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Abstract—The effect of gas diffusion layer (GDL) compression on the polarization curves of a polymer electrolyte
membrane fuel cell was analyzed using a polarization curve-fitting model. The polarization curves measured at four
different GDL compression ratios were fitted with the model and were decomposed into an open circuit voltage and
three over-voltages resulting from activation, ohmic, and mass-transport losses, respectively. The model fitting was
excellent enough to use the model in the subsequent analysis of the GDL compression effect. The relationship between
the over-voltages and the compression ratio was investigated by analyzing the estimated model parameters, and an
optimal compression ratio was determined for the fuel cell. The proposed analysis method based on the polarization
curve-fitting model can be applied to identifying quantitative differences of polarization curves under various operat-
ing conditions and designs for fuel cells.
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INTRODUCTION

A polymer electrolyte membrane (PEM) fuel cell is an electric
power generation device that uses proton conductive polymer mem-
branes as the electrolyte and consumes hydrogen and oxygen for
electro-chemical reactions [1,2]. Over the last two decades, the
design, modeling, and manufacturing technologies of PEM fuel
cells have been extensively developed for stationary and mobile
applications such as residential power generators, backup power
generators, and power generation systems for the propulsion of
cars, buses, forklifts, watercraft, and aircraft [3-8]. To facilitate the
wide use of the PEM fuel cells for those applications, we should
further improve the performance and durability and minimize the
manufacturing costs.

Typically, a PEM fuel cell consists of the following major com-
ponents: membrane-electrode-assemblies (MEAs), gas diffusion
layers (GDLs), bipolar-plates, gaskets, and compression plates. A
single fuel cell is assembled using these components once or twice,
whereas a fuel cell stack is fabricated using them repeatedly. All
the components of a fuel cell should be properly combined and
tightened using compression plates and bolts both to prevent gas
leakage and to lower internal resistance. The compression force on
the fuel cell is an important factor for its performance and durabil-
ity. Weak compression may lead to poor performance owing to
high contact resistance, whereas over-compression may result in
lower durability owing to the damages to MEAs or GDLs. There-
fore, an optimal degree of compression should be determined to

"To whom correspondence should be addressed.
E-mail: chungcb@jnu.ac.kr
Copyright by The Korean Institute of Chemical Engineers.

3121

achieve the best possible performance and durability of a fuel cell.

The GDLs perform multiple functions in a fuel cell: they diffuse
reactant gases to the catalyst layers, remove liquid water, and con-
duct electrons. Typically, sheets of carbon paper are used as GDLs
on both sides of an MEA, and their characteristics vary depending
on the degree of compression. In general, as the compression force
increases, the contact resistances between the cell components
(GDLs-MEAs and GDLs-bipolar plates) decrease, thus lowering
ohmic resistance in the fuel cell. In contrast, the pore volume of
the GDLs is reduced, thus increasing mass-transport resistance.
The degree of GDL compression also affects the open circuit volt-
age (OCV) and electrochemical reactions in the fuel cell

Several research groups have addressed the effects of GDL com-
pression on the performance (or polarization curves) of PEM fuel
cells. Lee et al. [9] obtained the polarization curves of a PEM fuel
cell for three different types of GDLs at two different operating tem-
peratures. The optimal compression torque of the fuel cell was deter-
mined from the measured polarization curves. Ge et al. [10] used
two different types of GDLs and measured the polarization curves
of a single PEM fuel cell using a specifically designed cell fixture for
adjusting the compression ratio during experiments. Lin et al. [11]
found the optimal compression ratios of a PEM fuel cell by mea-
suring polarization curves for two different types of carbon cloth
GDLs. Zhou et al. [12] investigated the effects of compression force
on two different GDLs using a computational fluid dynamics (CFD)
model. They found that thinner GDLs produced less sensitive per-
formance variations to the compression force than thicker ones.
The contact resistances between cell components were experimen-
tally evaluated by several researchers [13-15], and the effects of
GDL compression on gas/water transports in PEM fuel cells were
investigated by Bazylak et al. [16] and Yee et al. [17]. However, most
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of the previous studies focused on investigating the overall perfor-
mance of PEM fuel cells under different GDL compressions rather
than on analyzing the respective causes, such as fuel crossover,
activation, ohmic, and mass-transport (or concentration) losses, of
the performance variations.

