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H I G H L I G H T S

Studied the effect of fiber thermal conductivity using GDLs with identical micro-structure.
Investigation of the water and heat transport by thermal modeling and experiments.
Two-layered GDLs outperform carbon GDLs regardless of their thermal conductivity.
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A B S T R A C T

Water management is a highly critical parameter for improving the performance of polymer electrolyte fuel
cells (PEFCs) at high current densities. The microstructure and properties of the gas diffusion layer (GDL)
play an important role in the distribution of the reactant gases and drainage of the liquid water produced
in the catalyst layer during PEFC operation. In this context, the community still debates on the role and
optimum values of the GDL’s thermal conductivity and if it is even the decisive factor for water management.
This study presents insight into this fundamental question by reporting experimental performance and thermal
modeling data of GDLs with identical, ordered microstructure but different thermal conductivities. Results
show that lower GDL thermal conductivity produces higher temperature gradients in the GDL, which are,
however, partially compensated by a heat pipe cooling mechanism. Even with an order of magnitude different
thermal conductivity, the ordered, deterministic GDLs surpass the performance of a conventional carbon GDL.
Our findings suggest that the thermal conductivity should not be a decisive criterion for future materials
developments of optimized GDLs to improve fuel cell performance at high current densities, but rather the
GDL structure.
1. Introduction

Polymer electrolyte fuel cells (PEFCs) technology offers a high gas
to power conversion efficiency and power density, making it suitable
for both mobile and stationary applications [1–6]. The high system cost
per installed power is dominated by material costs of precious metal
platinum catalysts or corrosion-resistant bipolar plates and thus, limits
their current market share [7,8]. To reduce cost, both power density
and conversion efficiency have to be increased. The performance and
cost targets, set up by the U.S. Department of Energy and the New
Energy and Industrial Development Organization of Japan (NEDO) to
tackle this challenge, can only be achieved with the use of advanced
functional materials [9–13].

Fuel cell performance is limited by three major loss mechanisms.
Activation losses, caused mainly by the sluggish reaction kinetics of the
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oxygen reduction reaction (ORR), significantly reduce the conversion
efficiency and are dominant at low current densities [14,15]. Ohmic
losses, due to contact, through-plane, and protonic resistances, reduce
the cell voltage linearly with increasing current density [16]. Finally,
mass transport losses dominate and limit the performance at high
current densities (with high water production), where oxygen transport
to the cathode catalyst layer is limiting. At these conditions, product
water accumulates in the pores of the cathode catalyst layer (CL)
and GDL and blocks the gas pathways, decreasing the effective gas
diffusivity [17].

In state-of-the-art PEFCs, the GDL is a combination of a macrop-
orous GDL and micro-porous layer (MPL), which provide a hierarchical
pore size distribution [18,19]. Conventional GDL are carbon papers or
felts, made from carbon fibers with a diameter of few microns. They are
vailable online 31 May 2022
378-7753/© 2022 The Author(s). Published by Elsevier B.V. This is an open access ar
c-nd/4.0/).

https://doi.org/10.1016/j.jpowsour.2022.231539
Received 1 February 2022; Received in revised form 22 April 2022; Accepted 25 A
ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

pril 2022

http://www.elsevier.com/locate/jpowsour
http://www.elsevier.com/locate/jpowsour
mailto:felix.buechi@psi.ch
https://doi.org/10.1016/j.jpowsour.2022.231539
https://doi.org/10.1016/j.jpowsour.2022.231539
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2022.231539&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Power Sources 540 (2022) 231539C. Csoklich et al.

t
a
s
d
l
×
c
o
m
t
a

t

𝜅

T
c
t
1
b
u
u
i
o
(

2

2

e
×
h
c
0
w
T
(
c
p
f

g
c
f
i

highly porous (around 75%), between 140 μm to 200 μm thick and have
a typical median pore size of around 30 μm [20]. The MPL is a micro-
to nano-porous pore structure, coated onto the GDL and in contact
with the CL. It is made of carbon nanoparticles and a fluoropolymer
binder and is around 30 μm to 50 μm thick. Efficient water management,
i.e., removal of liquid water produced by the ORR while maintaining
high gas transport to the CL and a sufficiently humidified membrane,
is a critical factor influencing the design of these layers.

An ideal GDL would drain liquid water directly from the CL to the
channel. However, conventional GDLs are random and heterogeneous
resulting in a stochastic pore and throat network, where liquid water
is transported via capillary fingering [21]. Following the path of least
resistance, water transport through the GDL might be highly tortuous
resulting in a high in-plane saturation which impedes the gas transport
to the CL [22,23]. Many approaches to direct water on its way through
the GDL have been investigated in the past, but also the limits of
modifications to conventional GDLs have been reported recently [24–
26]. In our previous work, we demonstrated the potential of fully
deterministic GDL fabrics with an ordered microstructure which facili-
tates efficient water transport at all conditions, leading to a significant
reduction in the mass transport overpotentials compared to current
state-of-the-art conventional GDLs [27]. The thermal conductivity of
the GDL is tightly connected with its water transport properties, as
the temperature distribution inside the structure influences the local
water vapor saturation pressure and interphase mass transfer [28].
Carbon fibers provide common GDLs with a reasonably good thermal
conductivity, which is anisotropic in in-plane and through-plane direc-
tions, depending on the predominant fiber orientation, determined by
the manufacturing process. Thus, differences in thermal conductivity
were always coupled to a different GDL structure and an independent
analysis of the impact of the thermal conductivity was impeded. There-
fore, it has been difficult to understand the effect of the GDL thermal
conductivity and consequently, determination of an optimum value for
it.

This work aims to provide a fundamental understanding of the
impact of the thermal conductivity on water management and cell
performance. A novel set of GDLs, prepared with different thermal
conductivities while conserving its pore and fiber structure, are used
to probe the effect of the thermal conductivity on the water and heat
transport. To the best of our knowledge, this is the first time such a
controlled parametric study is performed. The GDLs are manufactured
with woven polyethylene terephthalate (PET) fabrics which are sputter-
coated with two different thicknesses of gold. The gold coating provides
the fabric with the required electronic and thermal properties. While
the electronic conductivities are comparable or better than a conven-
tional Toray carbon paper, the thermal conductivities are 1-2 orders
of magnitude lower. Electrochemical measurements, oxygen transport
resistance characterization, and 2D thermal model calculations are
used to elucidate the influence of the thermal conductivity of GDLs
on water management and cell performance. The results can provide
design guidelines with respect to the thermal properties for future GDL
developments.

