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bstract

In a proton exchange membrane (PEM) fuel cell current density under the shoulder can be very different from that under the gas channel and
he knowledge of where the current density is higher is critical in flow field designs in order to optimize fuel cell performance. Yet, up to date this
ssue has not been resolved. In this study, a novel yet simple approach was adopted to directly measure the current densities under the channel and
he shoulder in PEM fuel cells separately. In this approach, the cathode catalyst layer was so designed that either the area under the shoulder or
he area under the channel was loaded with catalyst. Such a design guaranteed the currents generated under the shoulder and the channel could
e measured separately. Experimental results showed that the current density produced under the channel was lower than that under the shoulder
xcept in the high current density region. To determine the causes of higher current density under the shoulder two additional sets of experiments
ere conducted. First, a silver mesh was added on the top of the gas diffusion layer (GDL) and the experimental results showed that GDL lateral

lectrical resistance was not the cause and it had a negligible effect on lateral current density variation. Secondly, the total through-plane electric

esistance of the GDL and the catalyst layer under different compressions was measured and the results showed that the difference between the
otal through-plane electrical resistance under the channel and under the shoulder was large enough to cause the higher current density under the
houlder.

2008 Elsevier B.V. All rights reserved.
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. Introduction

It is well known that current density is not uniform in a fuel
ell and the knowledge of local current density variations is
ssential in fuel cell design and optimizations. Measurement of
ocal current density can also be used as diagnostic tools for
uel cells operation. To date, various techniques of measuring
ocal current density in a PEM fuel cell have been devised and
eported.

Brett et al. [1] measured the current distribution along a single

hannel using the printed circuit board approach. The current
istribution was studied under different polarizations and air-
ow rates. The study showed the depletion of reactant along the
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hannel and slow reaction rate at low air-flow rate. Mench et al.
2] also presented a study on current distribution measurement
long a serpentine channel. They used a segmented flow field
ith current-conducting wires. The effect of cathode flow rate
n the current along the channel was studied and mass-limited
erformance was observed. The transient current density was
easured, which showed a slow flooding process until the steady

tate was achieved. The research group of Nguyen has carried out
series of experimental studies on current distributions [3–5].
irstly a study of measurement of current density and potential
istribution along a straight channel was developed and reported
3]. Based on this experimental work, further experiments study-
ng the effects of reactant flow rates, gas stream humidity and
ell temperature on the current distribution in a PEM fuel cell
ere carried out [4,5]. Their results showed that the current dis-
ribution was affected by reactant flow rates, gas humidity and
ell temperature simultaneously.

Other experiments have been carried out to measure the cur-
ent distribution in segments. Cleghorn et al. [6] presented a

mailto:hliu@miami.edu
dx.doi.org/10.1016/j.jpowsour.2008.01.091
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rinted circuit board approach of measuring current distribution.
he current collector, flow field and electrode were composed
f large segments. The currents collected on each segment were
easured. The current distribution was studied under different

toichiometric flow of air. Stumper et al. [7] presented three in
itu methods of measuring current distribution in large segments.
ne of them was a partial MEA approach. The local current pro-
uced in one part of the catalyst layer was measured by using a
EA with partially loaded catalyst. The second method was a

ub-cell approach, in which a few isolated sub-cells were placed
n the MEA and currents were collected from the sub-cells
espectively. This method has been employed by others [8,9].
he third method was the current mapping technique, which
mploys a passive resistor network distributed over the entire
EA area. Later Ghosh et al. [10] measured the current distri-

ution of a fuel cell under different operation conditions using
he same method. Wieser et al. [11] presented a technique of
sing magnetic loop array to measure current distribution. The
ow field of straight channels was segmented and attached with
nnular ferrites and Hall sensors. Büchi et al. [12] developed a
EM fuel cell with semi-segmented collector plate to study the
ater management on current distribution. The semi-segmented
late had a regular flow field on one side and segmented elec-
ricity collector on the other side. Sun et al. [13,14] developed