In this work, we analyzed the effects of GDL compression on
the polarization curves of a PEM fuel cell using a polarization curve-
fitting model. Polarization curves were obtained from the experi-
ments of the fuel cell with four different compression ratios and
then were fitted using the model. The estimated parameters of the
model were used in the subsequent analysis of the effects of GDL
compression on the OCV and the activation, ohmic, and mass-
transport losses in the fuel cell. In addition, an optimal compres-
sion ratio was determined for the PEM fuel cell.

EXPERIMENTAL

A single PEM fuel cell with an active area of 50 cm” was fabri-
cated using the following cell components: an MEA (Gore™ 5721),
GDLs (SGL™ 10BC), bipolar-plates (the flow-fields of which were
machined on graphite-polymer composite plates), and gaskets (made
of Teflon sheets). The gaskets were prepared in four different
thicknesses of 280, 243, 205, and 167 um to adjust the compres-
sion ratios of the GDLs at 15%, 26%, 36%, and 46%, respectively.
The fuel cell was assembled as illustrated in Fig. 1 by clamping all
the cell components between two compression plates. Because the
gaskets were made of incompressible Teflon sheets, the compres-
sion ratio (CR) of the GDLs was determined by the thicknesses of
the gaskets according to the following formula:

CR= (tGDL_ tgasket — tsubﬂasket) «100% (1)
tepr

where tgp; is the average thickness of the GDLs before compres-
sion, . is the thickness of the gasket, and t;. is the thickness
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Fig. 1. Structure of the PEM fuel cell: (a) Assembly drawing and (b) cross-sectional view.
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of the sub-gasket which protects the edge of the MEA. At first, the
fuel cell with the thickest gaskets was assembled and tested for its
performance. After the testing, the cell was disassembled to replace
the gaskets by the second thickest ones, and then reassembled with
all the other components retained. This procedure was repeated
four times to cover the four compression ratios mentioned above.
In each performance testing of the fuel cell, the polarization curves,
ohmic resistances, alternating current (AC) impedance, and hydro-
gen crossover currents were measured as follows. First, the fuel cell
was activated under the following operating conditions: the hydro-
gen and air stoichiometries were set at 2.0 and 3.0, respectively, the
cell temperature was regulated at 70 °C, the hydrogen and air were
fully humidified using a bubbler-type humidifier, and the outlet
pressures of both the anode and cathode were kept at atmospheric
pressure. The activation was continued until the fuel cell reached
the maximum current density at a low cell voltage of 0.5 V. After
the activation was complete, the polarization curves and ohmic
resistances were measured several times to ensure that the perfor-
mance of the fuel cell was reproducible under the same operating
conditions. The polarization curves were measured with only the
hydrogen and air stoichiometries changed to 1.2 and 2.0, respec-
tively, and all the other operating variables fixed. A programmable
electrical load (Model 890CL, Scribner Associates) was used to
measure the polarization curves by decreasing the cell voltage from
the OCV to 0.55V in 0.025V step. At every decrement step, the
current density was measured for 1 min and averaged over time.
The ohmic resistance of the fuel cell was evaluated at the meas-
ured points of the current density using a current interrupt testing
module equipped in the electrical load. The module computes the
ohmic resistance from the voltage gains obtained by interrupting
the current for a short period [1,2]. Electrochemical impedance
spectroscopy (EIS) [18] was used to measure AC impedance using
a frequency response analyzer (Model 880, Scribner Associates)
integrated with the electrical load. Impedance spectra were recorded
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as the frequency was scanned from 10kHz to 0.1 Hz under the
same operating conditions used for measuring the polarization
curves. Finally, the hydrogen crossover current was measured with
a potentiostat (Solartron Model SI 1253, AMETEK) on the basis
of linear sweep voltammetry (LSV). LSV has been widely used as
a convenient technique to measure the hydrogen crossover rate
through the membrane of an MEA in a PEM fuel cell, which is
proportional to the crossover current [2]. During the measurement,
hydrogen and nitrogen were supplied at 0.57 and 0.63 SLPM (stan-
dard liter per minute) to the anode and cathode sides of the fuel
cell, respectively. The crossover current was measured while increas-
ing the cell voltage across the two electrodes from 0 to 0.6V at a
constant rate of LOmV's ™.

