

The DoE methodology was the adopted technique for structuring,
presenting, and analysing the database in a rationally and robust way.
The experiments plan is achieved by defining the inputs (the indepen-
dent variables or factors), their levels (the interval of their variation) and
the outputs, allowing to compute the variation of the outputs as a
function of the inputs.

4. Development of a GDL type-based model

Since we intend to consider as many factors as possible among the
available results, a methodological approach, defining a selection cri-
terion for the parameters, was needed. The selection criterion aims to
consider the highest number of comparable parameters from the avail-
able experimental results. For this reason, the operating conditions and
the investigated GDL types were analysed in the three experimentations
and then compared.

4.1. Parameters selection criterion

In the present study, the outputs are the electrical properties of GDL
and the inputs the physical properties and the operating conditions that
influence them.

The selection criterion consisted of analysing for each experiment.

• the number of GDL types investigated;
• the considered physical properties of the component;
• the applied operating conditions;
• the range of mechanical compression profiles;
• the number of applied mechanical cycles;
• the impact of the electrical properties on the ohmic losses.

As first evaluation we considered every carried-out experiment (one
for each electrical property: contact, through-plane, and in-plane re-
sistances). However, this approach presented some limitations.

• the range of the mechanical compression profiles is different for each
experiment;

• some operating conditions, e.g. humidity, are not studied for each
GDL sample;

L. Marcelli et al.
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• only four GDL types are investigated in all the experiments (SGL 24
AA, SGL 24 BA, SGL 24 BCE and H120). So, a restricted number of
physical properties was considered.

Subsequently we decided of considering the single experiment [4,23]
and trying to obtain significant results for the ohmic losses. The
following considerations were done.

• the electrical CR between GDL and BPP is one of the major causes of
ohmic losses in PEMFC and, therefore, is of greater importance for FC
performance [10,24];

• the mechanical compression profile applied to GDLs in the first
experiment (see Fig. 2a) has a larger compression range and a higher
number of cycles. It allows to consider the effect of cyclic
compression;

• the number of GDLs studied in the first experiment is high enough to
consider different characteristics, including thickness, structural
composition, PTFE presence, and MPL coating.

By the first investigation, enough data to select the parameters
necessary to develop the analytical model were obtained. The chosen
inputs, with the respective levels, are reported in Table 3.

The choice of GDL as first parameter is related to the opportunities of
evaluating the effects of the different physical characteristics of the
layer. The results relating to six types of GDL, with the SGL 24 BCE
investigated in both MPL and Porous Transport Layer (PTL) sides, are
available. By these seven levels, it has been possible to analyse different
thicknesses, three types of structural composition, the presence of PTFE,
and the MPL coating.

The second factor chosen is the mechanical compression. It is char-
acterised by four small ranges in which the element is subjected to
compression cycles (see Fig. 2a). Therefore, the number of levels chosen
is four, one for each range of repeated cycles. It was considered appro-
priate to choose the mean value of the cycle, the latter identified by the
ascent and descent peak (see Fig. 2b).

The cycle number was chosen as a third factor. The cycles accepted
are from the second to the fifth, whereas the first one was discarded due
to the settling of the test. For the choice of the levels of this factor, both
the rising and falling values of the mechanical compression cycle were
taken into account, to consider the hysteresis effect (see Fig. 2b).

4.2. Statistical evaluation of the results

Once the number of DoE factors and their level have been set, it is
possible to calculate howmany observations could be necessary to study
the influence of the factors taken into consideration.

N= n× LF =3×
(
72 ×41

)
=3× 196 observations (1)

Where N, n, L and F are the number of observations (number of total
experiments), the number of repetitions, the number of levels, and the
number of factors respectively.

As already mentioned, for each observation of the experimentation,
three tests were performed. For the development of the model, the
average of the obtained values has been used.

The analytical model was developed through amultilinear regression
analysis and the results were evaluated by the ANOVA. It is a statistical
method used to compare the means of three or more groups to determine
if there are significant differences between them. The ANOVA method
calculates the F-statistic, which is the ratio of the variance between the
group means to the variance within the groups. The p-value is then used

Table 1
Investigated GDL and test types [4]. (Rc = Contact Resistance; Rtp = Through-plane Resistance; Rip = In-plane resistance).

