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HIGHLIGHTS

e Operando evaporative cooling analysis in a technical single cell.

e Evaporation is saturation limited at low and transport limited at high gas speed.
o Counter-flow is identified as optimal arrangement for evaporative cooling.

o Sufficient membrane humidification is provided by evaporative cooling.

e The performance is comparable to conventional cooling with humidified gases.

ARTICLE INFO ABSTRACT

Keywords: Evaporative cooling has the potential to reduce stack and system volume of polymer electrolyte fuel cells by up to
Polymer electrolyte fuel cell 30% and to cut costs significantly by simplifying the multi-layered structure of bipolar plates and eliminating the
PEFC . . need for external humidification.

EZ??;;:;iizzOlmg This study provides an experimental proof of concept by analyzing the evaporation behavior, cooling power,

internal humidification, electrochemical performance and operational stability of evaporative cooling under
technical cell boundary conditions. Isothermal in situ as well as operando studies are carried out in an evapo-
ratively cooled fuel cell (15 cm? active area, 80 °C, ambient pressure). Relative humidity boundary conditions
imitate the inlet, center and outlet of a technical cell.

Main findings show that the evaporation rate is saturation limited at low gas velocities, whereas it is transport
limited at higher gas speed. Operando measurements prove that evaporative cooling works at a technical cell
level with multiple water supply lines. The entire waste heat is removed and sufficient membrane humidification
is achieved when dry inlet gases are used. Furthermore, it is shown that optimal performance is achieved in a
counter-flow arrangement. The observed electrochemical performance is comparable to conventional cooling
with humidified gases at inlet, center and outlet of the cell.

Operando experiment
Proof of concept

capabilities [7]. Additionally, hydrogen as fuel enables high mileage and
fast refueling [8,9].

1. Introduction

Polymer electrolyte fuel cells (PEFC) are recently gaining increased
momentum in the automotive industry [1-4]. Especially in medium and
heavy-duty transport applications, they are a viable alternative to in-
ternal combustion engines and battery powered drivetrains. PEFCs
provide high volumetric and gravimetric power densities [5,6], system
efficiencies above 60% [3], fast start-up times [2] and decent cold-start
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However, to achieve a significant market share, several key perfor-
mance indicators (e.g., dynamic behavior, efficiency, durability, power
density and cold-start performance) need to be further improved [10].
Moreover, the continuous peak power of fuel cell systems in transport
applications is still limited by the heat rejection to the environment and
external humidification is required at elevated operating temperatures
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to ensure a sufficiently high ionic conductivity of the polymer electro-
lyte membrane [11]. Furthermore, fuel cell system costs need to be
further reduced from 45 USD/kW, (2015 status, projected for 500,000
units/year) [12] to 30 USD/kWy or lower [10].

The conventional cooling system of polymer electrolyte fuel cells
contributes significantly to stack and system mass, volume and cost.
Evaporative cooling is a promising cooling and humidification concept
for PEFCs. It shows the theoretical potential to reduce system mass and
volume by up to 30% by eliminating the complex, multi-layered struc-
ture of bipolar plates as well as the need for external humidification [13,
14]. This, in turn, contributes to significant volume savings and cost
reductions.

All evaporative cooling approaches have in common that a liquid
(usually water) is fed to the fuel cell stack. It is either supplied to porous
flow fields or bipolar plates [15-19], to additional devices or layers
[20-23] or it is directly injected into the gas supply [24-27]. This,
however, increases the complexity of bipolar plates or the cell and stack
design in state-of-the-art evaporative cooling concepts. The stack is
cooled by the latent heat, which is consumed during the phase change of
water. Typically, the water vapor is removed with the exhaust gas.

The PSI evaporative cooling approach, presented by Cochet et al.
[28], however, aims at reducing the complexity of bipolar plates.
Therefore, a gas diffusion layer (GDL) with a mixed hydrophobic and
hydrophilic pattern [29-33] is used. Liquid water is supplied with one or
more water channels that are located in the anode flow field. The water
is distributed within hydrophilic lines in the GDL, evaporates into the
gas channel and thereby cools and humidifies the cell. Applying this
concept does not require an additional layer and thus the complexity of
the MEA is not increased.

Several numerical studies [13,34-39] presented in literature have
analyzed evaporative cooling on material, cell, stack and system level.
These studies coherently highlight the advantages and the high theo-
retical potentials of evaporative cooling for polymer electrolyte fuel
cells. These include an improved humidification of the membrane,
eliminating the need for an external humidifier, simplifying the struc-
ture of the bipolar plates and thus significant mass, volume, and cost
saving potentials, respectively. A detailed literature study on numerical
investigations of evaporative cooling can be found in our previous work
[13,39].

Additionally, experimental studies of evaporative cooling have been
conducted at material, cell, stack and system level and the phase change
as well as the transport of water in GDLs has been studied extensively
[40-46].

An evaporative cooling concept based on liquid water injection into
the cathode air stream has been studied by Hwang and Kim [25] as well
as by Choi et al. [24]. Both studies analyzed the humidification and
cooling potential of liquid water injection by an external-mixing air--
assist atomizer. They concluded the effectiveness of the technique for
cooling and humidification purpose.