2. Experimental

2.1. Material characterization

S-PET is a two-layered PET fabric (provided by Sefar AG, Switzer-
land). Its weaving properties are listed in Table 1. The plain PET
fabric was sputtered with gold to render it electronically and thermally
conductive, necessary for fuel cell application. EDX analysis was carried
out to confirm the presence of gold and was presented in a previous
publication [27]. The approach uniquely allows to tune the thermal
and electrical properties while maintaining the identical GDL structure.
2

Therefore, S-PET GDLs are a powerful model system to separate the w
Table 1
Structural GDL properties of S-PET and T60.

Material S-PET T60

Fiber ∅ [μm] 80 ≈10
24

Density [cm−1] 31 × 40
190 × 240

Thickness [μm] 180 190
compressed 170 170

influence of micro-structure and thermal conductivity on water man-
agement. For economically viable and durable woven GDLs, weaving
of conductive fibers or sputtering with cheaper elements such as silver
or even carbon seem promising.

Two thicknesses of 100 nm and 500 nm were selected to set effec-
ive conductivities ca. an order of magnitude apart. Bulk in-plane
nd through-plane electronic conductivities were measured with two
eparate four-point-probe setups. For measuring the through-plane con-
uctivity the same setup was used as described in a previous pub-
ication [27]. The in-plane conductivity 𝜎𝑖𝑝 was measured on 1.5 cm
5 cm large samples, which were clamped between gold-coated copper

urrent collectors. Two retractable gold pins with a separation distance
f 10mm were gently lowered onto the surface and the voltage drop was
easured repeatedly for different positions at a current of 0.1A. The re-

ractable pins ensured the same contact pressure for each measurement
nd sample.

From the values of the electronic conductivity the thermal conduc-
ivity was calculated using the Wiedemann–Franz law:[29]

= 𝜎 ⋅ 𝑇 ⋅ 2.44 × 10−8 WΩK−2 (2.1)

he resulting conductivity values 𝜅𝑖𝑝∕𝑡𝑝 correspond to the electronic
ontribution to heat transfer (referred to as Au-100/Au-500). The total
hermal conductivity of the gold-coated composite materials (of S-PET-
/5) should however comprise also the contribution from the PET
ackbone structure. This was simulated with the ConductoDict mod-
le of the commercial GeoDict® software (Math2Market, Germany),
sing the real woven structure, gained from XTM scans, as simulation
nput. Symmetric temperature boundary conditions were chosen on
pposing sides of the structure and the PET bulk thermal conductivity
0.24Wm−1 K−1) was used for the simulation.

.2. Fuel cell performance analysis

.2.1. MEA and cell assembly
All GDL materials (S-PET-1, S-PET-5, T60) were tested in a differ-

ntial fuel cell with an active area of 5 cm2. The active area of 2 cm
2.5 cm was set with two 25 μm thick PEN subgaskets which were

ot-pressed onto both sides of a 15 μm thick Gore® Primea® catalyst
oated membrane (A510.1/M815.15/C510.4 - An., Cath. 0.1mgPt∕cm2,
.4mgPt∕cm2). Symmetric graphite flow fields (Diabon NS2) were used
ith channel and land widths of 0.4mm and a channel depth of 0.5mm.
his adaption was chosen from previous X-ray tomographic microscopy
XTM) findings, that showed water accumulation in large pores of the
arrier mesh below a flow field rib [27]. The fraction of totally enclosed
ores (300 μm width) was thereby significantly reduced with the thinner
low field ribs (400 μm).

The GDL materials were symmetrically assembled between polymer
askets on the anode and cathode sides. GDL compression was cal-
ulated with the use of 175 μm thick PTFE and FEP gaskets to 10%,
ollowing the procedure of Simon et al. [30]. The whole MEA was held
n place with alignment pins between the flow fields and compressed

ith 10 M8 bolts through the end-plates (5Nm torque).
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Table 2
Material properties and cell design parameters.
Description Value

S-PET-X thickness, 𝑑𝑆𝑃𝐸𝑇 180 μm
T60 thickness, 𝑑𝑇 60 190±5 μm
Catalyst coated membrane thickness, 𝑑𝐶𝐶𝑀 35 μm
Membrane Thickness (Gore Primea M815), 𝑑𝑀𝑒𝑚 15 μm
Anode catalyst layer thickness, 𝑑𝑎𝐶𝐿 4 μm
Cathode catalyst layer thickness, 𝑑𝑐𝐶𝐿 16 μm
Channel/Land width, 𝑤𝑟𝑖𝑏 0.4 mm
Channel depth, 𝑑𝑐ℎ 0.5mm
Active area, 𝐴𝑎𝑐𝑡 5 cm2

Operating temperature, 𝑇𝑜𝑝 50 °C/80 °C

Operating Pressure, 𝑝𝑜𝑝 150 kPa

2.2.2. Fuel cell operation
All assembled fuel cells (at least two per GDL material) were con-

ditioned on an in-house built test bench before the experiments. This
procedure was conducted at 80 °C under full gas humidification, gas
pressure of 150 kPa and gas flow rates of 1.5NL∕min H2 and air with
a voltage step cycle between 0.95V–0.6V for about 8 h, following
previous studies [27].

During the polarization curve experiments, the anode gas humidity
(RHA) was kept at a constant 80%, relative to the live monitored
flow field temperature. Cathode gas humidity (RHC) was varied be-
tween 60% for dry conditions and 100% for saturated conditions, to
simulate different humidity conditions present in a fuel cell stack.
A more comprehensive metric for the presented results is the dew-
point. Therefore, the ‘‘dry’’ reference case corresponds to dew points
of 74.6 °C/67.8 °C, and the ‘‘saturated’’/‘‘wet’’ case to 74.6 °C/80 °C on
anode/cathode sides.

The polarization curves were recorded by setting galvanostatic steps
of 25-100mAcm−2, lasting 30 s (≤200mAcm−2) or 3min (> 200mAcm−2),
until the cell voltage fell below 0.45V. For each step, the cell voltage
was averaged over the last third of the step and data points recorded
at 1Hz. The given error bars indicate cell to cell variations.

