
Chapter 10
Electrochemical Promotional Role
of Under-Rib Convection-Based
Flow-Field in Polymer Electrolyte
Membrane Fuel Cells

Hyung-Man Kim and Vinh Duy Nguyen

Abstract Literature data on the promotional role of under-rib convection for
polymer electrolyte membrane fuel cells (PEMFCs) fueled by hydrogen and
methanol are structured and analyzed, with the aim of providing a guide to improve
fuel cell performance through the optimization of flow-field interaction. Data are
presented for both physical and electrochemical performance showing reactant
mass transport, electrochemical reaction, water behavior, and power density
enhanced by under-rib convection. Performance improvement studies ranging from
single cell to stack are presented for measuring the performance of real operating
conditions and large-scale setups. The flow-field optimization techniques by
under-rib convection are derived from the collected data over a wide range of
experiments and modeling studies with a variety of components including both
single cell and stack arrangements. Numerical models for PEMFCs are presented
with an emphasis on mass transfer and electrochemical reaction inside the fuel cell.
The models are primarily used here as a tool in the parametric analysis of significant
design features and to permit the design of the experiment. Enhanced flow-field
design that utilizes the promotional role of under-rib convection can contribute to
commercializing PEMFCs.
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Nomenclatures

Dptot Total pressure drop
zmax Total length of the path
Kch Channel permeability derived from the Hagen–Poiseuille equation
Dctot Total concentration loss
qrib Under-rib convection flowrate
Kgdl Flow permeability of the GDL
_vspec Mean specific volume flow
_V Inlet volume flow
_Vmeander
local

Integral of the local volume flow (l/h)

_v
meander
spec

Specific volume flow in the meander channel

_v
diff
spec

Total specific flow through the diffusion layer

Pcell Cell output power density
WP Pressure drop loss
AFC Alkaline fuel cell
BOP Balance of plant
CFD Computational fluid dynamic
CL Catalyst layer
DMFC Direct methanol fuel cell
EIS Electrochemical impedance spectroscopy
GDL Gas diffusion layer
GFF Grid flow-field
MCFC Molten carbonate fuel cell
MEA Membrane electrolyte assembly
MFF Original design mixed parallel and serpentine
MPL Microporous gas diffusion layer
MSFF Multi-serpentine
OCV Open-circuit voltages, E0

ORR Oxygen reduction reaction
PAFC Phosphoric acid fuel cell
PEMFC Polymer electrolyte membrane fuel cell
PFF Parallel flow-field
PTFE Polytetrafluoroethylene
SFF Single serpentine
SSFF Single serpentine flow-field
SOFC Solid oxide fuel cell
VOF Volume of fluid
qtot Total flow rate
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1 Introduction

Fuel cells generate fewer harmful emissions and are more efficient compared with
the Carnot efficiency of heat engines, because of converting the chemical energy of
fuels directly into electricity without combustion [1]. Polymer electrolyte mem-
brane fuel cells (PEMFCs) were first employed in the Gemini space program in the
early 1960s. Fuel cells are expected to play a significant role in the strategy to
produce positive global change, increase fuel efficiency, and decrease dependency
on traditional fossil fuels. Fuel cells and direct electrochemical fuels, particularly
hydrogen, provide the promise of being one of the several possible long-term
solutions to the improvement of energy efficiency, energy sustainability, energy
security, and the reduction of greenhouse gases. Significant environmental benefits
are expected for fuel cells, particularly in the area of energy conversion for electric
power generation and transportation. There are five types of fuel cells, which are
differentiated on the basis of their electrolytes: (i) the polymer electrolyte membrane
fuel cell (PEMFC), (ii) the phosphoric acid fuel cell (PAFC), (iii) the alkaline fuel
cell (AFC), (iv) the molten carbonate fuel cell (MCFC), and (v) the solid oxide fuel
cell (SOFC). While all five fuel cell types are based on the same underlying
electrochemical principles, they operate at different temperature regimens, incor-
porate different materials, and often differ in their fuel tolerance and performance
characteristics [2].