The PSI evaporative cooling approach has been analyzed so far on
differential single cell level in our previous studies. Cochet et al. [28]
used neutron radiography to visualize the water transport in an evapo-
ratively cooled differential single cell with an active area of 4.4 cm?. In
situ experiments with a patterned GDL, fed by one water channel were
conducted and the total heat flux was measured with heat flux sensors.
The importance of the contact surface between water and gas flow and
the impact of pressure, temperature, mass flow rates as well as the
pattern of the hydrophilic lines, on the evaporation rate was analyzed
using a simplistic 1-D model.

In a second study, Cochet et al. [47] measured operando performance
data, accompanied by neutron imaging, under differential cell condi-
tions. Only a slight performance decrease was reported compared to
conventional cooling. Furthermore, positive effects of evaporative
cooling on membrane humidification were observed.

Despite the number of numerical and experimental studies, there are
still several challenges which have to be overcome. These include but
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are not limited to: operational stability, inhomogeneous temperature
and humidity distribution, freeze start capability, amount and quality of
recovered water from the exhaust gas as well as the potential risk of
enhanced cell degradation due to the increased relative humidity and
temperature. Observed limitations of the evaporative cooling approach
are discussed in detail in section 3.4 as well as in our previous work [13].

Additionally, literature has not provided insights into the evapora-
tion behavior, cooling performance, internal humidification, electro-
chemical performance as well as operational stability of evaporative
cooling under technical cell boundary conditions (i.e., non-differential
operating conditions and thus changing relative humidity, reactant
partial pressures, and temperature along the channel) yet.

Therefore, this work aims at providing a proof of concept for evap-
orative cooling with patterned GDLs under the boundary conditions of a
technical single cell. In this study, we focus on the impact of the relative
humidity changes along the channel, since the local water vapor partial
pressure shows the strongest impact on evaporation and thus cooling
performance. Temperature variations are not taken into account since a
more homogeneous temperature distribution is expected with evapo-
rative cooling (assuming an optimized GDL pattern). Furthermore, the
small gradient in oxygen and hydrogen partial pressure along the
channel has been neglected. The analyses are carried out at ambient
pressure, due to the enhanced stability of evaporative cooling under
these conditions. However, Cochet et al. [47] have shown that evapo-
rative cooling also works at enhanced operating pressure but requires a
more sophisticated control of the water pressure.

For this, a new 100 cm? fuel cell platform, which allows evaporative
cooling under isothermal boundary conditions, was developed. New
insights into the evaporation phenomena in the large cell are gained
from in situ experiments with a 15 cm? active area and patterned GDL,
fed by multiple water supply lines. The reduced GDL size allows for
analyzing cooling power, internal humidification and electrochemical
performance during operando fuel cell experiments at 80 °C at different
simulated locations (inlet, center, outlet) in the large cell without
complex local sensor instrumentation.

2. Experimental

In this study, in situ as well as operando experiments are carried out in
a 100 cm? technical single cell (36 gas and 5 water channels) where the
active area was restricted to about 15 cm?. The water supply through 5
parallel water channels as well as the selected RH boundary conditions
allow to extrapolate the results to a technical cell size, even though
slight deviations are expected due to variations in temperature and ox-
ygen partial pressure as well as due to enhanced edge effects with the
smaller active area.

2.1. Experimental setup

2.1.1. Test station

All experiments presented in this study were performed on a custom-
made test station. The cell temperature is controlled with a CC415
thermostat (Peter Huber Kaltemaschinenbau AG, Germany) and a
ZS3606NV electric load (Hocherl & Hackl GmbH, Germany) is used to
record polarization curves. Gas flows are controlled by 5851S flow
controllers (Brooks Instrument LLC, USA) and the supply lines are
heated 5 °C above cell temperature with H3406 heating tubes (Horst
GmbH, Germany) to avoid condensation. Relative humidity (RH) at the
cell inlet is controlled with W-202A-220-K controlled evaporative
mixers (CEM, Bronkhorst USA LLC, USA) and the dew point at anode and
cathode outlet is measured with a HMT-317 dew point transmitter
(Vaisala AG, Finland). Temperature as well as pressure is measured
upstream and downstream of the cell with type K thermocouples (Bax
Engineering GmbH, Germany) and PAA-33X absolute pressure trans-
mitters (Keller AG, Switzerland). High frequency resistance (HFR) is
measured with a model 3566 AC milliohm-meter (Tsuruga Electric



M. Striednig et al.

Corp., Japan) at 1 kHz. Deionized water for evaporative cooling is
supplied with a model 110 syringe pump (kdScientific Inc, USA) and the
water pressure is controlled with a riser column, which is also used to
calculate the evaporation rate during in situ experiments by monitoring
the level change over time. All sensors as well as the flow controllers
have been calibrated prior to the series of experiments. The test station
automation as well as data acquisition is based on NI SCXI-1000 hard-
ware and LabVIEW™ 2018 (National Instruments Corp, USA).