measuring gasket technique to measure current distribution
n fuel cells. In the test fuel cell, a measuring gasket with a
umber of strips was inserted between the flow field plate and
he gas diffusion layer. The currents produced in the part of the
atalyst layer corresponding to each strip were measured. The
ffects of gas humidification, cell temperature, reactant flow rate
nd pressure on current distribution as well as transient effects
ere studied. Similar work of measuring current distribution

n large segments using segmented flow field and segmented
as diffusion layer has been reported [15–20]. Recently Freun-
erger et al. [21] presented a technique for measuring the current
ensity distribution across the channel and shoulder direction.
nfortunately, this is an indirect technique that requires pre-

ise knowledge of all resistance involved, including the contact
esistance between the GDL and the collector plate shoulder.
ome of the values must be obtained from solving potential
quations, Laplace equations, and other values must come from
omplicated and stringent measuring techniques.

As can be seen from the above, almost all of the studies were
ocused on measuring local current density distribution either
long the gas channels or in segments. There is obvious critical
eed to measure lateral current density variations in a fuel cell,
et the small dimensions of the channels and shoulders (order of
mm) and the difficulty associated with electrically isolation of

he shoulder from the channel have primarily prevented progress
n this area.

Unable to directly measure the lateral current density distri-
ution, most researchers have resorted to modeling to predict
he local current densities. The earlier models neglected elec-

ric resistance of the GDL as well as of the catalyst layer and
he collector plates and these models predicted that the current
ensity under the shoulder to be always much lower than that
nder the channel (e.g. [22–25]). For instance, Natarajan and

t
G
t
u

ig. 1. Schematic of lateral oxygen and electron transports under the channel
nd shoulder.

guyen [25] showed that the current density under the shoul-
er was essentially zero when the shoulder width is greater than
mm.

Some recent modeling work [26–28] took into consideration
f the electric resistance of the GDL and these models predicted
hat the lateral electrical resistance of the GDL has a very sig-
ificant effect on the lateral current density distribution in a fuel
ell. Furthermore, some of the results predicted a higher current
ensity under the shoulder, which is in contrast to all the previ-
us modeling results. To facilitate our discussions, Fig. 1 is used
o demonstrate the electron and oxygen transports at the cath-
de side of a PEM fuel cell. For the reaction occurs under the
hannel, electrons from the shoulder of the collector plate must
ransfer laterally through the GDL. The hypotheses was that this
dditional conduction path would result in a lower overpotential
ver the channel than that under the shoulder and this difference
n local overpotential could cause the local current density to
e higher under the shoulder since current density depends on
he overpotential exponentially, as shown in the Butler–Volmer
quation:

c = (airef
0 )c

cO2

cref
O2

(e
αa

cF

RT
ηc − e− αc

cF

RT
ηc ) (1)

t can be seen from Eq. (1) that the only difference for the
reas under the channel and the shoulder are local oxygen con-
entration and local overpotential. Local overpotential could
e higher, but oxygen concentration must be lower under the
houlder. Since the dimension of the channel and shoulder are
ypically 0.5–2 mm the additional electron conduction path is
nly 0.25–1 mm. Would it be possible for such a short addi-
ional path along the GDL to cause enough additional ohmic
oss to alter the current distribution? Zhou and Liu [29] pre-
ented modeling results that incorporates the anisotropic nature
f the GDL electrical resistance. Instead of treating the GDL
s isotropic, the fact that most currently used GDL materials
ave a much higher lateral conductivity was taken into consid-
ration. Electron transfer in the catalyst layer was also taken
nto consideration. The results showed that when using realis-

ic through-plane and in-plane GDL conductivities, the effect of
DL lateral electrical resistance was not large enough to cause

he current density under the shoulder to be higher than that
nder the channel under any realistic operating conditions.
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ig. 2. Schematic of the cathode collector plate. White: machined channels.

Facing the contradicting modeling results, it is of great sig-
ificance both academically and practically to know for sure
here, under the shoulder or the channel, the current density is
igher in a typical fuel cell, as well as the factors that affect the
ateral current density distribution. Thus, the objectives of this
tudy are to directly measure the current density under the chan-
el and under the shoulder separately to determine where the
urrent density is higher, to measure how large the difference
s, and to determine the causes for the lateral current density
ariations.

