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Abstract

This paper presents analytical and experimental studies on optimization of the gas delivery and. current collection
system in a proton exchange membrane (PEM) fuel cell for the objective of reducing ehmic loss, thereby achieving
higher power density. Specifically, the dimensions of current collection ribs as well as the rib distribution were
optimized to get a maximized power density in a fuel cell. In the modeling process, the power output from a fixed
area of membrane is calculated through analysis of an electrical circuit simulating the current from electrochemical
reaction flowing to the current collectors. Current collectors of two-dimensional ribs and three-dimensional pillars
were considered. Analyses found that three-dimensional pillars allow higher power density in a PEM fuel cell.
Considering the mass transfer enhancement effect, three-dimensional pillars as‘current collectors in gas flow field
may be a good choice if the fuel cell operates at low current density-and there is no liquid water blocking the flow
channels. The analyses did not consider the existence of liquid.water, meaning the current density is not very high.
The study concluded that decreasing the size of both the current collector and its control area yields a significant
benefit to a higher power density. A preliminary experimental test in-a PEM fuel cell has verified the conclusion of

the analytical work.
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Background

As environmentally friendly power sources, proton ex-
change membrane (PEM) fuel cells have received
increased attention in recent years: Emphasis of research
has either been placed on producing high power density
with adequate energy conversion efficiency for mobile
power source applications or on high energy efficiency
with adequate power density for stationary power source
applications. One of the big hurdles to the widespread
commercialization of fuel cells is due to the high cost
and insufficiently high power densities.

One of the important approaches to having high power
density in a fuel cell is to reduce the internal losses. The
internal losses can always be attributed to the three types
of polarizations [1]: activation polarization, concentration
polarization, and ohmic polarization. As these polariza-
tions increase, the overpotential can become too large for
the fuel cell to produce a high power density with
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reasonably high energy efficiency [2-4]. The minimization
of polarization will largely depend on the mechanism that
causes each specific type of polarization. The activation
polarization is caused by the slowness of the electrochem-
ical reactions taking place on the surface of the electrodes.
Consequently, a proportion of the available ideal voltage is
sacrificed in the electrochemical reaction. The concentra-
tion polarization is due to mass transfer resistance from
bulk flow to the surface of the electrodes when fuel and
oxygen are consumed and water is generated. The ohmic
polarization is the straightforward resistance to the flow of
electrons through the material of the electrodes and the
various interconnections as well as the resistance to the
flow of protons through the electrolyte.

The reduction of activation polarization is largely
related to membrane and catalyst properties. The elec-
trical potential loss due to ohmic and concentration
polarization is strongly related to the configurations of
the current conduction and collection elements [5,6].
These elements also significantly affect the mass transfer
process since the current collectors are ribs or walls that
guide the flow of reactant and product species in a fuel
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cell [7,8]. The total of ohmic polarization and concentra-
tion polarization may take a large proportion in the over-
all losses of fuel cell if the flow channels are not well
designed or if the contact resistances between cell com-
ponents are large [9,10].

A qualitative description of the control and optimization
of ohmic loss is worth reviewing here. On an electrode/
electrolyte layer with a fixed area, using small current col-
lectors can expose a larger membrane area to reactant
gases, therefore extracting greater current from the elec-
trochemical reaction. However, a smaller current collector
has a small contact area to electrodes and also makes the
pathway for current conducting along the in-plane direc-
tion of electrode layers longer. This increases the ohmic
loss. To strike the best balance between the two competing
effects, an optimal arrangement of the current collectors
on a bipolar plate is needed. This raises issues about
optimization of the size of a current collector and the area
from which the current due to electrochemical reaction is
collected [11,12]. Obviously, the objective of this
optimization is to obtain a maximum power density on an
electrode/electrolyte membrane in a fixed area.

The minimization of the fuel cell voltage losses due to
mass transfer and ohmic resistances will largely depend on
the design of gas flow fields and current collecting system
on the bipolar plates. The bipolar plates perform functions
including the electrical connection between cells, supply of
reactant gases, water and heat management, and support
for membrane electrode assembly (MEA). Improvement in
the design of current collecting and flow delivery system is
therefore important to the high efficiency and maximized
power density in fuel cells.

Various bipolar plate designs have been tested and evalu-
ated by researchers worldwide in the field of PEM fuel cells
[13,14]. The considered factors include the following: prop-
erties of materials [15], cost benefit analysis [16], the
optimization of flow field [17], etc. The essential objective
of these analyses is to achieve a maximum power output at
low cost of materials of bipolar plates.