2.1.2. Test cell

A custom-made test cell, which enables the supply of liquid water for
evaporative cooling, has been designed for the in situ as well as the
operando experiments. The setup is capable to hold several fuel cells
(multi-cell or short stacks), however, for this study only one cell has
been used. Furthermore, the design allows liquid cooling/heating to
perform isothermal experiments. The cell is compressed with 8 screws
(M8) which are tightened with a torque of 15 Nm (lubricated with PTFE
spray) to provide a surface pressure of 2 MPa. Two identical graphite
(BMAS graphite composite, Eisenhuth GmbH & Co. KG, Germany) flow
fields with 36 parallel gas channels (0.8 x 0.4 mm?) and 5 water
channels (0.8 x 1.5 mm?) are used. For the in situ experiments,
aluminum prototype flow fields with identical geometry are used. They
provide higher mechanical stability, which is beneficial for repetitive
cell assemblies, while their chemical stability is sufficiently high for
experiments without electrochemical reactions. The gas supply manifold
was designed with computational fluid dynamics (CFD) support in order
to guarantee the same pressure drop for all channels. The membrane-
electrode-assembly (MEA) is located in the center of the cell (see
Fig. 1a, position ii) to ensure a developed gas flow as well as an equi-
librium of gas temperature and cell temperature. Moreover, 0.8 mm
thick polyolefin gaskets (Ice Cube, Freudenberg FST GmbH, Germany)
are used to seal the cell.

2.1.3. Materials

Membrane-electrode-assemblies (MEA) with an active area of about
15 cm? (65 x 23.1 mm?) were produced by hot-pressing cut-outs of Gore

a) Cross-section

c) In situ setup

b) Operando setup

cathode cathode

= () — =

anode anode
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Primea™ A510.1/M815.15/C510.4 (0.4 mg/cm? Pt loading at the
cathode and 0.1 mg/cm? Pt loading at the anode, W.L. Gore and Asso-
ciates, USA) catalyst coated membranes (CCM) with two 12.5 pm thick
PEN sub-gaskets (Goodfellow Cambridge Ltd., UK) on a 3856CE hotpress
(Carver Inc, USA) for 5 min at 140 °C and 2 MPa. To align the different
layers, hotmelt adhesive (Co-Polyamide Web, Abifor GmbH, Germany)
was used outside the active area.

Fig. 1b shows the operando setup, whereas Fig. 1c indicates the in situ
setup. At the cathode, Freudenberg H14C10 GDLs with MPL (6) were
used. At the anode, different GDL combinations were used for in situ and
operando experiments. It can be seen that both setups include a modified,
patterned Toray TGP-H-060 GDL (3) which has been treated according
to the procedure described below to produce a hydrophobic and hy-
drophilic pattern (approx. 500 pm hydrophilic line width and 950 pm
hydrophobic spacing). The hydrophilic lines, are oriented perpendicular
to the channels to distribute the water across the entire active area (see
Fig. 1a). For both setups, a Freudenberg H14C10 GDL with MPL (2) was
used towards the CCM to prevent the anode catalyst layer from flooding
with liquid water from the hydrophilic lines.

In situ setup: For the in situ experiments, in addition to the patterned
GDL, a Freudenberg H14C10 GDL with MPL with five 0.5 x 20 mm?
laser slits (4) above the water channels has been used to inhibit water
breakthrough from the water channels into the gas channels. Addi-
tionally, the CCM of the cell has been replaced with a vapor tight
polymer (1) (PEN, 25 pm, Goodfellow Cambridge Ltd., UK) to limit the
evaporation to one side of the cell (see Fig. 1c).

Operando setup: For the operando measurements, the H14C10 GDL
with laser slits towards the gas channels was replaced by a Freudenberg
H14i4 GDL without MPL (4) to increase the diffusive flux of water vapor
through the GDL (see Fig. 1b).

The compression of the GDLs is controlled at 20% by introducing
spacers made of PTFE coated glass fibers (Fiberflon GmbH, Germany).
The uncompressed thickness of each GDL has been determined at 5
positions with a MarCator 1075R gauge (Mahr GmbH, Germany) and
subsequently been averaged. The compressibility of the spacers was
estimated with 7% at 2 MPa according to literature [48].

Fig. 1. a) flow field design with 36 gas channels
(green), 5 water channels (orange), polyolefin
gasket (blue) and indications for measurement po-
sitions (i-iii); b) cross-section of operando setup; c)
cross-section of in situ setup (evaporation only). (1)
CCM or PEN foil, (2) anode GDL with MPL, (3)
patterned GDL, (4) hydrophobic water break-
through inhibitor, (5) flow field, (6) cathode GDL,
(7) laser slits, (8) hydrophobic spacer. (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article).