The hydrogen-fed proton exchange membrane fuel cells and liquid methanol-fed
direct methanol fuel cells (DMFCs) using Nafion®-based polymer electrolyte
membranes operate at low temperature (typically less than 100 °C). These
low-temperature operating fuel cells are well suited for transportation, portable, and
micro-fuel cell applications because of the requirement of fast start-up and dynamic
operation in those applications. Some of the sulfonated hydrocarbon polymer
membranes show high proton conductivity for potential operation at 100–120 °C
[3]. The cathodes in DMFCs fueled by methanol, are similar to the cathodes of
PEMFCs fueled by hydrogen; However, anode catalysts in DMFCs are typically
high-loading Pt/Ru on high-surface blacks and are used at higher electrode loadings
than those of PEMFCs [4]. The basic processes of both PEMFCs and DMFCs are
shown in Fig. 1. In addition to the effects of electrochemical oxidation and
reduction processes, the performance of the DMFC is affected by methanol per-
meation from the anode to the cathode, where the methanol is chemically oxidized.
Although PEMFCs and DMFCs have similar theoretical open-circuit voltages, E0,
of 1.229 and 1.214 V, respectively, the methanol permeation that occurs during the
process lowers the DMFC cell voltage by several hundreds of mV [5].

Technical progress in the design and manufacture of PEMFCs has been dramatic
in recent years. In the 1970s, a chemically stable cation-exchange membrane,
Nafion®, based on sulfonated polytetrafluoroethylene, was developed by Dupont
which led to its large-scale use in the chlor-alkali production industry, energy
storage, and fuel cells. During the past two decades, research on the development of
PEMFCs with a Nafion® membrane as the electrolyte have received much attention.
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Fig. 1 Principles of PEMFC and DMFC with proton exchange membranes. Source Ref. [5]
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However, PEMFCs will need to be competitive with the established and highly
developed internal combustion engine and other forms of power generation on an
economic and consumer basis. Although much progress has been made in the
development of the PEMFC, significant technical challenges still remain in a
number of areas including reliability, durability, cost, operational flexibility, sim-
plification, and integration of the underlying technology, fundamental under-
standing, and life cycle impact. To close technological gaps fundamental
understanding, new advanced materials and associated engineering design and
modeling are required. Many researchers have therefore recently focused on single
cells of PEMFC and their components that involve novel membrane electrolytes,
catalysts, and structure, electrochemical reaction mechanisms and kinetics, as well
as electrode materials and preparation [6].

For a given membrane electrode assembly (MEA), the power density of a fuel
cell stack can be significantly increased by reducing the profile of the bipolar plates.
Bipolar plate design as a whole and flow channel layout configuration in particular
are potential areas of research to make this alternative clean power source com-
patible to its counterparts. As one step forward, the interdigitated flow-field, in
which baffles are added at the ends of some channels, was proposed. The baffle
design forces the reactants to flow through the gas diffusion layer (GDL), and the
actual force of this reactant flow helps blow out the liquid water trapped in the inner
layers of the electrodes. With the interdigitated flow-field design, the mass transport
rates of the reactants from the flow channel to the inner catalyst layer were
improved, and the water flooding problem at the cathode was significantly reduced
[7]. An increase of as much as 50% in the output power density was achieved by
appropriate distribution of the gas flow-field alone [8]. Other more complex
flow-field patterns and designs that combine more than one of the common patterns
have also been reported, particularly for larger MEAs.

In early studies on flow-field development, cross convection has been widely
ignored. In two of the first few studies to address this effect, two borderline cases
for a serpentine design were distinguished: one in which all the fluid follows
through the channel and one in which all the fluid passes through the GDL. The
latter reduces the pressure drop over the flow-field. The authors concluded that, for
GDLs with high permeability, it is important to keep the pressure drop along the
channel low to reduce the risk of unequal reactant distribution due to dominant
cross convection [5]. Recently, a number of researchers [9–42] have experimentally
and numerically shown that convection in the porous diffusion layer affects trans-
portation of mass and heat, liquid water removal and pressure drop, in PEMFCs.
The convection transport mechanism has been referred to as gas–liquid two-phase
flow [9], convection through the GDL [14], channel-to-channel gas crossover or
cross convection [15–18], cross-leakage flow [21], and sub- or under-rib convection
[27–38]. In this paper, we hereafter refer to this particular transport mechanism as
‘under-rib convection.’ Under-rib convection has recently been recognized as a
non-negligible transport process that influences the performance of PEMFCs and
DMFCs as a result of the higher GDL permeability that it produces.