In this study, the analyses for the optimization of a
current collection system will consider two different struc-
tures of current collectors. The first type is a two-dimen-
sional (2D) rib design which is very common in proton
exchange membrane fuel cell (PEMFC) products so far; the
second type is a three-dimensional (3D) pillar design. The
analysis will find optimal sizes of ribs and pillars in a given
area of membrane to meet the objective of maximum
power density. The same optimization analysis will be car-
ried further for different sizes of the given area of the mem-
brane. Using these results, optimal sizes and ratios of the
current collectors and their control areas will be recom-
mended for fuel cell design.

There are several published papers that present
optimization of the flow channels and current collecting
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ribs using computational fluid dynamics (CFD) methods
[6,10,13]. The models and methods used in these papers
are CFD-based and inconvenient for a quick design
optimization as might be incidentally required. To avoid
the heavy-load numerical computations, the current paper
presents a model that can be easily implemented. It con-
sidered typical flow channel and current collector struc-
tures as they possess the common features of current
collection processes in PEM fuel cells. The model and
results presented are of significance to the practical design
of fuel cells when heavy CFD analysis is unavailable.

Methods

Structure of current collectors

The long gas channels and two-dimensional ribs shown
in Figure 1 are typical characteristics of a bipolar plate in
a fuel cell. From the mass transfer point of view, this
flow field design has:disadvantages in promoting the
mixing of flows. To mitigate this shortcoming, 3D pillars,
shownin Figure 2, for-current collection and mass trans-
fer enhancement have been proposed [18] for solid oxide
fuel cells by one of the current authors. In order to give
a /comprehensive study of the current collectors, the
present physical model will analyze both 2D and 3D
current collecting elements in the gas delivery field of
PEM fuel cells.

Analytical model

To analyze the current collecting system, it is convenient
to consider just one single collector which collects the
current of the electrochemical reaction in a controlled
area. An electrical circuit will establish the relationship

Current —
Collector

Bipolar plate

Figure 1 Two-dimensional current collectors on a bipolar plate.
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Figure 2 Three-dimensional current collectors on a bipolar plate.
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of the relevant parameters to the power density. These
parameters include the dimensions of current collectors
and control area, the fuel cell operating temperature, and

properties of the membrane and electrodes. The effect of
current collection area and current collector size on the
power density will be discussed in order to find optimal
dimensions.

Figures 3 and 4, respectively, show the physical models
of a single current collector and the electrical circuits for
2D-type and 3D-type collectors in a PEMFC. Resistances
in the anode, cathode, electrolyte, and gas diffusion
layers (GDL) are considered. Contact resistances of the
gas diffusion layer to electrodes and gas diffusion layer
to current collectors are also considered. Tables 1 and 2
give the properties of all components such as thick-
nesses, resistivities (at 25°C), and contact resistances. In
the gas diffusion layer and electrodes, only resistances in
the in-plane direction are considered to be significant.
For proton conduction in the electrolyte, resistance is in
the through-plane direction.

At a given current density for an area (with a width of
d, for 2D case and a diameter of d, in 3D case) of the
MEA layer, the voltage difference between the cathode-
side and the anode-side current collectors can be found
through analysis of the circuit. Given conditions include
the Nernst potentials and the resistances from contact
and conduction. The potentials on every node in the cir-
cuit can be related using equations from Kirchhoff’s laws.

-
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Figure 3 2D current collectors and current collection circuit. (a) Circuit for the current collection; (b) front view of the current collectors.
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Figure 4 3D current collectors and current collection circuit. (a)

Circuit for the current collection; (b) top view-of grid allocation.

Consequently, potentials are availablewhen the equa-
tions from all nodes are jointly solved. With potentials
known, the power output from the electrode/electrolyte
layer of a fixed area is obtained.

The analysis of the current collection may be based on
given voltages (at anode-side V=0, and at cathode-side
V'=V,en). The total current leaving the cathode is calcu-
lated once the potentials at all grids in the circuit are
obtained [19].

Table 1 Parameters of simulated PEMFC components
showing contact resistances

Studied contact resistances(Q cm?)