50 riser column

TTTTTITTTTTTTIITTTIT

o syringe pump
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Patterned GDL preparation: Commercial Toray paper (TGP-H-060,
thickness of 190 pm, 78% porosity) was cleaned with ethanol, dried in a
vacuum oven at 1 kPa before use and the dry weight was determined
gravimetrically as mo. FEP dispersion (FEPD121, 55 wt% FEP, Dupont)
was diluted with 0.95 parts of ultrapure water per dispersion to yield (70

+ 1.5) wt% of FEP coating. Dip coating method was used to deposit a

thin layer of FEP to the carbon fiber surface for hydrophobicity treat-
ment and to further modify the wettability by radiation grafting as re-
ported in our previous work [29]. The GDL was immersed into the
diluted FEP dispersion for 60 s, followed by the water evaporation
procedure and a FEP sintering process described in the work mentioned
above. Following that, the mass of the coated sample was taken as m,.
Coating load (C%) was calculated as follows:

c — My

cw=" e}

my

The sample was then exposed to an electron beam in air (EBLab 200,
Comet AG, Switzerland) using a 2 mm thick stainless steel mask
patterned with 500 pm lines (electron-exposed region) and 950 pm
spacing (electron-blocking region) to produce free radicals. The radia-
tion was accelerated at 200 kV with a dose rate of 50 kGy. After bubbling
with nitrogen for 1 h, the sample was grafted with pure N-vinyl-
formamide (98%, Sigma-Aldrich) under nitrogen at 70 °C for 1 h. Only
electron-exposed regions with free radicals were grafted to be hydro-
philic during the process, while the blocked regions remain hydropho-
bic. After grafting, the GDL was cleaned with 300 mL of ethanol,
isopropanol and water flowing through. After drying at 1 kPa and 60 °C,
the weight of the samples (mg) was measured.

2.2. Data analysis

The evaporation rate has been determined differently for the in situ
and operando experiments. During the in situ experiments, the change in
the water level in the riser column Ah was monitored over time t. With
the diameter of the riser column d, the volumetric evaporation rate can
be determined as follows:

_ d&rhh

o=y (2

The water level is determined with a precision ruler (0.5 mm scale)
with a total uncertainty u,;, of +0.5 mm (+0.25 mm at top and bottom
measurement) and the uncertainty of the manual timing u, is approxi-
mated with 0.1 s. Note: Whenever the term uncertainty is used, it in-
dicates standard uncertainty according to reference [49]. The diameter
of the tube was selected such that Ah > 10 mm and t > 20 s, to limit the
uncertainty of the evaporation rate uy, . The uncertainty of the tube
diameter d is neglected, since calibrated tubes and pipettes were used.
Thus, the uncertainty of the evaporation rate uy, can be calculated ac-
cording to eq. (3) [49].

Ve, av,

Uy = Saptan+ T&vul 3

However, this method was not suitable for the operando measure-
ments, since evaporation rates were less stable over time. Therefore, a
method based on the measured dew point temperature at cathode Tg)
and anode outlet T was applied. Assuming that the product water riy; ,
exits the cell exclusively at the cathode and neglecting hydrogen as well
as nitrogen crossover, the molar evaporation rates at anode r, and
cathode ri;; can be determined as follows:

Dan.uul jA
san __ _-anout sanjin H,O -an,in act -an,in
Moy =My0 ~ M0 =7 anout | MH, ~ y,0 C))
1 2F
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with the molar flowrates of water vapor at anode inlet and outlet (riy, 5,

-an,out scain _-ca,out

Ty, o ) respectively cathode inlet and outlet (riy)g, Ty ), the molar
water production rate riy),, molar fraction of water vapor at anode and

an,out _ ca,out

cathode outlet (v45,5", 1y, ), the molar flowrates of hydrogen at anode

-an.in in

inlet riy" and oxygen as well as nitrogen at cathode inlet (rig,, ri}\'}z),
current density j, active Area A, and Faraday constant F. The detailed
derivation can be found in the supplementary information.

Note: Since liquid water is only introduced at the anode in the
investigated concept, the cathode evaporation rate ri, is therefore a
measure for the water transport through the MEA by diffusion and
electro-osmotic drag.

The molar fraction of water vapor vy,o at anode and cathode outlet
have been calculated based on the measured dew point temperature Tq,
and total pressure py, as follows (coefficients A, B and C are discussed in
the supplementary information):
Pu0 10A7ﬁ
Prot h Prot

Un,0 = (6)
Molar flow rates of hydrogen, oxygen and nitrogen are controlled by
flow controllers whereas the molar flow rates of water vapor at cell inlet
are controlled by the CEMs.
Since the uncertainty in dew point temperature ur,, is expected to be
dominant, the uncertainty of the evaporation rate u,;, is estimated as
follows:

a'liev
Wi, = deurdp (@]

The volumetric evaporation rate V., can be calculated with the molar
mass of water My,o and the density of liquid water at 25 °C, py,, as
follows:

_ rievMHzO

Vey 6)

Pu,0
During the measurement of polarization curves the above mentioned
quantities as well as cell voltage and current density were averaged over
30 s after a holding period of 300 s.

The waste heat of the cell Q,;, has been estimated as follows:

Own = (Elh - Ecc]])'J (C)]

with thermal voltage Ey,, measured cell voltage E. and current J.

The thermal voltage is calculated according to equation (10). Due to
the low impact in the relevant operating range (<100 °C), the temper-
ature dependence of the thermal voltage is neglected.

AHYT)  AHR®
Ep=——— 2~ ———

F F ~1.25V (10)

With the temperature dependent enthalpy of reaction AH®(T), number
of transferred electrons z, Faraday constant F and standard enthalpy of
reaction AHRO,

2.3. Experimental procedures

For the in situ evaporation analysis temperature, gas type as well as
flowrate have been varied. Table 1 gives an overview of the investigated
operating conditions.