10 Electrochemical Promotional Role of Under-Rib Convection-Based … 245



The aim of this study is to provide a guide to the promotional role of under-rib
convection in PEMFCs that covers a wide spectrum of the relevant scientific,
engineering, and technical aspects of this phenomenon within the highly interdis-
ciplinary nature of the fuel cell field. To achieve this, a large body of under-rib
convection related data were screened and structured. Our motivations for under-
taking the literature review of a particular aspect of PEMFC flow-field design are
manifold. First, an analysis of the literature shows that under-rib convection
between neighboring channels feeds reactants through GDL to the catalyst layer for
mass transport and electrochemical reaction and enables more effective utilization
of electrocatalysts by increasing reactant concentrations. Second, a number of
particular aspects of PEMFC performance, such as liquid water removal, uniformity
of concentration, pressure, temperature and current density, and output power, are
promoted by under-rib convection, and these parameters have been screened and
structured empirically through experimental and numerical studies. Finally, this
work is intended to provide a basis for the optimization of flow-fields in which
higher power density is achieved using the promotional role of under-rib convec-
tion; this optimization includes state-of-the-art designs that are likely to change as
this technology continues to develop.

2 General Description of Performance Improvements
in PEMFCs

Before presenting a review of the promotional role of under-rib convection, a brief
analysis of recent progress in PEMFC design is presented that includes information
on new advanced materials and their associated engineering design and modeling.
Extensive surveys of the reliability, durability, cost, operational flexibility, tech-
nology simplification and integration, fundamental understanding, and life cycle
impact of PEMFCs are already available [43–64]. As discussed later in this study,
the analysis undertaken here nevertheless provides a better understanding of the
PEMFC based on the collected literature data. The challenges that must be faced in
application and commercialization of PEMFCs are emphasized. These challenges
include continuous massive advancements in fundamental science and engineering
research and in the technological development of PEMFCs.

The main components of a PEMFC power source are illustrated in Fig. 2.
The PEMFC consists of (i) a single cell containing porous gas diffusion electrodes,
a proton exchange membrane, catalyst layers, and current collectors with the
reactant flow-fields (ii) a stack of cells in series with the current collectors, also
serving as the bipolar plates, (iii) cell stacks connected in series or in parallel
depending on the voltage and current requirements for specific applications, and
(iv) the necessary auxiliaries for thermal and water management as well as for the
compression of the gases. The unique feature of the PEMFC compared with
the other types of fuel cells is that it has a solid proton-conducting electrolyte.
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PEMFCs generate a specific power (W/kg) and power density (W/cm2) higher than
any other type of fuel cell [43].

The development of new components with improved characteristics for fuel cell
applications requires quantitative determination of their electrochemical perfor-
mance under relevant fuel cell conditions. The most straightforward approach to
this is to construct an MEA and measure the cell parameters in a single cell