MODELING AND ANALYSIS METHOD

The polarization curve expresses the relationship between the
cell voltage and the current density at a given operating condition
and is known as the most representative performance indicator for
fuel cells. Because the performance of a PEM fuel cell is affected
by various structural and operational parameters, such as the cell
design, the cell components, the clamping pressure, the operating
temperature and pressure, and the stoichiometries and relative
humidities of reactant gases, the polarization curve varies depend-
ing on these parameters. The polarization curves at a given oper-
ating condition can be fitted using various types of mathematical
models, including empirical and semi-empirical equations [19-23].

In this study; the polarization curves measured for the fuel cell
with different compression ratios were modeled and analyzed by
using the following semi-empirical model, which was originally
proposed by Kim et al. [21] and has been found to give excellent
fits to the polarization curves of PEM fuel cells [21-23]:

Va=E;—b In(i)-R i~p exp(q i) 2

where V,; [V] is the cell voltage, i [mA cm ] the current density;
E, [V] the OCV, b [V] the Tafel parameter for oxygen reduction,
R [kQ cm’] the ohmic resistance, and p [V] and q [cm® mA™'] are
the diffusion parameters. The first term on the right-hand side of
Eq. (2) stands for the OCV; and the other terms represent the over-
voltages (or voltage losses). The OCV decreases from its theoreti-
cal voltage mainly due to hydrogen crossover and/or internal cur-
rent, which are caused by the migration of unreacted hydrogen and
electrons through the membrane [1]. The second term represents
the activation over-voltage that is caused by the slowness of the
electro-chemical reactions in the catalyst layers of the MEA. The
third term represents the ohmic over-voltage due to the resistance
to the electron flow in the electrodes and other electrically con-
ductive components as well as the resistance to the ionic transport
through the membrane. Finally; the last term accounts for the mass-
transport over-voltage, which is caused by the concentration drop
of reactant gases in the catalyst layers. Although the polarization
curve-fitting model does not explain microscopic phenomena oc-
curring in the fuel cell, the performance variations due to the changes
in the GDL compression can be explicitly analyzed using it. The
model has only one independent variable (current density) and five
parameters (Eg, b, R, p, and q) to be determined. These parame-

ters were estimated using a nonlinear least-squares fitting algorithm,
which was implemented in the MATLAB function (Isqnonlin) [24],
to best fit the measured polarization curves as follows:

. n m 2
min J(Eg, b, R, p, Q=241 (Ve k= Ve, ) (€)

where n is the number of measurement points for a polarization
curve, and V,; and Vy, are the calculated and measured cell
voltages, respectively, at the measurement point k. The estimated
parameters were used to decompose the cell voltage into the OCV
and the three over-voltages and thus to analyze the effects of GDL
compression.

RESULTS AND DISCUSSION

1. Effects of GDL Compression on the Polarization Curves
Fig. 2 shows the polarization curves along with the ohmic resis-
tances measured at the following four different compression ratios:
15%, 26%, 36%, and 46%. Overall, the changes in the GDL com-
pression ratio had significant effects on the performance of the fuel
cell. The OCV was lowered as the compression ratio increased:
1.019, 0.986, 0.953, and 0.929 V for the compression ratios of 15%,
26%, 36%, and 46%, respectively. It indicates that the hydrogen
crossover and internal current increased with the compression ratio.
The diffusion of hydrogen from anode to cathode and the elec-
tron transport through the membrane without generating electric
power would result in noticeable voltage drops in the OCV [1].
The performance differences among the compression ratios were
much larger in the high current density range (>300 mA cm*) than
in the low current density range. As expected, the ohmic resistance
generally decreased with the increasing compression ratio, which
would have a positive effect on the performance. In the ohmic loss
region (~300 to 800 mA cm ) of the polarization curves, the cell
voltage increased to a certain extent with the decreasing ohmic
resistance. Out of the ohmic loss region, however, the cell voltage
was not directly changed with the compression ratio. This might
be due to the effects of the activation and mass-transport losses. In
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Fig. 2. Polarization curves and ohmic resistances measured at four
different compression ratios: 15%, 26%, 36%, and 46%.

Korean J. Chem. Eng.(Vol. 33, No. 11)



3124

the mass-transport region (>800 mA cm ), the increases in the
compression ratio would hinder gas transport and water removal
by reducing the pore volume of the GDLs, exerting a negative effect
on the performance of the fuel cell.