For the operando analysis, measurements were conducted at ambient
pressure and with isothermal boundary conditions at 80 °C cell tem-
perature. In order to simulate a differential element at cell inlet, center
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Table 1
In situ operating conditions.

Temperature 40, 60, 80, 90 °C
Gas Type Nitrogen, Hydrogen
Pressure Ambient Pressure

Volumetric gas flowrate 0.3 to 2 SCCM

and outlet (see Fig. 1a), a stoichiometric ratio of 10 was used at cathode
and anode with a minimum flow of 0.3 SCCM. This is equivalent to a
stoichiometric ratio of 1.5 if the entire active area of 100 cm? of the cell
would have been used. Pure hydrogen is supplied at the anode and air at
the cathode. Additionally, the relative humidity boundary conditions
have been set to mimic the following three use cases:

1) Conventional cooling in a counter-flow arrangement with humidi-
fied gases

2) Evaporative cooling in a co-flow arrangement with dry gases

3) Evaporative cooling in a counter-flow arrangement with dry gases

Table 2 gives an overview of the RH boundary conditions for the
respective test cases.

Conventional cooling counter-flow: External humidification is
assumed at the cathode as is the recirculation of humid hydrogen at the
anode. Therefore, a relative humidity boundary condition of 50% is set
at anode and cathode inlet whereas full humidification (100% RH) is
assumed at the respective outlet. In the center of the cell an intermediate
relative humidity of 75% is estimated for hydrogen and air. The
assumption of saturated outlets as well as a non-linear increase of the
relative humidity along the channel is in line with simulation data
provided by Grimm et al. [50].

Evaporative cooling co-flow: Both evaporative cooling arrange-
ments assume the supply of dry gases at the cell inlet and a linear
relative humidity increase along the channel (i.e., optimized GDL
pattern, see section 3.4). In the co-flow arrangement, dry hydrogen (0%
RH) and dry air (0% RH) are supplied at the same side of the cell, leading
to a parallel increase in humidity along the cell. A relative humidity of
50% is assumed for hydrogen and air in the center of the cell whereas
90% RH is assumed at the cell outlet.

Evaporative cooling counter-flow: In the counter-flow arrange-
ment, the dry gases are supplied at the opposite side of the cell. This
yields a humidified cathode gas (90% RH) at the dry anode inlet (0%
RH) and vice versa. At the center of the cell a relative humidity of 50% is
assumed for hydrogen and air.

3. Results and discussion
3.1. Evaporation behavior and corresponding cooling power

First, the general water evaporation behavior from the hydrophilic
lines in the patterned GDL, fed by multiple water channels, as function of
dry gas speed, operating temperature and carrier gas is of interest, which
also allows the determination of the achievable specific cooling power.
This is straightforwardly assessed in a non-operated cell configuration to
avoid interference with electrochemically produced water and trans-
membrane water transport due to electro-osmotic drag and diffusion.

Table 2

Journal of Power Sources 556 (2023) 232419

Gas velocity dependence of the evaporation rate: Fig. 2 shows the
measured evaporation rates and the corresponding calculated cooling
power densities (square markers) at 80 °C, ambient pressure and with
dry nitrogen as a carrier gas. A linear increase is observed at lower gas
speeds, whereas the gradient decreases with increasing gas speed and
almost plateaus at high velocities. This effect is attributed to the change
in the evaporation regime, or more precisely the mass transport regime
of water vapor. At low gas speeds (blue area), the evaporation rate is
only limited by the saturation of the carrier gas in the gas channels (blue
line). Evaporation kinetics and diffusive transport of water vapor
through the GDL and boundary layer in the gas channels are fast,
compared to the convective gas flow. At higher gas speeds (red area),
however, these transport phenomena become limiting and are therefore
the determining step for the overall evaporation rate. Similar effects
were observed in prior work in small imaging cells (active area: 0.1 cm?)
[46] with non-modified GDLs and in differential cells with patterned
GDLs with a single water supply line (active area: 4.4 cm?) [28]. More
detailed interpretations of the occurring phenomena, supported by
two-dimensional water vapor transport simulations, can be found in our
previous work [46].

The data presented in Fig. 2 confirms that these effects also occur on
the larger cell scale with multiple water supply lines. Furthermore, it can
be seen that a linear correlation between evaporation rate and gas speed
is only given up to 0.3 m/s at 80 °C. The corresponding calculated
cooling power densities show that in the linear regime, the evaporation
rate is too small to remove the estimated waste heat of the cell (dashed
line) at a typical operation point of 1 A/cm? (and 0.6 V). Therefore, an
increased temperature or an enhanced water vapor transfer through the
membrane along the cell is required to remove sufficient heat.