Fig. 2 Schematic of PEMFC single cell components and multi-cell stack
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configuration. A membrane electrode assembly includes an anode, a cathode, a
membrane disposed between the anode and the cathode, and an extended catalyst
layer between the membrane and the electrodes. Apart from the operation condi-
tions, the conversion efficiency of a given MEA depends on several factors,
including the type and thickness of both the membrane and the gas diffusion
material, the nature of the binder used in the electrodes, and the binder-to-catalyst
ratio. Single cell testing is relatively straightforward, and operation conditions can
be accurately monitored because it allows specific control over humidity, reactant
flow, and temperature. In addition, the ability to collect data from an operating
electrochemical system can be alluring. Cell performance is often described by the
polarization curve, i.e., cell voltage versus current density. A typical curve is shown
in Fig. 3 [41]. In general, three main polarization losses can be identified: (i) acti-
vation losses, arising from charge transfer and other reaction kinetics; (ii) ohmic
resistances, arising from the electrical resistances of the cell materials and inter-
faces, and (iii) mass transport limitations, arising from the limitations of mass
transport. At low current densities, the shape of the curve is primarily determined
by activation polarization; which gives the curve its characteristic logarithmic
shape. Activation polarization plays an important role in cell performance because
of the reaction rate on the electrode surface is restricted by sluggish electrode
kinetics. Like a chemical reaction, the electrochemical reaction must overcome an
activation barrier. This barrier usually depends on the electrode material. When
pure hydrogen is used as fuel, the activation losses at the anode are negligible
because the rate of the hydrogen oxidation reaction is much higher than the rate of
the cathode reaction. Hence, the main source of activation overpotential is the
cathode, at which oxygen reduction occurs. When current density increases,

Fig. 3 A typical curve of PEM fuel cell performance. Source Ref. [18]
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the shape of the curve becomes approximately linear, reflecting the effect of ohmic
losses. This is caused by both the resistance due to the migration of ions within the
electrolyte and by the resistance due to the flow of electrons. It can be expressed by
the product of cell current and the overall cell resistance. When current density is
increased further, the curve begins to bend down due to mass transport overpo-
tentials, which result from limitations in the availability of reactants at the catalyst
surfaces. The main source of losses is again the cathode side because the diffusivity
of oxygen is significantly lower than that of hydrogen due to the larger molecular
size of oxygen [60].

Fuel cell efficiency, on the other hand, is directly proportional to the power
density, which can be linked directly to the chemistry of the polymer membrane.
Higher achievable power density directly translates to smaller, thus less expensive,
fuel cells. A swift comparison of the obtained data those obtained with unmodified
membranes is expected to provide useful information about the influence of the
inorganic phase on the nanocomposite efficiency. Their effectiveness as a catalyst
binder may be evident from an investigation of the interfacial effects of membranes
on electrodes and catalysts. In the case of Class I membranes intended for high
temperature operations, the methanol crossover flux versus methanol feed con-
centration can be collected, and the suitability of the membrane for DMFC appli-
cations may be determined from these data. The time stability of the membranes
under different operating conditions may also be studied. Single cell testing will be
of great advantage in fine-tuning hybrid membrane properties in order to give them
commercial viability [64]. Henceforth, a major technical challenge is up-scaling
single cell performance to stacks.

2.1 Proton Exchange Membrane

The proton exchange membrane (PEM) is the vital component of a PEMFC that
encourages fuel cell to attain high power densities. The role of the membrane
between the electrodes is to conduct protons produced by the electrochemical
reaction from the anode to the cathode. In the 1970s, DuPont developed a
perfluorosulfonic acid membrane, Nafion®, which not only showed a twofold
increase in specific conductivity but also extended the lifetime of the cell by four
orders of magnitude [43]. Perfluorosulfonic acid membranes soon became a stan-
dard for PEMFC that remain continued till today. The Nafion® membrane consists
of a copolymer of 3, 6-dioxo-4, 6-octane sulfonic acid with polytetrafluorethylene;
the Teflon backbone of this structure creates the hydrophobic nature of the mem-
brane, and hydrophilic sulfonic acid groups HSO�

3

� �
have been grafted chemically

onto the backbone structure. The hydrophilic sulfonic acid groups cause the
absorption of a large amount of water by the polymer, leading to hydration of the
polymer [60]. The level of hydration and membrane thickness are two important
factors that affect the performance of proton exchange membranes; both play
important roles in the suitability of membranes for application in fuel cells.
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PEMFC performance, which depends on the proton conductivity, also depends
on the degree of humidity of the membrane. Higher proton conductivity is achieved
at higher membrane humidity. One way to avoid water drag or water crossover is to
reduce the membrane thickness, thereby enabling an improvement in fuel cell
performance. Other advantages of reduced thickness include lower membrane
resistance, cost effectiveness, and rapid hydration. However, because of the diffi-
culties with durability and fuel bypass, there is a limit to the extent to which
membrane thickness can be reduced. To achieve high efficiency in fuel cell
applications, the polymer electrolyte membrane must possess the following desir-
able properties: high proton conductivity to support high currents with minimal
resistive losses, zero electronic conductivity, adequate mechanical strength and
stability, chemical and electrochemical stability under operating conditions, control
of moisture in the stack, extremely low fuel or oxygen bypass to maximize
columbic efficiency and production costs compatible with the intended application
[53]. The Dow Chemical and Asahi Chemical Companies have synthesized
advanced perfluorosulfonic acid membranes with shorter side chains and a higher
ratio of SO3H to CF2 groups. Compared to Nafion®, the lower equivalent weights
of these membranes account for their higher specific conductivities and result in
significant improvements in the PEMFC performance, i.e., approximately
50–100 mV increase in cell potential at 1 A/cm2 over the Nafion® 115, which has
approximately the same thickness (*100 lm) [66].

Proton exchange membrane is the key component of fuel cell systems that limit
the lifetime of PEMFCs. Thus, the enhancement of the durability of PEMs is critical
to the commercial viability of PEMFCs. In the past decade, membrane degradation
mechanism studies have become a focus of attention. In recently published reports,
membrane degradation is primarily classified as either chemical/electrochemical or
physical. With respect to the former, hydrogen peroxide generated during fuel cell
operation and its decomposition intermediate products, both of which have strong
oxidative characteristics, have been considered one of the important factors resulting
in membrane degradation. The formation of H2O2 was confirmed using a micro-
electrode in an operating fuel cell [67]. It was detected in the outlet stream of a cell
with a Nafion® membrane [68]. Membrane durability was subsequently evaluated by
both an ex situ Fenton test [69] and an in situ OCV accelerated test [70].

One of the major issues to be addressed in the development of proton-conducting
nanocomposite and hybrid membranes for fuel cell applications is their high tem-
perature stability since low temperature mitigates degradation [71]. Although fuel
cell performance degradation was considerable under conditions in which the MEA
was allowed to lose much water, no lowering of the open-circuit potential was
observed, suggesting that no increase in hydrogen crossover occurred. On the other
hand, a combination of high temperature and reduced humidity promotes the
degradation rate [72]. Studies of membrane stability at even more elevated tem-
peratures (e.g., 120 °C) are often carried out at reduced humidity (<50%). It is
expected that chemical degradation will be faster under these conditions than under
ideal conditions. Hence, Asahi Glass has reported operation of a new membrane for
400 h without membrane failure or even significant fluoride release [73].

250 H.-M. Kim and V.D. Nguyen



Desulfonation is generally studied by means of thermogravimetric analysis
(TGA), differential thermal analysis (DTA), Fourier transform infrared spec-
troscopy (FTIR), and TGA-mass spectrometry (MS). In Nafion®-based composite,
the decomposition behavior is attributed to the loss of sulfonic acid groups present
in the unmodified Nafion® membrane [74]. The primary mechanism of degradation
of these membranes is the degradation of the polymeric backbone; a secondary
mechanism is the degradation of the pendant groups or inorganic compounds inside
the membranes, which occurs at higher temperatures than primary degradation.
Modification of polyaromatic membranes with acidic oxides results in an increase
in membrane thermal stability at elevated temperatures. In efforts to improve
membrane performance for high-temperature fuel cell applications, various poly-
mers have been synthesized and tested for their proton conductivity, mechanical
stability, electrode–membrane interface, and connectivity. These efforts, aimed at
the commercialization of such membranes and the reduction of the cost of using
PEM at elevated temperatures, seem to continue with insightful vision [3]. The
future design concept of high-temperature PEMFCs will open new promising
avenues for further research and development.