2.2.3. Limiting current analysis
Limiting current was measured for varying oxygen dilutions from

1%–60% at 50 °C and 80 °C, and ‘‘dry’’ and ‘‘saturated’’ conditions.
For these measurements, the humidity was slightly adjusted to ensure
stable operating conditions. Therefore, dewpoints of the dry case were
symmetrically 67.8 °C, whereas for the wet case the set RHC was low-
ered by 5% to 95%, corresponding to dew points of 74.6 °C/78.7 °C
for anode/cathode side (or 80%/95% RHA/RHC). The cell voltage was
ramped down from 300mV to 50mV. The value for the limiting current
was determined depending on the dry current oxygen concentration
𝑥O2 ,𝑑𝑟𝑦, following the method described by Simon et al. The oxygen
transport resistance related to the limiting current was calculated with
the following Equation:

𝑅𝑇 ,O2
= 4𝐹

𝑅 ⋅ 𝑇𝑐𝑒𝑙𝑙
⋅

(

𝑝𝑎𝑏𝑠 − 𝑝H2O

)

𝑗𝑙𝑖𝑚
⋅ 𝑥O2 ,𝑑𝑟𝑦 (2.2)

2.3. Thermal modeling

2.3.1. Simulation parameters
The thermal conductivity in in-plane and through-plane directions

was measured for S-PET-1 and S-PET 5, and literature values are taken
for T60, the catalyst layers, and the membrane. The used input values
are summarized in Tables 2 and 3, and can be found in Figure S2.
3

Fig. 1. (a–b) 1D equivalent circuit of heat production (𝑄𝑂𝑅𝑅) in the cathode catalyst
layer and the adjacent thermal resistances from the membrane, catalyst layer, and
GDLs. (c) Illustration of the model setup, simulation domain, and the used boundary
conditions.

2.3.2. Model setup and boundary conditions
The 2D model uses Fourier’s law in steady-state with the known

thermal conductivity values 𝜅𝑖𝑝∕𝑡𝑝 and geometrical parameters of all
components. The thermal balance is shown in cf. Eq. (2.3) where S in-
dicates a volumetric heat source term. The heat production 𝑄𝑂𝑅𝑅 in the
cathode catalyst layer was approximated as 870mWcm−2 (at a current
density of 1.5A cm−2). The volumetric heat source term in Eq. (2.3) was
set to 870mWcm−2/𝑑𝑐𝐶𝐿 and assumed to be zero everywhere else in the
domain. The heat produced by the ORR flows not only to the cathode
side, but partially through the membrane to the anode flow field, which
was included as a flux boundary at the membrane/aCL interface.

∇ ⋅ 𝐪 = −∇ ⋅ 𝜅∇𝑇 = 𝐒 (2.3)

𝜅 =
(

𝜅𝑖𝑝 0
0 𝜅𝑡𝑝

)

(2.4)

With decreasing thermal conductivity of the GDL, the relative contri-
bution from the membrane resistance drops, and therefore a higher
percentage of the waste heat can flow to the anode (cf. Figure S3).
For S-PET-1 (lowest thermal conductivity 𝜅𝑡𝑝), this results in a close to
50%/50% distribution of heat flux to anode and cathode sides, whereas
for T60 more than 60% flow to the cathode flow field. The equivalent
circuit used to model the thermal resistances in the cell is presented in
Fig. 1 a-b. The thermal resistances of all components were calculated
following Eq. (2.5)–(2.8). The effective heat flux 𝑄𝑂𝑅𝑅,𝑎∕𝑐 to the anode
and cathode sides was calculated with Eq. (2.9).

𝑅𝑡ℎ,𝑖 =
𝐴

𝜅𝑖 ⋅ 𝑑𝑖
(2.5)

𝑅𝑡ℎ,𝑐 = 𝑅𝑐𝐺𝐷𝐿 (2.6)

𝑅𝑡ℎ,𝑎 = 𝑅𝑡ℎ,𝑎𝐺𝐷𝐿 + 𝑅𝑡ℎ,𝑎𝐶𝐿 + 𝑅𝑡ℎ,𝑀𝑒𝑚 (2.7)

𝑅𝑡ℎ,𝑡𝑜𝑡𝑎𝑙 =
𝑅𝑡ℎ,𝑎 ⋅ 𝑅𝑡ℎ,𝑐

𝑅𝑡ℎ,𝑎 + 𝑅𝑡ℎ,𝑐
(2.8)

𝑄𝑂𝑅𝑅,𝑎 =
𝑄𝑂𝑅𝑅 ⋅ 𝑅𝑡ℎ,𝑐

𝑅𝑡ℎ,𝐴𝑛 + 𝑅𝑡ℎ,𝑐
= 𝑄𝑂𝑅𝑅 −𝑄𝑂𝑅𝑅,𝑐 (2.9)

The simulation domain comprised of a half channel–half land domain
and included the membrane, cathode CL, GDL and land. The channel
is not simulated in the domain and only the GDL-channel and land–
channel boundaries are considered. The boundary conditions for the
problem are illustrated in Fig. 1 c. A constant temperature at the land
ceiling of 80 °C was assumed. Symmetry boundary conditions (no flux)
were assumed at the outer walls of the domain. A no flux boundary
condition was assumed between the land and channel assuming a local
thermal equilibrium. Depending on the previously calculated relative
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Table 3
Transport and thermal properties of fuel cell components.
Description Reference Value

S-PET-1 in-plane electronic conductivity, 𝜎𝑖𝑝,𝑆𝑃𝐸𝑇 1 Exp. 1800 Sm−1

S-PET-1 trough-plane electronic conductivity, 𝜎𝑡𝑝,𝑆𝑃𝐸𝑇 1 Exp. 550 Sm−1

S-PET-5 in-plane electronic conductivity, 𝜎𝑖𝑝,𝑆𝑃𝐸𝑇 5 Exp. 16 000 Sm−1

S-PET-5 through-plane electronic conductivity, 𝜎𝑡𝑝,𝑆𝑃𝐸𝑇 5 Exp. 55 000 Sm−1

T60 in-plane electronic conductivity, 𝜎𝑖𝑝,𝑇 60 Zamel et al. [31,32] 15 000 Sm−1

T60 through-plane electronic conductivity, 𝜎𝑡𝑝,𝑡60 Zamel et al. [31,32] 1200 Sm−1