. Experimental methodology

In order to directly measure the current generated under the
houlder and under the channel, we must be able to electrically
solate the area under the shoulder from that under the channel.
ince these two areas are electrically connected by a conductive
DL and catalyst layer, separate measurement of current is not
ossible with a regular fuel cell. Thus in order to achieve the
bjectives, specially designed fuel cells and MEAs were fabri-
ated so that in each experiment either the current density under
hannel or under the shoulder could be measured alone.

The special fuel cell has a regular anode side with the full
ctive area loaded with catalyst. The cathode flow field has only
wo parallel channels with a shoulder in the middle as shown as

n Fig. 2. The width of the channels and shoulders are both 2 mm.
n each set, three pieces of membrane electrode assembly (MEA)
ith different areas loaded with catalyst distribution were fabri-

ated. One of them was loaded with catalyst only under the two

c
d
G
t

ig. 3. A set of MEAs for separately measurement of current density under the chan
EA with catalyst under the shoulder only and (c) MEA with catalyst under both ch
Sources 180 (2008) 365–372 367

hannels as shown in Fig. 3(a). This arrangement was used to
easure the current produced in the area under the channels. For

his MEA, the “catalyst layer” under the shoulder had the same
omposition as that under the channels, except that there was
o catalyst loading. The second MEA had catalyst loading only
nder the shoulder as shown in Fig. 3(b), with which the current
roduced under the shoulder was measured. Similarly, for this
EA the “catalyst layer” under the channels had the same com-

osition, but without the catalyst. For both MEAs, the whole
catalyst layer” had the same thickness and the only difference
t different areas was with or without catalyst loadings. The last
EA contained catalyst loading under both the channels and the

houlder as shown in Fig. 3(c), which was used to measure the
otal current produced by the PEM fuel cell. The gas diffusion
ayer is made of carbon cloth with a micro-diffusion layer.

A series of experiments with four different fuel cell pressures
f 1, 1.68, 2.36 and 3 atm were conducted using three different
EAs, respectively. The cell temperature, humidification tem-

eratures of the anode and cathode sides of the fuel cells were
aintained at 70 ◦C. The flow rates of hydrogen and oxygen
ere 500 and 2000 sccm, respectively. The flow rates were set
igh to ensure stable operation of the fuel cell and to minimize
he effect of the anode side.

The membrane used in the fuel cell was Nafion® 117 and was
rom Alfa-Aesar Company. The electrodes for the anode and
athode sides were provided by BCS Fuel Cell Company, made
ith carbon cloth loaded with platinum catalyst. The catalyst

oading was 0.4 mg cm−2. The area of the anode electrode was
0 cm2, large enough to avoid any anode side boundary or local
ffects on the current density distribution. The total area of the
athode electrode was 3.36 cm2. The membrane of and the elec-
rodes for the anode and cathode sides were hot-pressed together
nder the temperature of 120 ◦C and pressure of 110 lbs cm−2.

In order to determine if the GDL lateral resistance has a sig-
ificant effect on the current density under the channel, a silver
esh was added between the collector plate and the GDL in the

uel cell with catalyst loading under the channels. The hypoth-
sis that the GDL lateral electrical resistance caused the lower
urrent density under the channel was based on the fact that for

athode reactions under the channel, electrons from the shoul-
er of the collector plate must first transfer laterally through the
DL to reach the catalyst layer under the channel. This addi-

ional electronic path incurs additional ohmic loss for the area

nel and the shoulder. (a) MEA with catalyst under the two channels only, (b)
annels and the shoulder.
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With confidence in the methodology, the current densities
under the channels are compared with that under the shoulder
as shown in Figs. 9–12. It is obvious that the current density
ig. 4. The schematic of the test cell for the measurement of the through-plane
lectric resistance under different compressions.