GDL Types Thickness (μm) Structure PTFE MPL Rc Test Rtp Test Rip Test

Dry Vapor impregnation

SGL 24 AA 190 Carbonised straight fibre No No x x x x
SGL 24 BA 190 Carbonised straight fibre Yes No x x x x
SGL 24 BCE 235 Carbonised straight fibre Yes Yes x x x x
SGL 38 BCE 325 Carbonised straight fibre Yes Yes x x
SGL 35 AA 300 Carbonised straight fibre No No x
SGL 25 AA 190 Carbonised straight fibre No No x
SGL 10 BA 400 Felt structure Yes No x x x
Toray H120 370 Graphitised straight fibre No No x x x x
Toray H60 190 Graphitised straight fibre No No x
Toray H90 280 Graphitised straight fibre No No x
Freudenberg H2315I3 210 Felt structure Yes Yes x
Freudenberg H14C9 180 Felt structure Yes Yes x x

Table 2
Investigated operating conditions for each test type [4].

Cyclic
Compression

Temperature Humidity Compression
velocity

Rc Test x x x
Rtp Test x x x
Rip Test x x

Fig. 2. a) Compression cycles and the mean value for each of them; b) Choice
of values in the generic range of the mechanical compression profile applied to
the GDL.
(^: Mechanical compression ascent. ˅: Mechanical compression descent).

L. Marcelli et al.
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to assess the significance of the F-statistic; if the p-value is below a
specified threshold (usually 0.05), it suggests that at least one group
mean is significantly different from the others [25].

Since adding a variable to the regression model causes the sum of
squares to increase and the error sum of squares to decrease, the ana-
lyses were carried out iteratively to identify the less influential in-
teractions preliminarily to remove them. Deciding whether the increase
in the regression sum of squares is sufficient to warrant using an addi-
tional variable in the model has been fundamental. Adding an unim-
portant variable can increase the mean square error, thereby decreasing
the model’s usefulness [26]. Employing diagnostic tools such as the
Shapiro-Wilk and D’Agostino-Pearson tests [27,28] enabled us to
ascertain that the model’s population does not adhere to a normal dis-
tribution. This latter is a significant condition for the model’s reliability.
Furthermore, the use of influence diagrams, including the Externally
Studentised Residual Plot, DFFITS, and Cook’s Distance, revealed that
certain observations are marked by significantly high error values,
identifying them as outliers within the model [25]. For the sake of
conciseness, only the Externally Studentised Residual Plot is illustrated
in this article (refer to Fig. 3a).

These outliers are specifically associated with observations that
involve the PTL side of GDL 24 BCE, corresponding to the 5th level of
factor A (e.g., 5th, 12th, 19th observations, etc.). As previously
mentioned, our analysis encompasses both sides of GDL 24 BCE to ac-
count for the unique presence of the MPL coating on one side only.

While the MPL reduces the CR between GDL and BPP, since the
contact surface between the two elements increases, the PTL side greatly
increases it. Considering this latter in the present model leads to very
high errors, and the model reliability suffers. For this reason, having a
normal distribution along a straight line is impossible. Moreover, such
high CR values are not comparable with other GDLs and confirm that
they do not provide helpful information for the present study.

With the evaluations made, it was considered appropriate to elimi-
nate the PTL side of the 24BCE GDL type from the DoE and study a
modified and improved model. The new inputs, with the respective
levels, are reported in Table 4.

Since a level was eliminated for the first factor, it was necessary to
recalculate the number of observations needed.

N= n× LF =3×
(
61 ×41 ×71

)
=3× 168 observations (2)

Before building the definitive model, preliminary ANOVA analyses
were performed to select the most influential interactions. In Table 5 is
shown the Full Factorial Design of the developed DoE.

The statistical tools mentioned before made it possible to confirm
that the model’s population is normally distributed, and the outliers are
eliminated, assuring that all the assumptions required to verify the
reliability of the model are respected (see Fig. 3b and Table 6).

4.3. Results

Once the reliability of the model is confirmed, evaluating the ob-
tained analytical model is possible.

By the multiple linear regression, the analytical model of the output
as a function of the inputs was obtained. It is the sum of the intercept and
product of the factors and the respective coefficients.

Rc =103.32 − 183.93A − 41.77B+ 141.51A2 + 0.79B2 + 75.36AB

− 54.47A2B − 0.01A2B2 − 48.76A3 + 17.63A3B+ 7.6A4 − 2.61A4B

− 0.44A5 + 0.14A5B
(3)

With this model, it is possible to represent in a single graph the values
obtained analytically (predicted values) and the experimental values
obtained in Refs. [4,23].

Fig. 4 shows the CR values as a function of the levels chosen for the
sensitivity to cycles compression (the C factor). The experimental results
of all levels of the first factor (types of GDL) were averaged. This plot
confirms the little influence that the shape of the applied mechanical
compression profile cycles has on the CR variation. This neglectable
effect is due to the lack of consideration of the first cycle of the applied
mechanical profile. Without it, the effect of the other cycles on the
electrical CR is negligible.