S-PET-1 in-plane thermal conductivity, 𝜅𝑖𝑝,𝑆𝑃𝐸𝑇 1 Exp. 0.057Wm−1 K−1

S-PET-1 trough-plane thermal conductivity, 𝜅𝑡𝑝,𝑆𝑃𝐸𝑇 1 Exp. 0.084Wm−1 K−1

S-PET-5 in-plane thermal conductivity, 𝜅𝑖𝑝,𝑆𝑃𝐸𝑇 5 Exp. 0.2Wm−1 K−1

S-PET-5 through-plane thermal conductivity, 𝜅𝑡𝑝,𝑆𝑃𝐸𝑇 5 Exp. 0.52Wm−1 K−1

T60 in-plane thermal conductivity, 𝜅𝑖𝑝,𝑇 60 Zamel et al. [33] 12Wm−1 K−1

T60 through-plane thermal conductivity, 𝜅𝑡𝑝,𝑇 60 Zamel et al. [34] 1.4Wm−1 K−1

Membrane electronic conductivity, 𝜎𝑚𝑒𝑚 Manufacturer 3.7-12 Sm−1

Membrane thermal conductivity, 𝜎𝑚𝑒𝑚 Pharoah et al. [35,36] 0.2Wm−1 K−1

An./cath. catalyst layer electronic conductivity, 𝜎𝐶𝐿 Sinha et al. [37,38] 200 Sm−1

An./cath. catalyst layer thermal conductivity, 𝜅𝐶𝐿 Khandelwal et al. [36] 0.27Wm−1 K−1

Flow field thermal conductivity, 𝜅𝑓𝑓 Manufacturer 90Wm−1 K−1

Contact resistance contribution, 𝑅𝐶𝑅 Makharia et al. [16] 16.4mΩcm2

Reaction waste heat at 1.5A cm−2, 𝑄𝑡ℎ estimated 870mWcm−2

Maximum heat pipe cooling power at 1.5A cm−2, 𝑄𝐻𝑃 estimated 320mWcm−2
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flux to the anode and cathode side, a Neumann boundary condition was
set at the membrane/anode catalyst layer interface side with a heat flux
of 𝑄𝑂𝑅𝑅,𝑎.

In the first simulation set (case 0), no heat pipe was considered, and
ll heat was transferred to the flow field rib only. This means that 𝑄𝐻𝑃

is zero in this case. In the other case (case 1), the additional heat pipe
flux of 320mWcm−2 was implemented at the GDL/channel interface.
This heat flux was calculated by assuming full evaporation of product
water, which is produced at 1.5A cm−2 with a heat of vaporization
f 2.3 kJ g−1. The anisotropic thermal conductivity of all GDLs was
onsidered (cf. Eq. (2.4)).

The model was discretized using finite difference method and im-
lemented in a python script. The mesh consisted of a grid with
00 × 100 cells for the GDL domain, 200 × 60 cells for both cCL
nd membrane and 100 × 50 cells for the land. The corresponding
emperature distributions for membrane, cCL, GDL, and the land were
xtracted and plotted. The average, minimum and maximum values
f the single components for each material and simulation case are
ummarized in Table S1.

.3.3. HFR analysis
The high frequency resistance (HFR) was measured across the en-

ire fuel cell assembly between the graphite flow fields (FF) with
Tsuruga E3566 AC milliohm meter (Tsuruga Electric Co., Japan)

t 1 kHz. Therefore it contains contributions from contact resistances
FF/GDL, GDL/CL, CL/Membrane), electronic bulk resistances (GDLs,
Ls, Membrane) and the proton resistance of the membrane. The HFR
f all three materials was extracted at 1.5A cm−2. For T60, which did
ot reach this current density in saturated conditions, the HFR value
as chosen at the highest current density before the mass transport

elated voltage drop occurred. Membrane conductivity was calculated
or varying RH from manufacturer data. With the measured (GDL bulk
esistance) and literature values (contact resistance) the total HFR was
alculated by adding the single contributions.

. Results and discussion

.1. Material characterization and thermal conductivity tuning

For having different thermal conductivities but identical gas diffu-
ion layer (GDL) structure, a base material consisting of a two-layered,
4

oven PET fabric (referred to as S-PET) with an overall thickness of
80 μm was used. The fabric consists of a fine surface layer (fiber-∅
4μm) and a coarse carrier structure (fiber-∅ 80 μm). The material was
puttered with gold with thicknesses of 100 nm and 500 nm (cf. Fig. 2).
hese gold-coated S-PET materials are referred to as S-PET-1 and S-
ET-5. More details on the structure and water transport mechanism
hrough this material have been described in our previous work [27].

ith this approach, the GDL structure and its electronic and thermal
onductivities can be separated and the conductivities altered indepen-
ently. All results are compared to a conventional carbon fiber-based
aterial (Toray TGP-H-060, abbreviated as T60).

The electronic conductivities 𝜎 of the S-PET materials are anisotr-
pic in in-plane and through-plane directions and reflect the thickness
f the gold layer (cf. Table 4). In in-plane direction, S-PET-5 exhibits
conductivity of 1.6 × 104 Sm−1, which is similar to the conductivity

f the T60 carbon paper (1.5 × 104 Sm−1) [31,32]. S-PET-1, with only
fifth of the gold thickness, has a 10 times lower conductivity, that

s 1.8 × 103 Sm−1. For the through-plane direction, S-PET-5 shows a
onductivity of 5.5 × 104 Sm−1 (higher than in-plane) and S-PET-1 only
.5 × 102 Sm−1. The different ip/tp trends of S-PET-1 and S-PET-5 arise
rom the different morphology of the gold layer with different thick-
esses at the fiber intersections. Fig. 2 a2-3 and b2-3 show different
ontact points between fibers of the woven GDLs. For the higher
puttered gold thickness some gold accumulation is seen at the fiber
unctions, which is not present for the thin coating, leading to the
ifferent trends. For the T60 GDL, comprised of around 10 layers of
arallel stacked carbon fibers, the lower through-plane-conductivity
tems from the contact resistance at these fiber junctions. Overall it can
e noted that the S-PET materials have comparable or better electronic
onductivities, so the electron transport is not a limiting factor for cell
erformance.