nder the channel. Though this additional ohmic loss does not
ave a significant effect on the cell voltage, it might have a
ignificant effect on the local current density since the current
ensity depends on overpotential exponentially. A slight change
n local overpotential may cause a significant change in local cur-
ent density, and it could be so significant that it could be more
han compensate for the higher oxygen concentration under the
hannel. Due to the extremely high conductivity of silver mesh,
f the GDL lateral electrical resistance is indeed the cause of
ower current density under the channel, adding the silver mesh
he performance of the fuel cell should improve significantly.
he cell performance with this fuel cell was also tested under

our different pressures, 1, 1.68, 2.36 and 3 atm.
To determine if the through-plane electrical resistance of the

lectrode is the cause for the lower current density under the
hannel, the total electrical resistance of the electrode (GDL
ith catalyst layer) was measured under different compressions.
he experimental data will provide a reference of the difference
etween the total through-plane electric resistance of the gas dif-
usion layer and the catalyst layer under the channel and under
he shoulder. The schematic of the test cell for the measurement
f the through-plane electric resistance under different compres-
ions is shown in Fig. 4. In the experiment, electrical resistance
f the electrode was measured under different compressions and
he amounts of compression were controlled by tightening the
ight tie rods of the end plates. The torque applied to the tie rods
as used as the reference for proper amount of compression and

he distance between the end plates was measured to provide the
mount of compression.

. Experimental results and discussion

.1. Validation of the experimental methodology

In order to validate the experimental methodology, exper-
ments were conducted for all three MEA’s. The currents
roduced with the MEA-a and MEA-b were added together and
ompared with MEA-c (See Fig. 3). Comparison results with
ifferent fuel cell pressures are shown in Figs. 5–8. For all the

ets, the sums of the currents from the two partially catalyzed

EAs agree very well with the current produced by the fully cat-
lyzed MEA, except when the current is beyond 2.5 A. When the
urrent density is very high, the demand for reactant transfer is

F
t
t
fl

otal current produced by the two partially catalyzed cells. Anode humidifica-
ion temperature = 70 ◦C; cathode humidification temperature = 70 ◦C; hydrogen
ow rate = 500 sccm; air-flow rate = 2000 sccm; fuel cell pressure = 1 atm.

ery high and the partially catalyzed case over-performs the full-
atalyzed case since the latter has a larger area of reactant sink.
ater generation rate may also play a roll in local mass transfer

ate. Since the areas without catalyst have similar porosity as
hose with catalyst the difference in mass transfer rate is not sig-
ificant under any practical operating conditions. These results
alidate the experimental methodology for separately measure-
ent of currents under the channels and the shoulder of a PEM

uel cell.

.2. Comparison of current density under the channel and
he shoulder
ig. 6. Comparison of the current produced by the full-catalyzed cell with the
otal current produced by the two partially catalyzed cells. Anode humidifica-
ion temperature = 70 ◦C; cathode humidification temperature = 70 ◦C; hydrogen
ow rate = 500 sccm; air-flow rate = 2000 sccm; fuel cell pressure = 1.68 atm.
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Fig. 7. Comparison of the current produced by the full-catalyzed cell with the
total current produced by the two partially catalyzed cells. Anode humidifica-
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Fig. 9. Comparison between current density under the channel and the shoulder.
Anode humidification temperature = 70 ◦C; cathode humidification tempera-
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ion temperature = 70 ◦C; cathode humidification temperature = 70 ◦C; hydrogen
ow rate = 500 sccm; air-flow rate = 2000 sccm; fuel cell pressure = 2.36 atm.