At the lowest compression ratio (15%), the fuel cell was under-
compressed, leading to the much lower cell voltage in the ohmic
loss region than the other three compression ratios. In contrast, at
the highest compression ratio (46%), the fuel cell was over-com-
pressed, resulting in the sharp voltage drop and deviation from a
linear relationship with the current density in the mass-transport
loss region. These observations clearly indicate that an optimal com-
pression ratio of the GDLs exists between the two extreme ratios.
2. Effect of GDL Compression on the Over-voltages

The polarization curves shown in Fig. 2 were fitted by using the
polarization curve-fitting model described in Eq. (2) to analyze the
effect of GDL compression on the performance of the fuel cell by
decomposing them into the OCV and the three over-voltages (acti-
vation, ohmic, and mass-transport). Fig. 3 shows the fitted polar-
ization curves along with the measured voltages and absolute fitting
errors. As can be seen, the fitted voltages almost perfectly matched
the measured ones across the current density for all the four com-
pression ratios. The quantitative fitting-performance criteria listed
in Table 1 also confirmed the excellence of the fitting-model: the
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Table 1. Fitting-performance criteria calculated from the polariza-
tion curve-fitting results

GDL compression ratio

Fitting-performance criteria

15% 26% 36% 46%
R’ 0.9998 0.9998 0.9997 0.9998
RMSE (mV) 2.4 2.0 2.6 2.6
Max error (mV) 4.8 4.0 44 7.7

fitting results produced high R* (coefficient of determination) val-
ues close to 1 and significantly low RMSEs (root-mean-square
errors). Therefore, we concluded that the polarization curve-fit-
ting model can be reliably used for the analysis of the GDL com-
pression effects.

The model parameters were estimated from the least-squares
fitting of the polarization curves and are summarized in Table 2.
From the estimated parameters, the over-voltages for the four com-
pression ratios were calculated at a current density of 1,000 mA
cm™’. Fig. 4 plots the OCV and calculated over-voltages against
the compression ratio. The OCV almost linearly decreased with
the increasing compression ratio (Fig. 4(a)). As explained in the
previous section, the OCV dropped with increasing the hydrogen
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Fig. 3. Comparison of the fitted polarization curves with the measured ones at four different compression ratios: (a) 15%, (b) 26%, (c) 36%,

and (d) 46%.

November, 2016



Effect of gas diffusion layer compression on the polarization curves of a polymer electrolyte membrane fuel cell 3125

Table 2. Estimated parameters of the polarization curve-fitting model for the polarization curves measured at the four compression ratios

Compression ratio E, (V) b (V) R (kQ cm?) p (V) q (cm’ mA™)
15% 1.0225 0.04091 1.43x10™* 9.08x10™ 1.83x10°°
26% 0.9889 0.03288 1.25x10™* 8.85x10™ 2.88x107°
36% 0.9578 0.02667 1.17x10™* 8.41x10™ 3.42x107°
46% 0.9285 0.02198 1.13x10™* 7.29%10™ 429%x107°
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Fig. 4. Plots of the OCV and three over-voltages against the compression ratio (CR): (a) OCV; (b) activation over-voltage, (c) ohmic over-volt-

age, and (d) mass-transport over-voltage.

crossover and/or internal current in the fuel cell. As shown in Fig.
5, the hydrogen crossover current measured using the LSV clearly
confirmed that the hydrogen crossover rate increased with the
increasing compression ratio of the GDLs. The increase in the hy-
drogen crossover rate would result from membrane thinning or
minute damages due to the increased compression of the MEA
and GDLs. As shown in Figs. 4(b) and 4(c), both the activation
and ohmic over-voltages decreased with the compression ratio. In
general, an increase in the compression of a PEM fuel cell enlarges
the contact area between the cell components. This would increase
the real surface area of the electrodes and consequently reduce the
activation over-voltage. The contact resistance between the cell
components would decrease with the enlarged contact area, thus
reducing ohmic over-voltage. As shown in Fig. 4(d), the mass-trans-

port over-voltage increased with the increasing compression ratio.
This can be explained by the reduced pore volume of GDLs which
increases gas transport resistance and hinders water removal from
the catalyst layers. Among the over-voltages that caused voltage drops
from the reversible (no loss) voltage, the activation over-voltage was
the most severely affected by the compression ratio: the activation
over-voltage decreased by 0.0042V when the compression ratio
increased by 1%. The OCV showed the second largest change to
the compression ratio (0.0030 V CR™"). Compared with the OCV
and the activation over-voltage, the ohmic and mass-transport
over-voltages were relatively less affected by the compression ratio
(0.0010 V CR! and 0.0015V CR™! for the ohmic and mass-trans-
port over-voltages, respectively). Even at the high current density
of 1,000 mA cm, the activation over-voltage was found to be the

Korean J. Chem. Eng.(Vol. 33, No. 11)
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Fig. 5. Hydrogen crossover currents measured using LSV at four
different compression ratios: 15%, 26%, 36%, and 46%.
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Fig. 6. Nyquist plots of the impedance spectra measured at a cur-
rent density of 1,000 mA cm 2 for the four different com-
Ppression ratios of 15%, 26%, 36%, and 46%.

dominant factor among the three over-voltages (activation, ohmic,
and mass-transport).