2.2 Electrode and Catalyst

In PEMFCs, as in the case of other low- or intermediate-temperature fuel cells such
as the phosphoric acid fuel cell (PAFC) and the alkaline fuel cell (AFC), Pt and Pt
alloys are the best electrocatalysts discovered to date for both hydrogen oxidation
and oxygen reduction. In the types of fuel cells mentioned, the overpotential for the
former reaction is considerably lower than that for the latter reaction. For example,
in a PEMFC operating at a current density of 1 A/cm2, the overpotential at the
hydrogen electrode is about 20 mV while the overpotential at the oxygen electrode
is about 400 mV. About one-half of the overpotential at the oxygen electrode is due
to its loss at open circuit. The departure of the potential of the PEMFC from the
reversible value is due to the extremely low exchange current density for oxygen
reduction (about 10−9 A/cm2) on smooth platinum electrodes. Due to this very low
exchange current density value, competing anodic reactions are responsible for
setting up a mixed potential of about 1.0 V for the oxygen electrode at open circuit.
Oxygen reduction is considerably more complex than hydrogen oxidation due to
(i) the strong O–O bond and the formation of highly stable Pt–O or Pt–OH species,
(ii) the fact that it is a four-electron transfer reaction, and (iii) the possible formation
of a partially oxidized species [43].

One of the major problems encountered with Pt electrocatalysis for hydrogen
electrodes is its low tolerance to CO in H2 from reformed fuels. Furthermore,
according to the US Department of Energy, an increase in the cell potential to
approximately 0.75–0.8 V is necessary for PEMFCs to compete with
compression-injection direct ignition engines in order to meet the goal of 45%
efficiency in fuel consumption. The improvement can only be achieved by
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reduction of the oxygen overpotential by 50–100 mV. Recent studies have
demonstrated that such an improvement is possible by using intermetallic electro-
catalysts of platinum with a transition metal [75, 76], as used in state-of-the-art
PAFCs.

The issue of carbon corrosion seems to be of even greater concern. Graphitic
carbon is more stable than the conventionally used carbon black but has a lower
surface area. This limits the minimum metal particle size, which in turn reduces the
activity. In combination with the requirement for further reduction of the Pt loading,
this is not a promising situation. Carbon corrosion may also be mitigated by pro-
moting competing reactions. Development of catalysts for oxygen evolution has
been suggested, but this concept is still unproven and may introduce new durability
issues. The same holds for alternative supports. The electrode concept is based upon
nonconductive organic whiskers coated by Pt [9]. In this concept, the support is not
exposed to the electrolyte and Pt forms a continuous structure that is much less
susceptible to dissolution and shows a high specific activity toward the oxygen
reduction reaction (ORR). In spite of the low active surface area that is obtained and
anticipated mass transport problems [77], may be a superior concept from durability
point of view. Thus, in spite of recent research that has led to many new insights,
testing protocols and characterization methods, improvement of fuel cell electrodes
to meet existing durability targets still appears to be a formidable task.

2.3 Gas Diffusion Layer

The gas diffusion layer (GDL) is responsible for the transportation of heat and
gaseous phase, electronic contact, and water removal in a fuel cell. GDL consisting
of carbon fibers, is a macroporous layer which has to some extent made
hydrophobic by a Teflon coating. The microporous gas diffusion layer (MPL),
which is positioned between the GDL and the catalyst layer, consists of carbon
black particles and Teflon as a binder. Unlike the carbon black in the catalyst layer,
the carbon black in the MPL is not susceptible to electrochemical corrosion and
does not contain Pt to catalyze oxidation reactions but its chemical surface oxi-
dation by water or even loss of carbon due to oxidation to CO or CO2 cannot be
excluded [78, 79]. These processes are responsible to increase hydrophilicity of the
MPL. The carbon fibers of the GDL may be more stable but are otherwise sus-
ceptible to the same reactions. Decomposition of polytetrafluoroethylene (PTFE)
used as a binder or hydrophobic coating has also been suggested. This idea was set
forth on the basis of XPS data, but a mechanism has not been proposed [80].