Temperature dependence of the evaporation rate: It is important
to understand the temperature dependence of the evaporation rate.
Fig. 3 presents the impact of temperature (40-90 °C) on the evaporation

o~
§ 4 = s, N, [T I I I = e
E 40 Saturation — 150 g
=35 | — 1.32 §
5 -

3 30 | . transport limited P
< saturation -
o 20 [Climited P 2
= -
S~ S I
8 15 = - - waste heat — 0.56 g)
210 — A — 038 3
S 5 [ —{ 019 §
g o I Y I N N 0.00

L

00 02 04 06 08 10 12 14 16

Gas Speed in m/s

Fig. 2. Measured evaporation rates and calculated areal cooling power den-
sities over gas speed (blue squares) as well as calculated saturation limited
evaporation rate (blue line). In situ experiments at 80 °C, ambient pressure and
dry nitrogen as carrier gas. Estimated waste heat at 1 A/cm? (assumed cell
voltage: 0.6 V) shown as grey dashed line. Saturation limited region at low gas
velocities (blue) and transport limited regime (red) at gas speeds above 0.3 m/s.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article).

Relative humidity boundary conditions for three different configurations at three cell positions.

Configuration Cell Inlet (i)

Cell Center (ii) Cell Outlet (iii)

Anode RH Cathode RH Anode RH Cathode RH Anode RH Cathode RH
Conventional Cooling: 50% 100% 75% 75% 100% 50%
Counter-Flow (1)
Evaporative Cooling: Co-Flow (2) 0% 0% 50% 50% 90% 90%
Evaporative Cooling: Counter-Flow (3) 0% 90% 50% 50% 90% 0%
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Fig. 3. In situ evaporation rates and calculated areal cooling power densities at
ambient pressure and different operating temperatures between 40 and 90 °C.
Nitrogen (square markers) or hydrogen (triangular markers) has been used as
carrier gas. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article).

rate and cooling power. First, an over-proportional increase in evapo-
ration rate with temperature is observed. This is mainly attributed to the
non-linear nature of the saturation pressure which increases with tem-
perature and thus allows a higher water vapor concentration and thus
evaporation rate. Additionally, the diffusivity of water vapor in the
carrier gas increases with higher temperature and thus allows a faster
transport of water vapor through the GDL and the boundary layer in the
gas channel. In our previous work [46], we have observed that the
evaporation rate follows the saturation limitation to higher gas veloc-
ities at higher temperatures. This effect is less pronounced in Fig. 3 and
the evaporation rates at 90 °C even show an exception to this behavior:
The evaporation rate deviates earlier from the saturation limitation and
is generally lower than expected. We hypothesize that this behavior is
caused by a limited stability of the water supply due to an increased
formation of vapor bubbles in the GDL and water supply channel at high
temperatures and high evaporation rates. Furthermore, we hypothesize
that a temperature gradient between the heated endplate and the actual
evaporation zone is leading to a lower temperature at the water/gas
interface and thus reduces the evaporation rate. With the highest heat
fluxes, this influence is most noticeable at 90 °C.

Calculating the cooling power at 90 °C reveals that a waste heat of 1
W/cm? can be removed at gas speeds above 0.7 m/s. However, since
90 °C is considered the limit for continuous operation for state-of-the-art
perfluorosulfonic-acid (PFSA) membranes and limitations regarding the
operational stability are observed, it is important to investigate the
impact of the carrier gas to further increase the evaporation rates at
lower operating temperatures.

Carrier gas dependence of the evaporation rate: With hydrogen
as carrier gas (Fig. 3, triangular markers), it is observed that the evap-
oration rates follow the saturation longer than with nitrogen, which is
explained by the higher diffusivity of water vapor in hydrogen compared
to nitrogen. Additionally, this leads to a higher level of the plateau at
high gas velocities. At 80 °C, the max evaporation rate in hydrogen is
about 30% higher than in nitrogen. Further, it can be seen that the
corresponding cooling power exceeds 1 W/cm? considering only evap-
oration into the gas channels on one side of the cell. However, at 80 °C,
this is achieved at gas speeds and thus stoichiometric ratios, which are
considered too high for an efficient operation at system level. See our
previous work [39]. Therefore, an increased water vapor transfer
through the membrane is required along the gas channels to achieve
sufficient cooling power at lower stoichiometric ratios. Furthermore, the
results have to be substantiated during operation.
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3.2. Fuel cell performance and humidification

In order to analyze the evaporation rates and cooling performance in
a full cell, operando measurements were performed. Fig. 4 compares the
performance of evaporative cooling in three different operating ar-
rangements: 1) conventional operation counter-flow, 2) evaporative
cooling co-flow and 3) evaporative cooling counter flow at a) cell inlet
(anode inlet) b) center and c) cell outlet (anode outlet). The different
positions and operating modes are emulated by choosing suitable RH
boundary conditions for the reactant gases. The operating conditions are
set for each test case according to Table 2.

The conventional cooling test case in counter-flow arrangement
(black squares) serves as the base case. External humidification at the
cathode and recirculation of humid hydrogen at the anode is assumed.
Fig. 4 shows a slightly different performance for the base case (0.7-0.8
A/cmz; ca. £8% at 0.6 V) at the different cell positions. This effect is a
bit smaller compared to literature values (<+15% reported in a
modelling study by Gu et al. [51]). We attribute this to the neglected
change in oxygen partial pressure that occurs along the channel in a
technical cell. However, since this effect occurs for all presented con-
cepts, the results still remain comparable. The generally lower perfor-
mance compared to state-of-the-art materials and conditions is mainly
explained by the ambient pressure operation. Furthermore, the HFR is
similar at the three positions (80-90 mQcem?). We attribute the
comparably high HFR to the multi-layer GDL structure at the anode with
increased contact resistances.