For the S-PET fabrics, PET forms the vast majority of volume
nd mass. Therefore, even with its low thermal conductivity
0.24Wm−1 K−1), the polymer contributes to the overall thermal con-
uctivity 𝜅 of the composite materials. The thermal conductivity in
etals can be deduced with the Wiedemann–Franz law (Eq. (2.1))

rom the electronic conductivity, as heat transfer in metals occurs
ainly by electron flow [29]. Therefore, the total thermal conductivity
as calculated as the sum of the electronic contribution (from the
old layer, Au-100/Au-500) and the phonon contribution (from the
ET base fabric PET ). The effective thermal conductivities of the
S
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Fig. 2. Gold-coated S-PET-5 GDL with the coarse carrier layer on top. The thick wires have a diameter of 80 μm, the thin fibers 24 μm.
Fig. 3. Thermal conductivities 𝜅 in (a) in-plane and (b) through-plane directions for PET (bulk and simulated fabric) and the three GDL materials Au-100/S-PET-1, Au-500/S-PET-5,
and T60. The subscripts for PET denote B for the bulk valued and S for the GDL structure. The values Au-X00 indicate the purely electronic contribution from the gold coating.
Table 4
Electronic conductivities 𝜎𝑖𝑝∕𝑡𝑝 of the three investigated GDL materials
S-PET-1, S-PET-5 and T60 and the corresponding relation to the carbon
GDL T60.
GDL 𝜎𝑖𝑝 𝑇 60× 𝜎𝑡𝑝 𝑇 60×

[Sm−1] [–] [Sm−1] [–]

S-PET-1 1.8 × 103 ×0.1 5.5 × 102 ×0.5
S-PET-5 1.6 × 104 ×1.1 5.5 × 104 ×50
T60 1.5 × 104 ×1 1.2 × 103 ×1

PET substrate (shown as PETs in Fig. 3) were calculated based on
tomography obtained structures and the bulk thermal value (PETB).
Fig. 3 shows all 𝜅 values in in-plane and through-plane directions for
the different GDLs.

These results show, that the thermal conductivity for S-PET-1 in
both directions is dominated by the PET substrate and the gold layer
makes a minor contribution. S-PET-5 on the other hand, due to its high
electronic conductivities, has an electronically dominated 𝜅. However,
both materials have a lower thermal conductivity than the carbon
fiber-based T60. In the in-plane direction, there is 2 to 3 orders of
magnitude difference between T60 and S-PET-5/S-PET-1. In through-
plane direction, this factor reduces to roughly 0.4 for S-PET-5 and 0.05
for S-PET-1.
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3.2. Electrochemical performance

The GDL’s influence on the electrochemical performance is its key
property and is discussed first. Oxygen transport resistance is used to
quantify the differences between the three GDL materials. The material
properties and fuel cell operating conditions are then incorporated
in a 2D thermal model (cf. Section 2.3) to calculate the different
temperature gradients, based on the different thermal conductivities,
in the GDLs. This model is used to analyze the differences in high
frequency resistance (HFR) and to discuss the heat and water transport
through the three materials (cf. Section 3.4).

3.2.1. Fuel cell polarization
The electrochemical performance of the three GDLs was analyzed in

differential cells at low (50 °C) and high (80 °C) operating temperatures
under dry (60% RHC) and wet (100% RHC) cathode gas humidity con-
ditions, to characterize the influence of the GDL thermal conductivity
with different temperature and humidity boundary conditions.

For the polarization curves at cold temperatures, shown in Fig. 4
a and b (50 °C, with a water vapor saturation pressure of 123mbar),
only a low fraction of the product water can be transported through
the GDL in the gas phase. The woven GDLs, S-PET-1 and S-PET-5,
show stable performance under the dry conditions up to 2.25A cm−2

and show only a slight decline in voltage at high current densities. This
indicates just a minor increase of the oxygen transport resistance due to
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Fig. 4. Polarization curves at (a–b) 50 °C and (c–d) 80 °C of the three investigated GDL materials S-PET-1, S-PET-5, and T60. Figures (a) and (c) show cell voltage behavior at dry
cathode conditions (60% RHC), (b) and (d) at saturated (wet) cathode conditions (100% RHC). Bottom graphs display the high frequency resistance (HFR). Cells were operated at
150 kPa with H2/air.
liquid water, attributed to the simple, deterministic structure with just
one pore throat between the water generating catalyst layer and gas
channels [27]. Both woven fabrics show similar performance, as they
have an identical structure for gas and water transport. The difference
of an order of magnitude in thermal conductivity does not influence
their cell performance.

Under cold and wet conditions, however, the polarization behavior
of the two fabric-based GDLs diverges and the effect of the thermal
conductivity can be observed. A lower 𝜅 results in a larger the tempera-
ture gradient between CL (heat source) and flow fields (heat sink). With
constant conditions in the flow field, this leads to higher temperatures
in membrane, CLs, and GDLs. For S-PET-1, with the lowest thermal
conductivity, the higher temperature gradient decreases condensation
and thus, reduces the mass transport losses which can be observed for
S-PET-5 and T60. However, this also reduces humidity and proton con-
ductivity of the membrane and the resulting almost linear decrease in
cell voltage indicates ohmic-dominated overpotentials (cf. iR corrected
polarization curves in Figure S4). The cell voltage drops rapidly for S-
PET-5 above 1A cm−2, and a clear performance hierarchy between the
three GDLs is established. The conventional carbon GDL T60 shows the
highest mass transport losses, starting in dry conditions from 1A cm−2

and with wet feed gas at 0.75A cm−2, limiting the maximum achievable
current density. These large mass transport overpotentials are due to
the stochastic, random pore space, which is prone to flooding with a
slower drainage rate.

The same performance analysis at a high operating temperature of
80 °C is shown in Figs. 4 c and d. The water vapor saturation pressure
at this temperature is 474mbar, 4 times higher than at 50 °C and all (or
at least a large fraction) of the product water is transported through
the GDL in the gas phase under dry conditions (Figs. 4 c). Therefore,
at dry conditions, T60 and S-PET-5 show the same stable performance
6

up to 3A cm−2. S-PET-1 exhibits a slightly reduced voltage caused by
the increased HFR, as corroborated by the iR-corrected polarization
curves in Figure S4 c, which are identical. For S-PET-1, the increased
HFR can be attributed again to an increased temperature at the mem-
brane and thereby, leading to a reduced water content and membrane
conductivity.