In Fig. 5a are shown the experimental and analytical results of the CR
as a function of mechanical compression variation for each GDL. The
experimental error bars are related to the GDL effect. By its analysis it is
possible to confirm that the results of the analytical model approximate
the experimental data quite well with respect to the uncertainties.
Whereas, in Fig. 5b are reported the predicted CR results as a function of
the applied compression for each GDL type.

This analytical model represents the first step for further models that
can be extended by adding parameters, operating conditions and GDL
types. For example, by observing the results obtained and knowing the
characteristics of the different GDLs, it is possible to make some initial

Table 3
Factors and levels of the first DoE (^: Mechanical compression ascent. ˅: Mechanical compression descent).

Factors Level 1 Level 2 Level 3 Level 4 Level 5 Level 6 Level 7

A GDL types 24 AA 24 BA 24 BCE (MPL side) H 120 24 BCE (PTL side) H 90 H2315 I3
B Compression (MPa) 0.625 3.125 5.625 7.875
C Sensitivity to cycles compression 2nd cycle ^ 3rd cycle ^ 4th cycle ^ 5th cycle ^ 2nd cycle ˅ 3rd cycle ˅ 4th cycle ˅

Fig. 3. Externally Studentised Residuals Plot: a) for the 1st version of the model
(with 7 levels for the 1st factor). b) for the 2nd version of the model (with 6
levels for the 1st factor).
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conclusions and confirm some results obtained in Refs. [4,23].
First, evaluating the results obtained for the first two types of GDL

(24 AA and 24 BA), by considering that their only difference is the
presence of PTFE, it is possible to confirm that it increases the CR. The
presence of MPL coating reduces the CR since it increases the contact
surface that is present between GDL and BPP. Furthermore, as me-
chanical compression increases, this phenomenon is more pronounced
than in other GDLs. Secondly, for what concern the thickness of GDL, it
represents the physical property that most influences the decrease of the
CR. As shown in Figs. 5b and 6, the thickness variation has a more sig-
nificant influence on the CR (see the difference between 24 AA, 190 μm
and H120, 380 μm) than the different structural compositions
(increasing mechanical compression, the CR decreases equally for all the
GDL except for the 24 BCE that has the MPL coating). This thickness
effect is highlighted also in Ref. [29]. Consequently, it was considered
appropriate to develop a smaller DoE to obtain an analytical model to

Table 4
Factors and levels of the improved DoE (^: Mechanical compression ascent. ˅: Mechanical compression descent).

Factors Level 1 Level 2 Level 3 Level 4 Level 5 Level 6 Level 7

A GDL types 24 AA 24 BA 24 BCE (MPL) H 120 H 90 H2315 I3
B Compression (MPa) 0.625 3.125 5.625 7.875
C Sensitivity of cycles compression 2nd cycle ^ 3rd cycle ^ 4th cycle ^ 5th cycle ^ 2nd cycle ˅ 3rd cycle ˅ 4th cycle ˅

Table 5
Full factorial design DoE.

Runs Factors Output

A B C A2 B2 C2 AB A2B A2B2 A3 A3B A4 A4B A5 A5B Contact Resistance

1 3 Factors
12 Interactions

168 x 3 Observations (Total number of Experiments)

3 Repetitions: y1, y2, y3, yaverage
2
3
…
…
168

Table 6
ANOVA, Shapiro-Wilk Test, and d’Agostino-Pearson Test results.
A = GDL type; B = Compression; C = Sensitivity to the cyclic compression.

ANOVA Alpha 0.05

Degrees of Freedom Sum of Squares Mean of Squares F-statistic p-value Significant

Regression 15 1717.67 114.51 322.39 6.03E-107 Yes
Residual 152 53.99 0.36
Total 167 1771.66

Coefficients Standard Error t-statistic p-value

Intercept 103.323 8.392 12.313 1.329E-24
A − 183.93 17.448 − 10.542 7.603E-20
B − 41.769 3.082 − 13.551 6.232E-28
C − 0.066 0.109 − 0.608 0.5443829
A^2 141.512 12.729 11.117 2.188E-21
B^2 0.788 0.073 10.746 2.168E-20
C^2 0.001 0.013 0.050 0.9602220
A.B 75.365 6.371 11.829 2.667E-23
A^2B − 54.474 4.648 − 11.720 5.247E-23
A^2B^2 − 0.008 0.004 − 2.219 0.0279768
A^3 − 48.766 4.199 − 11.615 1.007E-22
A^3B 17.634 1.533 11.502 2.027E-22
A^4 7.601 0.639 11.887 1.858E-23
A^4B − 2.610 0.233 − 11.180 1.488E-21
A^5 − 0.437 0.036 − 11.970 1.112E-23
A^5B 0.144 0.013 10.817 1.395E-20

Shapiro-Wilk Test d’Agostino-Pearson Test

W-stat 0.985214 DA-stat 4.798215
p-value 0.072218 p-value 0.090798
alpha 0.05 alpha 0.05
normal Yes normal Yes

Fig. 4. Rc as a function of the cycles of the applied mechanical compression.
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predict the change in CR as a function of the thickness of GDL and the
mechanical compression applied.