Anode-GDL Cathode-GDL Current collector-GDL
0.001 0.001 0.001
0.005 0.005 0.005
0.010 0.010 0.010
0.015 0.015 0.015
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Table 2 Parameters of simulated PEMFC components
showing thicknesses and resistivities

Anode Cathode Electrolyte GDL
Resistivity 1.8868 1.8868 9.091 0.0127
(Q cm)
Thickness 10 10 100 100
(um)

The electromotive forces (emf) in the circuit shown in
Figures 3a and 4a are

E=E— Heone ™ Macts (1)

where the standard state emf, E?, is based on the low
heating value for the electrochemical reaction in a PEM
fuel cell; 5. is the concentration polarization. The acti-
vation polarization 7, is based on equations taken from
literature [20]:

RT | [ £/ ]-i—gln

_RT v’
T = 05F Miops,| | F

P oA
IH, P,

: ()

where i is the current density; i, (1,000 A/m? [10]) and
io,(100 A/m? [20]) are the exchange current densities of
the anode and cathode sides, respectively; p* is the pres-
sure on the anode side, and p° is that on the cathode
side; pyy, and pg, are the partial pressures of hydrogen
on the anode side and oxygen on the cathode side, re-
spectively; T is the temperature of the electrochemical
reaction. Table 3 lists several cases identified by the con-
trol area of a current collector.

The optimization and fuel cell performance are studied
at temperatures of 25°C, 50°C, 60°C, and 75°C. The
temperature is used to calculate the ideal electromotive
force in Equation 1. Also, the protonic conductivity in
the membrane varies depending on the temperature,

1 1
1,268( —— ————— |,
(303 273+T>}

(3)

where A > 1. This parameter is specifically defined as the
number of moles of water per number of sulfonic sites in
the membrane:

o(T) = (0.005139) — 0.00326) exp

Table 3 The size of control area (d,)

Number 3D type (mm) 2D type (mm)
a 1.5 1.5
b 18 18
C 20 20
d 30 30
e 4.0 4.0

f 6.0 6.0
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Table 4 The values of protonic conductivity and
resistivity depending on the operating temperature

Temperature Protonic conductivity Resistivity
(°Q) (1/Qcm) (Qcm)
25 0.1100 9.0910
50 0.1529 6.5401
60 0.1720 5.8128
75 02027 6.5401

number of molecules

A= (4)

number of sulfonic sites

In this simulation, the water content was considered to
be approximately 14 [20], assuming that the membrane
is well hydrated. Protonic conductivity was calculated by
Equation 3 to consider the effect of temperature. Some
values of the protonic conductivity at different tempera-
tures are listed in Table 4.

Results and discussions

The voltage and current density relationships obtained
for a fixed area centered by a current collector are pre-
sented in the following sections. The concentration
polarization is not considered in this optimization ana-
lysis. Because of this, the results of the maximum power
density obtained in the study will thus be considered as
the asymptotic power under the selected operating
conditions.

Optimization of the size of 3D current collector/pillar in
the center of a fixed control area

This optimization selected an operating temperature of
25°C for analysis. The contact resistance of R, =0.001
Q cm? between current collectors, ‘gas delivery layers,
and electrodes is assumed. Cylindrical current collectors,
as shown in Figure 4, are investigated first. The cases of
control areas of diameters 2.0, 4.0, and 6.0 mm were
considered.

The cell voltages and power densities on a control area
centered by a current collector are shown against the
current densities in Figure 5. It is clear that current col-
lectors of different sizes will result in different maximum
power densities. An optimal current collector diameter is
found to be 0.72 mm for the case of a control area with
diameter of 2 mm, which can result in a maximum
power density of 1.1233 W/cm?. Results from the cases
of control areas of 4.0 mm and 6.0 mm show similar sce-
narios, although the optimal sizes of current collectors
are different in each case.

It is also found that a higher optimized power density
is available from a smaller control area. The maximum
power density at the optimal current collector size of
d.=0.72 mm in the case of d, =2 mm is higher than that
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Figure 5 Optimum current collector size in a fixed control area.
(@) do=2.0 mm, (b) d,=4.0 mm, and (c) d,=6.0 mm.

- J

obtained in the case of d.=2.77 mm when d,=6 mm.
This feature is observed even when different contact
resistances, ranging from R on=0.001 to Ry, =0.015,
are applied. These results strongly suggest that densely
distributed small-sized 3D-type current collectors in a
gas delivery field are preferable. To give a clear
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Table 5 The optimum current collector sizes and
maximum power density
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Figure 6 Optimum values of power density and d, versus d. at
cases with different contact resistances.

to attain the optimal compaction pressure for the appro-
priate contact resistance. If the contact resistance varies
significantly, the effect of optimization of the current
collectors may not be maintained.