The situation changes at wet conditions (cf. Fig. 4 d): the two
woven GDLs show a stable performance until ∼2.5A cm−2. The iR-
corrected performance shows an almost identical voltage behavior for
both S-PET-1 and S-PET-5, thus indicating the same water management
and transport properties for the identical structures. The conventional
stochastic GDL again shows the lowest performance due to flooding,
as is shown by the drastically lower current density and unstable
operation at higher current densities. The thermal properties and tem-
perature distribution in all materials are discussed in more detail in
Section 3.3.

3.2.2. Oxygen transport resistance analysis
The oxygen transport resistance 𝑅𝑇 ,O2

describes the effectiveness of
oxygen transport through the pore network from the channel to the
reaction sites in the CL. Thus, an increase in 𝑅𝑇 ,O2

can be related
to increasing liquid water saturation in the GDL (flooding) of the
catalyst layer and/or the GDL and subsequent elongation and blockage
of gas paths. The oxygen transport resistance has been determined for
all previously described operating conditions, as it is expected that
for different thermal GDL conductivities, different liquid saturations
evolve, driven by the changing temperature gradients (as all fuel cell
assemblies were using the same, commercial CCMs).

Under cold and dry operating conditions (50 °C 𝑇𝑐𝑒𝑙𝑙, 60% RHA/60%
RHC, cf. Fig. 5 a), the oxygen transport resistance of S-PET based GDLs
shows no increase with increasing current density, indicating a fully



Journal of Power Sources 540 (2022) 231539C. Csoklich et al.
Fig. 5. Oxygen transport resistance 𝑅𝑇 ,𝑂2 at (a)–(b) 50 °C and (c)–(d) 80 °C of the three investigated GDL materials S-PET-1, S-PET-5, and T60. Figures (a) and (c) show 𝑅𝑇 ,𝑂2
at dry conditions (60%RHA/60% RHC), (b) and (d) at wet cathode conditions (80%RHA/95% RHC). Cells were operated at 150 kPa, H2, and varying oxygen concentration on the
cathode side.
dry structure. Furthermore, already at low current densities, 𝑅𝑇 ,O2
is

around 30% lower than for T60. With no liquid water present, the
enhanced oxygen transport can be attributed to the different structural
properties, i.e. their lower tortuosity and higher effective diffusivity.
For the stochastic carbon GDL, a sharp increase in 𝑅𝑇 ,O2

occurs at
1A cm−2. This effect indicates flooding of CL and/or GDL, and its onset
corresponds well with the onset of mass transport limitations visible in
Fig. 4 a.

For cold and wet operating conditions (50 °C 𝑇𝑐𝑒𝑙𝑙, 80% RHA/95%
RHC, cf. Fig. 5 b), the same order of the three GDL materials is found,
being in line with the polarization characteristics. S-PET-1, shows the
highest cell voltage and stable operation with a delayed, slow increase
in 𝑅𝑇 ,O2

at current densities higher than 1.5A cm−2. S-PET-5 shows an
earlier and steeper slope, indicating gradually rising water saturation.
This supports the hypothesis, that the thermal properties have a distinct
influence on the liquid saturation, with higher temperature gradients
leading to lower water blockage. T60 shows a nearly vertical 𝑅𝑇 ,O2
increase already at current densities below 0.5A cm−2, suggesting that
under these conditions, the deterministic GDL structure is as well highly
important for fuel cell performance.

At hot and dry conditions (80 °C 𝑇𝑐𝑒𝑙𝑙), almost identical oxygen
transport resistance behavior is found for all materials, coinciding
well with the polarization curves in Fig. 4 c, where none of the
GDL exhibited significant mass transport overpotentials in the investi-
gated current density region. Obviously, and quite naturally, under dry
conditions, the thermal conductivity is not a critical GDL parameter.

For the hot and wet conditions the S-PET materials again show
minor change in the oxygen transport resistance. Only T60 shows at
current densities higher than 1.5A cm−2 an increase in 𝑅𝑇 ,O2

(corre-
lating well with Fig. 4 d). Therefore, under these conditions, a factor
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of 10 to 100 in thermal conductivity among the materials does not
have a significant impact on the liquid saturation dependent transport
properties, indicating that thermal conductance of the GDL has a minor
influence only at high temperatures. The difference between the S-PET
materials and T60 is therefore mainly given by their structure.

3.3. Cathode GDL temperature distribution

The thermal conductivity of the GDL can have a strong influence
on the temperature distribution in the cell. To understand the evolving
thermal gradients, a 2D model was used to describe the resulting
temperature fields for high current density operation with the con-
curring high heat fluxes. The reaction heat, produced in the cathode
catalyst layer is the main heat source. A heat production 𝑄𝑂𝑅𝑅 in
the cathode catalyst layer of 870mWcm−2 (corresponding to a current
density of about 1.5A cm−2 for the presented cell components) and
constant temperature at the backside of the flow field rib (controlled by
the cooling circuit of 80 °C) were assumed. Heat flow through the MEA
to the anode flow field is also considered, and included as flux boundary
at the membrane/aCL interface. For more details see the experimental
Section 2.3.

Figs. 6 a-c show the simulated temperature distribution for S-PET-
1, S-PET-5, and T60 with the described boundary conditions. S-PET-1
shows significant heat accumulation in the membrane, CL and GDL,
which is caused by its very low through-plane thermal conductivity (𝜅𝑡𝑝
20x lower than T60). The temperature in the catalyst layer, membrane,
and GDL reaches locally more than 100 °C, and an average catalyst
and membrane temperature above 98 °C was calculated (cf. Table S1).
S-PET-5 (cf. Fig. 6 b), due to the higher 𝜅𝑡𝑝, transports the reaction
heat better away, reaching maximum temperatures of only 85 °C, and
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Fig. 6. (a)-(c) Simulated 2D steady-state temperature distributions of the three investigated GDLs, assuming a heat production of 𝑄𝑂𝑅𝑅 = 870mWcm−2 in the cathode catalyst
layer and a constant flow field temperature of 80 °C in both anode and cathode flow fields; (d)-(f) Simulated 2D steady-state temperature distributions including cooling by the
heat-pipe effect, assuming total evaporation of all product water at 1.5A cm−2, resulting in a cooling power of 𝑄𝐻𝑃 = 320mWcm−2 reaching the channel.
average membrane and CL temperatures of 83 °C. Due to its anisotropic
thermal conductivity, the temperature gradient is most pronounced in
the in-plane direction and thus leads to lower catalyst temperatures
below the rib than at the channel (𝛥𝑇 = 3 °C). Still, the temperature in
the cell is higher than for the carbon GDL T60 (cf. Fig. 6 c). The superior
thermal conductivity of carbon transmits the waste heat fast towards
the flow field and thus it exhibits the lowest temperature gradient in
the simulated assembly.