nder the shoulder is consistently higher than that density under
he channel except in the high current density region. With the
ncrease of the cell current density, the current density under
he shoulder becomes lower than that under the channel. These
esults are clearly very different from those of earlier modeling
esults [22–25]. This phenomenon can be explained by the alter-
ating dominant factors of mass transport and overpotential. In
he low current density region, the difference in oxygen concen-
ration between the areas under the channel and the shoulder is
elatively small and the overpotential effect is dominant causing
higher current density under the shoulder. In the high current

ensity region, due to the greater oxygen consumption rate, the
ifference in oxygen concentration between the areas under the
hannel and under the shoulder becomes so great that it becomes
ominant and causes a higher current density under the chan-

ig. 8. Comparison of the current produced by the full catalyzed cell with the
otal current produced by the two partially catalyzed cells. Anode humidifica-
ion temperature = 70 ◦C; cathode humidification temperature = 70 ◦C; hydrogen
ow rate = 500 sccm; air-flow rate = 2000 sccm; fuel cell pressure = 3 atm.
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ure = 70 ◦C; hydrogen flow rate = 500 sccm; air-flow rate = 2000 sccm; fuel cell
ressure = 1 atm.

els. It is interesting to note from Figs. 9–12 that the crossing
oint, where the current densities from the two areas are equal,
oves to higher current direction as the fuel cell operating pres-

ure increases. At a higher pressure, oxygen mass transfer to
he catalyst layer is enhanced and the effect of overpotential dif-
erence is more pronounced. It is possible for certain flow field
esign and operating conditions, either the current density under
he shoulder or under the channel can be higher in the entire cell
oltage range, but it is very clear from these experimental results
hat the difference in current densities in the two regions cannot
e as great as predicted by the most of the models (e.g. [22–25]).
he experimental results of this study are in very good quali-
ative agreement with the recent indirect measurement results
21].

ig. 10. Comparison between current density under the channel and the
houlder. Anode humidification temperature = 70 ◦C; cathode humidification
emperature = 70 ◦C; hydrogen flow rate = 500 sccm; air-flow rate = 2000 sccm;
uel cell pressure = 1.68 atm.
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Fig. 11. Comparison between current density under the channel and the
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Fig. 13. Comparison of current densities with and without silver mesh under
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houlder. Anode humidification temperature = 70 ◦C; cathode humidification
emperature = 70 ◦C; hydrogen flow rate = 500 sccm; air-flow rate = 2000 sccm;
uel cell pressure = 2.36 atm.

.3. Effect of the GDL lateral electric resistance

Though direct measurement results showed the current den-
ity under the shoulder is indeed higher than that under the
hannel as predicted by some recent modeling works [26–28], it
s still not clear if the GDL lateral electrical resistance is the cause
s hypothesized [26–28]. To determine if the effect of the GDL
ateral electrical resistance is the cause for higher current density
nder the shoulder, a series of experiments were conducted with
he fuel cell with catalyst loading only under the channel. In these
xperiments, polarization curves for the cell under four different
perating pressures were first obtained. Then the cell was disas-

embled and a silver mesh was added between the collector plate
nd the GDL. Another set of polarization were obtained from
his cell with silver mesh. The polarization curves with and with-

ig. 12. Comparison between current density under the channel and the
houlder. Anode humidification temperature = 70 ◦C; cathode humidification
emperature = 70 ◦C; hydrogen flow rate = 500 sccm; air-flow rate = 2000 sccm;
uel cell pressure = 3 atm.

t
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F
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he channel. Anode humidification temperature = 70 ◦C; cathode humidification
emperature = 70 ◦C; hydrogen flow rate = 500 sccm; air-flow rate = 2000 sccm;
uel cell pressure = 1 atm.

ut the silver mesh under four different operating pressures of 1,
.68, 2.36 and 3 atm, are compared and displayed in Figs. 13–16.
t is obvious that the fuel cell performance did not show signifi-
ant improvement by adding the silver mesh. To ensure that the
rocess of dissembling the cell for adding the silver mesh would
ot alter the cell performance, the cell was tested again with the
ilver mesh removed. The cell performances were found iden-
ical with to those before adding the silver mesh. If the GDL
ateral electrical resistance was the cause for the lower current
ensity under the channel, adding the silver mesh would cause a
ignificant increase of the current density under the channel due
o the very high electrical conductivity of the silver mesh, which

ill eliminate the effects of GDL lateral resistance. Considering

he thickness and the percentage of pores, the total conductance
f the silver mesh was determined to be 3–4 orders of magni-