The fuel cell performance for the three operating modes shows the
following characteristics at cell inlet, center and outlet:

Cell inlet: At the cell inlet (Fig. 4a) evaporative cooling in the
counter-flow arrangement (blue triangles) performs similar to conven-
tional, humidified operation (black squares). This is explained by the
high saturation of the air at the cathode outlet, which is also reflected by
a similar HFR. Evaporative cooling in the co-flow arrangement (red
circles) shows a similar performance at lower current densities (<0.5 A/
cm?). At higher current densities, however, the polarization curve shows
a steeper gradient which is attributed to a significantly increased HFR at
the dry cell inlet (both gases dry). Additionally, it can be observed that
the HFR of the co-flow evaporative cooling arrangement increases with
increasing current densities. RH measurements at the outlet (presented
in the supplementary information) indicate that the anode is fully
saturated over a wide range of current densities, whereas the cathode
shows generally a lower humidity level and seems to dry out with higher
flowrates at higher current which can explain the increase in HFR.

Cell center: At the center of the cell (Fig. 4b), a similar performance
is observed when comparing the conventional cooling (black squares)
with evaporative cooling in co-flow (red circles) and counter-flow
arrangement (blue triangles). Even though, the HFR of both evapora-
tive cooling concepts is slightly higher in comparison to conventional
cooling, a slightly better performance is observed, which might be
attributed to a higher oxygen partial pressure due to the slightly lower
RH conditions.

Cell outlet: At the cell outlet (Fig. 4c), evaporative cooling in the
counter-flow configuration (blue triangles) shows a similar or even
slightly better performance than conventional cooling due to the high
saturation of the anode outlet. Further, no significant difference in HFR
is observed. At the cell outlet also evaporative cooling in the co-flow
arrangement (red circles) shows a similar performance over a wide
range of current densities and an even lower HFR. This is explained by
the high humidification levels (90% RH) of hydrogen and air at anode
and cathode outlet. However, at highest current densities the perfor-
mance deviates and the HFR suddenly drops. This might indicate an
unstable water supply and thus the presence of too much liquid water in
the cell, which, in turn, leads to increased mass transport losses.

Based on the results presented in Fig. 4, we draw the conclusion that
evaporative cooling works under technical cell conditions and it per-
forms best in a counter-flow arrangement, since similar to conventional
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cooling, too dry and too humid conditions are avoided.

3.3. Operando evaporative cooling performance

To gain further insights into the evaporation process in an operating
cell, the corresponding evaporation rates have been determined under
cell inlet, center and outlet conditions for the counter-flow arrangement.
Evaporation rates and cooling performance have been calculated from

cell outlet according to equations (4) and (5) given in the experimental

section (see above).

Fig. 5 shows evaporation rates at cathode and anode as well as the
concurring heat fluxes for evaporative cooling in the counter-flow
arrangement. Again, the subfigures indicate the different positions at

the water injection rates at cell inlet and the dew point measurements at
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cell inlet (a,d), center (b,e) and outlet (c,f). The following evaporation
characteristics were determined:

Cell inlet: At the cell inlet (Fig. 5a), it can be observed that the major
share of evaporation happens at the anode (red squares). At the cathode
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Fig. 5. Evaporation rates and areal cooling power density at a) cell inlet, b) center and c) outlet at the anode (red squares) and the cathode (blue circles). Subfigures
d to f show the total cooling power density (cathode and anode combined, green squares) as well as the calculated waste heat of the cell ((Ey — E.er)- j, black circles)
at inlet, center and outlet. Operating conditions: 80 °C, ambient pressure, Ho/air, stoichiometric ratio 10 at cathode and anode and RH according to Table 2. (For
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(blue circles) no evaporation takes place except for a slight increase at
highest current densities. This is obvious, since the anode inlet is dry
(0% RH) and the counter-flow cathode is well-humidified (90% RH) in
this case. Further, it can be seen that the evaporation at the anode is
limited by the saturation of the gas stream which is indicated by the
linear increase in evaporation rate with current density and thus with
gas velocity due to the constant stoichiometry. RH measurements (pre-
sented in the supplementary information) show full saturation for the
anode over the entire current density range.

Cell outlet: At the cell outlet (Fig. 5¢), the behavior is opposite. The
hydrogen at the anode is close to saturated (90% RH) whereas the air at
the cathode is dry (0% RH). It can be seen that the evaporation exclu-
sively takes place at the cathode (blue circles). However, compared to
the cell inlet (Fig. 5a) the evaporation rate shows a logarithmic course
with current density and gas velocity. This clearly indicates a transport
limitation (see discussion of Fig. 2), since the water from the hydrophilic
lines in the anode has to be transported through the CCM and then
diffuse through the cathode gas diffusion layer to be removed with the
cathode gas.