The calculated temperature gradient in the woven GDLs is large
enough to drive a heat pipe cooling effect, where product water is
evaporated at the catalyst layer and transported to the channel in the
vapor phase [39–42]. The maximum cooling potential via the heat
pipe effect was estimated assuming complete evaporation of product
water at 1.5A cm−2. This gives a cooling power 𝑄𝐻𝑃 of 320mWcm−2,
which was implemented as outgoing heat flux into the channel at the
GDL/channel interface (assuming no prior condensation in the GDL).
This additional cooling power changes the temperature distribution
significantly for S-PET-1, as is shown in Fig. 6 d. The temperature at
the membrane and catalyst layer was reduced by 6 °C, and the high
temperatures observed in the GDL, CL and membrane below the chan-
nel are reduced. Membrane drying and degradation at these elevated
temperatures could be exacerbated which could in-turn affect the cell
durability and lifetime. This is an important factor which should be
considered when designing GDLs with low thermal conductivities. The
GDL temperature at the channel interface is still at around 84 °C. Thus,
the assumption of no condensation inside the structure (considering the
high stoichiometric flow rates used for the differential cell) appears to
be valid. For S-PET-5, with its 10 times higher through-plane thermal
conductivity 𝜅𝑡𝑝, the heat pipe cools the GDL less, as can be seen from
Fig. 6 e. Still, a 2 °C reduction can be achieved in the CL and membrane,
and the GDL/channel interface temperature is also, reduced by 1.5 °C.
Including the heat-pipe cooling flux for the carbon GDL has a negligible
impact on the temperature distribution (cf. Fig. 6f). The temperature
gradient is already too low in the base case (no heat pipe effect) to
drive a significant heat pipe through the GDL [43].

3.4. High-frequency resistance analysis

The high frequency resistance (HFR) includes contributions from
contact resistances, electronic bulk resistances, and the proton resis-
tance of membrane and ionomer. Thus it contains important informa-
tion on the current membrane hydration level, which can be correlated
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Table 5
High frequency resistance (HFR) at 1.5A cm−2 (or the maximum current density
above 0.5V) of the three GDL materials S-PET-1, S-PET-5, and T60 at cold and hot
temperatures (50 °C/80 °C) and dry and wet cathode gas channel conditions (60%
RHC/100% RHC).
𝑇𝑐𝑒𝑙𝑙 RHC S-PET-1 (𝛥T60) S-PET-5 (𝛥T60) T60
[°C] [%] [mΩcm2] [%] [mΩcm2] [%] [mΩcm2]

50 60 69 121 46 47 31
50 100 57 91 42 41 30
80 60 67 84 43 17 37
80 100 52 80 34 15 29

to the membrane temperature. The overall HFR of cells with the three
GDLs is summarized for all operating conditions in Table 5. S-PET-
1 shows for all operating conditions a 70%–100% increased HFR as
compared to the carbon GDL T60, with the lowest recorded resistance.
S-PET-5 exhibits a slightly increased HFR, that is lowest at 80 °C and
100% RHC.

To split the single contributions to the overall HFR, the contact
resistances were approximated from literature values (Makharia et al.)
for a similar Toray GDL/Nafion membrane combination, summing
up to 16.4mΩcm2 [16]. The measured and calculated electronic bulk
resistances for the GDL materials were below 3.3mΩcm2 (reached for
S-PET-1 with the lowest 𝜎𝑡𝑝, cf. Figure S1 a).

Although electronic contact and bulk resistances do not change with
varied operating conditions such as temperature 𝑇𝑐𝑒𝑙𝑙 or cathode gas
humidity RHC, the membrane resistance is strongly dependent on the
local humidity [44]. Furthermore, the contribution from the membrane
is 4 times higher with 12.5mΩcm2 at 100% RH and 80 °C. Even with
the maximum heat pipe cooling, the temperature at the CL for S-PET-1
is 14 °C higher than at the flow field, to which the relative humidity
in the gas channels was set. Therefore, the relative humidity (100%
RHC in the channel, corresponding to a dew-point of 80 °C DPC), is
significantly reduced at CL and membrane. The average membrane
temperature from the simulations including the heat pipe effect was
used to recalculate the relative humidity at the membrane RHmem and
its corresponding resistance. Together with the contributions from con-
tact and GDL bulk resistance, the overall expected HFR was calculated
and is compared in Fig. 7 to the measured values.

At wet conditions, (80 °C, DPC, cf. Fig. 7 a), the calculated values co-
incide well with the measured HFR for all three materials. This strongly
supports the hypothesized heat pipe effect for the woven GDLs, as the
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Fig. 7. Calculated high frequency resistance (HFR) of cells with different GDLs, accounting for the simulated, increased membrane temperature and thereby changed membrane
resistance for dew-points of (a) 80 °C (100% RHC) (b) 73 °C (70% RHC) and (c) 68 °C (60% RHC).
calculated change in temperature accurately describes the increased
membrane resistance at these operating conditions (cf. Fig. 4 and
Table 5). Only for S-PET-5, a slight deviation of 2.5mΩcm2 is observed,
which would indicate a slightly higher membrane temperature (and
lower RHmem). This can be explained by an over-estimation of the heat
pipe cooling for this material. Due to the lower temperature gradient
of +5 °C it is expected, that the heat pipe contributes to the conductive
heat transport, but is not as developed (i.e. 𝑄𝐻𝑃 < 320mWcm−2) as for
the S-PET-1 GDL.