ig. 14. Comparison of current densities with and without silver mesh under
he channel. Anode humidification temperature = 70 ◦C; cathode humidification
emperature = 70 ◦C; hydrogen flow rate = 500 sccm; air-flow rate = 2000 sccm;
uel cell pressure = 1.68 atm.
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Fig. 15. Comparison of current densities with and without silver mesh under
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he channel. Anode humidification temperature = 70 ◦C; cathode humidification
emperature = 70 ◦C; hydrogen flow rate = 500 sccm; air-flow rate = 2000 sccm;
uel cell pressure = 2.36 atm.

ude higher than that the GDL. Therefore it can be concluded
rom the unchanged cell performances that the lateral electric
esistance not only is not the cause for the higher current density
nder the shoulder, but also has a negligible effect on the lateral
urrent density distribution.

.4. Effect of assembly compression under the shoulder

The experimental results showed that the current density was
igher under the shoulder except in the high current region and it
as found that the GDL lateral electrical resistance was not the

ause. From the Bulter–Volmer equation (Eq. (1)) it can be seen
hat there are only two main differences between the area under
he channel and that under the shoulder: local oxygen concen-

ration and local overpotential. The local oxygen concentration
nder shoulder is definitely lower than that under the channel due
o the longer diffusion path and the reduced porosity under com-
ression. Thus the only factor that can cause the current density

ig. 16. Comparison of current densities with and without silver mesh under
he channel. Anode humidification temperature = 70 ◦C; cathode humidification
emperature = 70 ◦C; hydrogen flow rate = 500 sccm; air-flow rate = 2000 sccm;
uel cell pressure = 3 atm.
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nder the shoulder to be higher than, or even close to, that under
he channel is a higher local overpotential. Yet it has been shown
hat the GDL lateral electrical resistance cannot be the cause of
he higher local potential. The other factor that may cause a
igher local overpotential is the lower total through-plane elec-
ric resistance under the shoulder due to assembly compressions.
herefore, the total through-plane electric resistance is measured
nder different compressions.

The results showed that under the compression correspond-
ng to the amount under the shoulder in an operational fuel cell,
he total though-plane resistance is only about 14% of the total
alue when the electrode was compressed by the weight of the
ollector plate plus the end plate and finger-tight of the tie rods.
he difference in the through-plane electric resistance of the
lectrode between under the channel and under the shoulder
ould be so large that it is sufficient to cause the current den-
ity under the channel to be lower than that under the shoulder.
t is understood that the measuring technique is not accurate
nd cannot differentiate the contribution of contact resistance
nd the through-plane resistance through the GDL and the cata-
yst layer. However, the results do indicate that the compression
nder the shoulder is the main contributor to the higher current
ensity under the shoulder. After this work was submitted, the
ecent paper by Hottinen et al. [30] was brought to our attention.
nterestingly enough, the general trend of their modeling results
gree well with our direct measurement data.

. Conclusions

A novel yet simple approach was employed to directly mea-
ure the current densities under the channel and the shoulder
eparately in PEM fuel cells with parallel flow field. In this
pproach, the cathode catalyst layer was designed to have either
he area under the shoulder or the area under the channel loaded
ith catalyst. Such a design guaranteed the currents generated
nder the shoulder and the channel could be measured sepa-
ately without any possible interference. From the experimental
esults, the following conclusions can be made for PEM fuel
ells with parallel flow field and under well-humidified condi-
ions:

Local current density under the shoulder is higher than that
under the channels except at the high current density region.
This means the effect of higher local overpotential is large to
overshadow the effect of lower oxygen concentrations.
In the high current region, current density under the shoulder
is lower than that under the channel, indicating the predomi-
nant effect of lower local oxygen concentrations.
The effect of GDL lateral electrical resistance is not the cause
for higher current density under the shoulders and it does not
have a significant effect on lateral current density distribu-
tions.

The higher current density under the shoulder could be caused
by the increased conductance due to local compressions,
though for different MEA’s the effect of compression could
vary.
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