Fig. 6 shows the Nyquist plots of the impedance spectra mea-
sured at a current density of 1,000m A for the four compression
ratios of 15%, 26%, 36%, and 46%. As can be seen, two semicir-
cles partially overlapping with each other appeared for each of the
Nyquist plots. The smaller semicircles on the left side of the com-
plex plane account for the charge-transfer resistances, and the larger
semicircles on the right side explain the mass-transfer resistances.
As a result, the Nyquist plots can be interpreted as follows: both
the charge-transfer and ohmic resistances decreased as the com-
pression ratio increased, whereas the mass-transfer resistances in-
creased. This indicates that the analysis results obtained using the
proposed polarization curve-fitting model, described in the previ-

November, 2016

1200
o 1 | /_’T\
£ 000 @0.6V
(]
< L
£ 800
)
g 600 /’\"‘——‘
o 0.7v
E 400 e
E @0.8V
O 200 } \

0 L L L
10 20 30 40 50

Compression ratio / %

Fig. 7. Plot of the measured current densities against the compres-
sion ratio at cell voltages of 0.6, 0.7, and 0.8 V.

ous paragraph, are in agreement with the AC impedance mea-
surements.
3. Optimal Compression of the GDLs

The optimal compression ratio of the GDLs was determined
from the measured polarization curves. Fig. 7 plots the current
densities measured at cell voltages of 0.6, 0.7, and 0.8 V (PEM fuel
cells typically operate in a cell voltage range of 0.6 to 0.8 V) against
the compression ratio. As can be seen, the lower the cell voltage,
the more sensitive is the current density to the compression ratio.
For all the three cell voltages, the maximum points of the current
density curves were between the two extreme compression ratios
examined in this study, and were found at the compression ratio
of 36% among the four compression ratios. If we only focus on
the performance of the fuel cell, the optimal compression ratio will
be approximately 36%. However, the optimal compression ratio
should be set at a somewhat lower value than 36% to consider the
durability of the membrane of the fuel cell because the hydrogen
crossover rate at 36% was considerably higher than that at 26%
(see Fig. 5). It has been well known that the durability of the
membrane strongly depends on the hydrogen crossover rate [25,26].
Hydrogen permeating through the membrane can generate hydro-
gen peroxide (H,0,), which is converted to hydroxyl (HO) or per-
oxide (HOO) radicals. These radicals then attack the membrane,
resulting in membrane thinning or pinhole formation. Therefore,
the lower the hydrogen crossover rate, the higher is the durability.
Long-term operations of the fuel cell under different compression
ratios may be necessary to exactly determine the optimal com-
pression ratio that satisfies its desired durability.

CONCLUSIONS

The effect of GDL compression on the polarization curves of a
PEM fuel cell was analyzed using a polarization curve-fitting
model. The polarization curves of the fuel cell were obtained from
single-cell tests at four different compression ratios of the GDLs.
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The polarization curves were almost perfectly fitted with the model,
and the estimated model parameters were used for the analysis of
the effects of GDL compression on the OCV and the over-volt-
ages resulting from activation, ohmic, and mass-transport losses.
The analysis results can be summarized as follows: 1) the OCV
linearly decreased with the increasing compression ratio of the
GDLs; 2) the activation and ohmic over-voltages decreased with
the compression ratio, whereas the mass-transport over-voltage
increased; and 3) the activation over-voltage and the OCV were
significantly affected by the compression ratio, whereas the ohmic
and mass-transport over-voltages were relatively less affected. The
optimal compression ratio was found at approximately 36% for
the maximum performance of the fuel cell and at somewhat less
than 36% for higher durability. The proposed analysis method
based on the polarization curve-fitting model can be applied to iden-
tifying quantitative differences of polarization curves obtained under
various operating conditions and designs for fuel cells.
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