At lower gas dew points of 68 °C DCC (corresponding to 60% RHC,
cf. Fig. 7 c), a larger offset is calculated for all materials, and the
membrane resistance overestimated. However, two contributions can
increase the membrane humidity and thus reduce the estimated re-
sistance: cross-membrane water flow from the anode side, and locally
remaining product water. The humidity of the anode gas stream (RHA)
was constantly at 80%. Therefore, the overall membrane humidity can
be expected to be higher than 60%. Secondly, produced water can also
humidify the membrane instead of being evaporated and transported
to the cathode gas channel. This effect would however reduce the heat
pipe cooling power and thus partially counteracts a higher membrane
conductivity. Figure S5 shows the dependence of the HFR and the
estimated membrane dew-point for the three materials. For S-PET-1 this
indicates a RHmem at the membrane of around 75%/ 73 °C DPmem, that
can also explain the HFR contributions for the other two materials well
(cf. Fig. 7 b). In general, the sensitivity of the membrane on humidity
changes is reduced for S-PET-5 and T60, as the developed temperature
gradients are much smaller for these cases.

3.5. Heat & water transfer mechanisms

In GDLs, heat and water transfer are closely connected. S-PET-1
and S-PET-5, with the identical structure, show stable and similar fuel
cell performance in most conditions. The only differences are found
in cold & wet, and hot & dry conditions, where the 10x times lower
thermal conductivity of S-PET-1 makes the difference. However both
deterministic GDLs significantly reduce mass transport overpotentials
as compared to T60 at saturated conditions, regardless of the operating
temperature (Fig. 5). The different suggested water transport mech-
anisms through the three investigated GDL materials are illustrated
in Fig. 8 and discussed below. The lower GDL thermal conductivity
causes higher catalyst layer temperatures and an RH gradient, as is
also reported by other authors [45]. This temperature gradient enables
a heat pipe effect, that not only cools the cell, but also positively
impacts water transport. At cold conditions (50 °C), S-PET-1 heats up
by more than 10 °C and thus, significantly increases the water vapor
saturation pressure and evaporation. Therefore, most product water can
be transported as vapor to the channel in both dry and wet conditions
(100% RHC). Part of the product water remains in the membrane
and ionomer, which can be seen, for example, in the stable HFR of
Fig. 4 a and b, controlling the ohmic losses of this material (cf. Fig. 8
a). S-PET-5 (at a lower GDL temperature then S-PET-1), shows an
identical performance under cold and dry conditions. Again, most of
the water is transported in the gas phase and the remaining, liquid
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product water is efficiently drained to the channels. Under cold and
wet conditions, the liquid water saturation in the GDL increases due to
condensation, increasing the oxygen transport resistance and reducing
the cell voltage (cf. Figs. 4 b and 5 b). Therefore, S-PET-1 performs
the best at these conditions due to the proposed heat pipe effect. At
low temperatures of 50 °C (regardless of the gas channel humidity), T60
has the worst performance due to mass transport limitations caused by
water accumulation in its stochastic pore space (cf. Fig. 8 a).

For operation under hot and dry conditions, all product water can be
transported in the gas phase and thus, all three materials show a similar
performance. However, the high temperature gradient observed in the
S-PET-1 GDL dries the membrane and therefore, this material shows
the highest ohmic losses and a slightly reduced cell voltage. With an
increase in the humidity of the feed gas during wet operation, this dry-
ing effect is reduced by a higher fraction of liquid product water which
humidifies membrane and ionomer. Thus, S-PET-1 and S-PET-5 show
almost identical performance, which is related to their simple, two-
layered structure. This observation is contrary to previous studies, that
used GDLs with different structures and different 𝜅 (e.g. Owejan et al.),
or simulated GDLs with different thermal conductivities (e.g. Zhou
et al.) and observed much higher performance differences between
their materials [45,46]. Our results indicate that the influence of the
thermal conductivity was overestimated. Some problems of water man-
agement such as liquid water condensation and saturation close to the
catalyst layer can be resolved also with the simpler, two-dimensional
structure which is open to the channel.

Still we conclude, that a lower thermal conductivity (than e.g. T60)
is necessary and highly beneficial, as it enables the heat pipe and in-
creases vapor phase transport. This heat pipe is partially self-regulating,
as it becomes more pronounced with lower 𝜅. (cf. Fig. 7a, Fig. 8b). Even
with just 2% of the thermal conductivity of T60, S-PET-1 still shows a
remarkable fuel cell performance. S-PET-5, with 40% of 𝜅𝑡𝑝,𝑇 60, exhibits
only a 2 °C higher temperature compared to T60. This material still
decreases mass transport losses as compared to the stochastic material
and exhibits superior performance at most of the investigated operating
conditions.

4. Conclusions and outlook

The presented study used a bottom-up approach to design GDL
materials with different thermal conductivities retaining an identical
structure, so the influence of the thermal properties can be studied
without cross-effects of different structures. This unique property was
used to compare the performance of two woven GDL materials (S-
PET-1 and S-PET-5) with identical structure but an order of magnitude
different thermal conductivity.

The woven fabrics have a simple, two-layered design, that com-
prises only one layer of pore throats and leads to an efficient water
transport, as reported before. The higher temperature gradient for low-
𝜅 GDLs drives a partially self-regulating heat pipe effect, which not
only enhances vapor phase water transport but also cools the cell.
Thus, both S-PET materials with largely different thermal conductivities
exhibit similar performance at most operating conditions, surpassing
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Fig. 8. Illustration of water transport and accumulation through the three different GDLs in (a) cold (50 °C) and (b) hot (80 °C) conditions. Dark blue droplets indicate liquid
water, the light blue lines water vapor. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
the performance of a conventional carbon GDL (with 𝜅𝑡𝑝,𝑇 60 close to S-
PET-5). This stands partially in contrast to previous studies, where the
role of the thermal conductivity was overestimated and no effect of the
GDL microstructure was proposed. Therefore, the thermal conductivity
alone should not be the decisive criterion for future GDL materials. Still,
heat and water transport are tightly connected by the proposed heat
pipe effect: lower thermal conductivity increases vapor phase transport,
enables the proposed heat pipe effect, and causes the difference at cold
and wet operating conditions.

Commercial fuel cells include an MPL on top of the GDL, that
is hypothesized to improve performance under wet conditions due
to a similar heat pipe effect, but also, introduces a new diffusion
barrier, increasing mass transport losses under dry conditions. Based
on the results of this paper we hypothesize, that optimizing the thermal
conductivity and the structure of the woven GDLs could be functionally
equivalent to commercial GDLs with hydrophobic MPLs while reducing
the diffusion length and hence, mass transport losses.
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