Cell center: In the center of the cell (Fig. 5b), evaporation takes
place at anode (red squares) and cathode (blue circles) concurrently,
though the evaporation at the anode is prevailing. It can be seen that at
the anode the evaporation is still limited by saturation (linear course of
evaporation rate with current density) whereas the evaporation towards
the cathode is transport limited. However, the logarithmic behavior is
less pronounced as compared to the cell outlet. At high current densities,
the evaporation rate at the anode suddenly drops, which indicates an
unstable operation of evaporative cooling. We hypothesize that the
increased gas pressure (due to the increased pressure drop at high cur-
rent densities) pushed liquid water out of the hydrophilic lines. Due to
the stochastic morphology of the GDL, slight and random differences in
water saturation can limit the stability of the water supply. This might
explain why the effect only occurred in this measurement series.
Nevertheless, it is worth mentioning that controlling the capillary
pressure is key for a stable operation under evaporative cooling
conditions.

Note: The constant evaporation rates at all positions at low current
densities are given by the constant minimal gas flow rate of 0.3 SCCM.

Sub-figures d to f in Fig. 5 present the total evaporation rate
expressed as heat flux (sum of cathode and anode evaporation rates,
green squares) and the waste heat of the cell (black circles). It can be
observed that the cooling power is highest at the inlet (above 2.5 W/
cm?) due to the high, saturation-limited evaporation at the anode.
Further, it can be seen that the cooling power is lowest at the cell outlet
(ca. 1.25 W/cm?), which is explained by the prevailing lower, transport-
limited evaporation at the cathode. However, it can be stated that the
entire waste heat can be effectively removed by evaporative cooling at
cell inlet, center and outlet.

3.4. Observed limitations of the evaporative cooling approach

Experimental results have shown that the high evaporation rates
quickly saturate the gas channels, which will significantly lower the
evaporation down the channel. This will in turn lead to a strong spatial
gradient in cooling performance and thus in temperature. In order to
mitigate this effect, the hydrophilic pattern has to be adapted along the
channel (i.e., decreased spacing and/or increased width of the hydro-
philic lines).

In addition, the experiments have unveiled the limited stability of the
evaporative cooling approach. Breakthrough of liquid water into the gas
channel requires only minor overpressure. This is critical at a technical
cell level, since the gas pressure changes significantly along the channel.
Thus, transient as well as pressurized operation is considered chal-
lenging for the patterned GDL approach for evaporative cooling. In this
work a separate hydrophobic gas diffusion layer has been used as a
mitigation measure. However, without further optimization, this comes
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at the cost of an increased electrical contact resistance. To further
improve the maturity of evaporative cooling and reduce the number of
layers, this hydrophobic water breakthrough inhibitor shall be produced
by chemical treatment in the future and be integrated directly into a 3-
dimensional design of the GDL with patterned wettability. Additional
improvements can be achieved by adapted control strategies (e.g.,
controlling the capillary pressure).

4. Conclusion

In this work, an experimental study of evaporative cooling for
polymer electrolyte fuel cells using the patterned GDL concept has been
performed. In situ and operando experiments were carried out at a
technical cell level and evaporation rates, cooling power as well as
electrochemical performance and internal humidification were
evaluated.

In situ experiments with 15 cm? patterned GDLs, fed by five water
channels, showed that two different evaporation regimes exist. At lower
gas speed the evaporation rate is limited by the saturation of the gas
stream, whereas it is limited by the diffusive transport of water vapor at
higher velocities. This fact is relevant for future modelling work, since
previous studies [13,36] assumed a linear correlation of evaporation
rate and gas speed. The operating window for evaporative cooling that
we proposed in our previous work, however, is not affected by this fact,
since an operation at low pressure, high temperature and low to medium
stoichiometry has been proposed [13,39].

Operando measurements have shown that the evaporative cooling
concept works at a technical cell size with multiple water supplies. A
satisfying membrane humidification is achieved even with dry inlet
gases, and the optimal performance is obtained in a counter-flow
arrangement. A comparable performance to conventional cooling and
sufficient cooling power is achieved to reject the entire waste heat by
evaporative cooling at cell inlet, center and outlet.

However, limitations regarding the stability of the liquid water
supply were observed at high operating temperatures as well as high
current densities and thus gas velocities. Further developments
regarding optimized control strategies as well as improved GDL mate-
rials are required to ensure a stable operation.

Furthermore, the high evaporation rates lead to a fast saturation
increase along the gas channels which would lead to uneven cooling and
humidification for longer gas channels and thus to local temperature and
current gradients. Adapting the pattern of the hydrophilic lines can help
mitigating this effect. The experimental results presented in this paper as
well as the modelling approaches presented in our prior work [13,39,
46] can contribute significantly to the development of optimal
structures.

In this study, the PSI evaporative cooling approach using water
evaporation from patterned GDLs has been implemented for the first
time at a technical cell size with multiple water supplies and experi-
mental results have proven its viability as a combined cooling and hu-
midification concept for PEFC, which would allow for a significant
reduction of stack and system volume as well as mass and cost. Never-
theless, further improvements on the material level as well as adapted
control strategies are required to increase the concept’s technological
maturity.
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