5. Development of a GDL thickness-based model

5.1. Parameters selection criterion

The thickness and the applied mechanical compression have been
selected as the factors in the second model. Four levels have been chosen

for the factor thickness. The thickness of 24 BCE was not considered in
this model since the presence of the MPL, as shown, affects the CR in a
completely different way. Among the GDL investigated, 24 AA and 24
BA have a thickness of 190 μm. For the development of this DoE, only
one was adopted. Precisely, the experimental results obtained with the
investigation of the SGL 24 AA were used. The same levels of the pre-
vious DoE were chosen for the mechanical compression factor. Moreover,
since, in this case, we neglected the factor sensitivity to compression
cycles, to use comparable experimental data, those relating to the fifth
cycle of the generic range of the applied compression profile have been
chosen.

The factors and the levels chosen are given in Table 7.

5.2. Statistical evaluation of the results

As with the other models, ANOVA analysis and multi-linear regres-
sion were performed to create the analytical model. The coefficients of
multiple determination R2 and R2

adj having high values (>0.97) confirm
the model significance.

5.3. Results

With the ANOVA analysis, it was possible to define the significance
of the interactions and create the following analytical model.

Rc =28.62 − 0.09× A − 1.84× B+ 0.09× B2 + 0.002× A× B (4)

Fig. 7 shows predicted results of the obtained model for each thick-
ness level. Whereas, the response surface plot of the CR results as a
function of the thickness and mechanical compression is shown in Fig. 8.

Based on the obtained results it can be affirm that the model created
can be used to predict the CR trend as a function of the thickness of GDL,
even if it foresees a different structural composition or the presence of
PTFE, since they have a smaller influence than the GDL thickness. On the
other hand, if MPL coating is foreseen since it greatly influences this
electrical property, the model is unsuitable for predicting reliable data.
In the future, with further investigations, it will be possible to expand
the model by considering other operating conditions as well.

6. Conclusions

The main objective of this paper was to create an analytical model
that allows predicting the influence of various factors, on the electrical

Fig. 5. a) Experimental and predicted results comparation. GDL type: SGL 24
AA. b) Predicted results for each GDL types.

Fig. 6. Rc as a function of the type of GDL for each mechanical compres-
sion level.

Table 7
Factors and levels chosen for the second DoE.

Factors Level 1 Level 2 Level 3 Level 4

A Thickness (μm) 190 210 280 370
B Compression (MPa) 0.625 3.125 5.625 7.875

Fig. 7. – Rc as a function of the mechanical compression for each thick-
ness level.
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properties of the GDL during the PEMFC operation.
By employing a posteriori Design of Experiments (DoE) approach, we

classified the experimental data obtained by the research team during K.
Bouziane’s PhD thesis work and developed a comprehensive model
through regression analysis and ANOVA.

Two DoE were implemented. The first DoE was discarded as it was
deemed unreliable. An improved model was created by eliminating both
factors (e.g. compression cycles) and GDL levels (e.g. the GDL 24 BCE
PTL side). Multiple linear regression was performed to obtain the
analytical model. It allowed us to predict the CR variation as a function
of the chosen factors.

Through the analytical model, it is possible to confirm some of the
results obtained experimentally and to make the following consider-
ations. The first two GDL types, 24 AA and 24 BA, are differentiated
solely by the presence of PTFE. The inclusion of PTFE in 24 BA
marginally elevates the CR. In contrast, the addition of a MPL coating
leads to a reduction in CR, attributable to the enlarged contact interface
between the GDL and BPP. Notably, this reduction in CR is more pro-
nounced with increased mechanical compression, a trend that is
distinctly more evident in these GDL types compared to others.

The thickness of GDL has a higher influence than the other physical
characteristics. For this reason, a two-factor DoE that considered
thickness and mechanical compression for studying the variation in CR
was developed. This last version made it possible to confirm that higher
values of mechanical compression (5.625 MPa and 7.875 MPa) and
thicker GDLs, such as H90 and H120 (280 μm and 370 μm, respectively),
result in lower CR.

The proposed analytical modelling approach allows studying the
effect of mechanical compression on PEMFCs, which could be ideal for
future FC design to improve their performance. Further investigations
would allow to obtain experimental results to expand and create models
with additional operating conditions and influencing parameters.
Finally, other analytical models can be created to study the in-plane and
through-plane resistances of GDL and the electrical properties of the
other PEMFC components.
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