Optimization of the size of 2D rib current collectors

The two-dimensional current collection ribs, shown in

Contact Size of control Optimum size Maximum
resistance area of collector power density
(Q cm?) do(mm) d.(mm) (W/cm?)
0.001 1.5 0.53 1.1457
1.8 0.64 1.1329
20 0.72 11233
30 1.14 1.0673
4.0 1.62 1.0038
6.0 277 0.8797
0.005 1.5 0.70 0.8487
1.8 0.84 0.8441
20 091 0.8396
30 144 0.8193
4.0 1.96 0.7924
6.0 3.12 0.7300
0.010 1.5 0.78 0.6836
1.8 0.94 06810
20 1.05 06791
30 159 06674
4.0 2.14 0.6524
6.0 3.33 06153
0.015 15 0.83 0.5836
18 0.99 0.5817
20 1.1 0.5803
30 1.67 0.5724
4.0 2.24 0.5624
6.0 345 0.5370

comparison of the obtained results, Table 5 includes the
optimal current collector size and the maximum avail-
able power density in different control areas. Figure 6
shows the results given in Table 5.

Firstly, the contact resistance has a significant effect on
the maximum available power density. With the decrease
of the contact resistance, the maximum output power
density increases. The contact resistance is related to
many parameters such as clamping force, elastic modu-
lus, thickness of MEA, the pressure of fuel and oxidant,
temperature, and humidity [21]. Of these various para-
meters, the clamping force is relatively important. If the
clamping force is unreasonably small, the interfacial con-
tact resistance between the gas diffusion layer and
current collector will increase and the maximum power
output will decrease [22,23]. The curves of d, versus d,
in Figure 6 show that ideal current collector sizes exist
for the specific contact resistance. This result reminds
fuel cell manufacturers that the assembly of PEM fuel
cell components should be carefully considered in order

Figure 1, are commonly adopted in commercially avail-
able PEM fuel cells. At a contact resistance of R.on=
0.001 ©Q cm” and electrochemical reaction temperature
of 25°C, the optimal current collectors and maximum
power densities are obtained for control areas (denoted
by d,) of 1.5, 1.8, 2.0, 3.0, 4.0, and 6.0 mm. As shown in
Figure 7, results similar to those from the 3D-type
current collectors have been obtained; small control
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Figure 7 Power density versus current density from optimized

current collector at different control areas.
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Table 6 Optimum current collector sizes and maximum

power density at different contact resistances for 2D ribs

Contact Control Optimum Maximum
resistance area size size power density
(Q cm?) (mm) (mm) (W/em?)
0.001 1.5 017 1.1056
18 0.20 1.0917
20 0.23 1.0817
30 036 1.0209
4.0 049 0.9495
6.0 081 0.8003
0.005 15 033 0.8429
1.8 038 08357
20 044 0.8307
30 0.67 0.7983
4.0 091 0.7583
6.0 1.46 0.6681
0.010 15 041 06792
18 049 06750
20 0.54 06718
30 0.83 0.6522
4.0 113 06273
6.0 1.76 0.5685
0.015 15 045 0.5800
18 0.55 0.5769
20 0.60 0.5747
30 0.92 0.5610
4.0 1.24 0.5434
6.0 1.94 0.5007
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areas and optimized current collectors are advantageous
due to the corresponding higher power densities.

A similar investigation for 2D current collection ribs at
different contact resistances is also made. Again, for all the
cases, the power densities increase when the control area
decreases and the current collector width is optimized.
Contact resistances significantly affect the maximum output
power.

The analytical results of 2D current collecting ribs
from Figure 8 are also given in Table 6 for the conveni-
ence of comparison between different cases.

Comparison of the optimization result of 3D current
collectors and 2D current collectors

It is interesting and of significance to compare the max-
imum available power densities based on geometrically
different types of current collectors. Table 7 shows the
maximum power densities obtained from the analysis for
3D cylindrical and 2D rib-type current collectors. The

Table 7 Comparison of maximum power density obtained
from using 3D-type and 2D-type current collectors

Contact Size of Maximum power Maximum power
resistance . control area density for density for
(@ cm?) d, (mm) 3D collectors 2D collectors
(W/em?) (W/em?)
0.001 15 1.1457 1.1056
18 1.1329 1.0917
20 1.1233 1.0817
30 1.0673 1.0209
4.0 1.0038 0.9495
6.0 0.8797 0.8003
0.005 15 0.8487 0.8429
18 0.8441 0.8357
20 0.8396 0.8307
30 0.8193 0.7983
4.0 0.7924 0.7583
6.0 0.7300 0.6681
0.010 15 0.6836 06792
1.8 0.6810 0.6750
20 0.6791 06718
30 0.6674 0.6522
4.0 0.6524 06273
6.0 06153 0.5685
0.015 1.5 0.5836 0.5800
1.8 05817 0.5769
20 0.5803 0.5747
30 05724 05610
4.0 0.5624 0.5434
6.0 05370 0.5007
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Figure 9 Optimum power density at different temperatures for
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definition for the dimensions of d, is given in Figures 3
and 4 for 3D and 2D current collectors, respectively. A
general trend is identified from this comparison: the
maximum power density from using the 3D cylindrical
current collector is higher than that from using 2D ribs.
This conclusion is drawn without considering the liquid
water effect in PEM fuel cells. About 4 % to 7 % of im=
provement of the maximum power density may be avail-
able if 3D cylindrical current collectors are used instead
of 2D ribs. Note that for Table 7, the optimum sizes of
the current collectors for every case can be found in
Tables 5 and 6.

Applicability of optimization effect at different operating
temperatures

The fuel cell operating temperatures affect the perform-
ance in a complicated manner. Temperature affects the
mass transfer polarization since the gas diffusivities are
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Figure 10 Optimum power density at different temperatures
for 2D rib current collectors (R.ont=0.001 Q cm2, d,=2.0 mm).
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functions of temperature. Temperatures also affect the
ideal electromotive force, protonic conductivity of the
membrane, and activation polarization. Since the con-
centration polarization is not considered in the
optimization analysis in this work, results regarding the
effect of temperature on the maximum available power
density are only preliminary studies.

Figure 9 shows the optimized power densities and vol-
tages against current densities for cases of operating
temperatures from 25°C to 75°C. The contact resistance
is 0.001 Q cm?, and the control area size is do=2.0 mm
for a cylindrical current collector. Similarly, Figure 10
indicates the same type of results for 2D rib current col-
lectors. The values for d. given in Figures 9 and 10 are
optimized sizes of current collectors under the different
temperatures. Since the increase of temperature will re-
sult in an increase of protonic conductivity, higher
optimum power density may be available when the oper-
ating temperature is high.

Experimental results

In the experimental work by Hental et al. [24], a similar
phenomenon as revealed in the present optimization
analysis was observed in the development of new materi-
als of current collectors for PEMFCs. They reported that
using smaller current collecting ribs and gas channels
elicited higher power density in PEM fuel cells. This
agrees with the conclusion obtained in the present
analysis.

In this study’s accompanying experimental work, a test
for PEM fuel cells was conducted at room temperatures
(25°C) to verify the conclusions from the analytical work.
The tested fuel cells have the same membrane, but the
current collector size and control area in hydrogen and
oxygen flow fields on the bipolar plates are different. One
has large-sized 3D current collectors, and the other has

—&— large sized 3D collector
—a— Small sized 3D collector

—o— Large sized 3D collector
—a— Small sized 3D collector

140

1120

1100

Veell (V)
Pcell (mW)

0 50 100 150 200
Current (mA)

Figure 11 Experimental test for fuel cells at room temperature
(25°C). Oxygen was supplied from free convection airflow.
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small-sized 3D current collectors. Oxygen with no humidi-
fication is provided through natural convective airflow. As
shown in Figure 11, a higher voltage output is obtained for
small 3D current collectors. A comprehensive experimen-
tal test will be carried out in the near future.

Conclusions

Analysis and experimental work was conducted to
optimize the flow field and current collectors in PEM
fuel cells. From the analysis, the dimensions of current
collecting ribs and the rib distribution can be optimized
in order to have maximum power density in a fuel cell.
The analytical models consider current collectors of two-
dimentional ribs and three-dimensional pillars. Upon
optimization, using three-dimensional pillars in a flow
field can obtain higher power density in a PEM fuel cell.
This conclusion is drawn without considering the liquid
water effect in PEM fuel cells.

It is also found that higher power densities can be
obtained using smaller current collectors with optimized
distribution in a flow field. Considering the mass transfer
enhancement effect, three-dimensional pillars, as current
collectors in gas flow field, are recommended. However,
when liquid water exists in a PEMFC, two-dimensional
ribs are usually better as the liquid can be excluded with
more ease than in the case of three-dimensional pillars.
A preliminary, yet not comprehensive, experimental test
at low current density without liquid water in PEM fuel
cells has found better performance when small sized 3D
current collecting pillars and optimal distribution are
adopted in a flow field.
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