As a result of chemical surface oxidation degradation, both the GDL and the
MPL lose their hydrophobic character [80, 81] and the pore structure of the
materials also changes. Both these phenomena have substantial effect on the water
content of the GDL and MPL and therefore on their mass transport properties.
Increased liquid water content of the GDL and MPL will impede gas phase mass
transport because pores initially used for gas phase mass transfer will be
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increasingly blocked by water. The relation between microstructure and surface
properties on the one hand and mass transport properties on the other has been the
subject of several recent experimental [13, 82] and modeling [83–86] studies. The
results of these studies indicate that mass transport can indeed be seriously affected
by the hydrophobicity of the GDL and MPL as well as by the pore size.

The properties of the GDL can also be changed by mechanical degradation
arising from the compression forces in a fuel cell. From ex situ tests in which the
material was aged under a compression force, it was concluded that compressive
strain increased with applied pressure but even more strongly with temperature
[87]. From this, it was concluded that GDL strain was influenced by PTFE stability.
Properties such as in-plane electrical resistivity, surface contact angle, bending
stiffness, and porosity were not affected. However, it was found that convective air
flow through the GDL can lead to loss of material [58].

2.4 Membrane Electrode Assembly

The membrane electrode assembly (MEA) is the ‘heart’ of the PEMFC and thus its
structure and composition are of vital importance for the following reasons:
(i) minimizing all forms of overpotential and maximizing the power density,
(ii) minimizing the noble metal loading in the gas diffusion electrodes by high
utilization of the surface areas of nanosized particles of the electrocatalyst (iii) for
effective thermal and water management, and (iv) attaining the lifetimes of
PEMFCs necessary for power generation, transportation, and portable power
applications. Major progress in the designing of the MEA was made in the late
1980s and the early 1990s.

A breakthrough in achieving a tenfold reduction in platinum loading (from about
4 mg/cm2 as used in the Gemini space flights to 0.4 mg/cm2 or less in the PEMFC)
in the 1980s and 1990s arose out of an invention [88] by workers at Los Alamos
National Laboratory (LANL). The breakthrough was made possible by using
platinum supported on high-surface-area carbon (e.g., Vulcan XC72R) as electro-
catalyst rather than pure Pt black crystallites as in the Gemini fuel cells and by
impregnation of a proton conductor (e.g., Nafion®) into the active layer of the
porous gas diffusion electrode. The main factors that make it possible to reduce the
platinum loading from more than 4 to 0.4 mg/cm2 include (i) the considerably
higher BET surface area of the carbon-supported electrocatalyst (particle size about
30 Å) than that of the unsupported previously developed PEMFC electrocatalyst
(particle size about 100–200 Å) and (ii) extension of the three-dimensional zone in
the electrode by impregnation of the proton conductor so that the utilization of the
electrocatalyst might be similar to that in a fuel cell with a liquid electrolyte (e.g.,
phosphoric acid or potassium hydroxide).

In the late 1990s, significant increase in power densities with even further
reduction in platinum loading to a level of about 0.05 mg/cm2 for the hydrogen
electrode and 0.1 mg/cm2 for the oxygen electrode were achieved by deposition of
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thin active layers of the supported electrocatalyst and proton conductor on an
uncatalyzed electrode [89] or on the proton-conducting membrane [90]. These active
layers are only about 10–20 lm in thickness and, unlike conventional electrodes,
contain no Teflon. Because the active layers are considerably thinner than those of
conventional electrodes (10 vs. 50 lm), the ohmic and mass transport overpotentials
of the electrodes, which are generally predominant at intermediate and high current
densities, are greatly minimized. An equally important advantage of such types of
electrodes is the increase in platinum utilization from about 20–25% to 50–60%. The
high utilization of platinum is essential from the point of view of reducing the
platinum loading and hence the cost of the platinum in the electrode.

2.5 Bipolar Plate

Bipolar plates constitute the backbone of a fuel cell power stack, conduct current
between cells, facilitate water and thermal management through the cell, and pro-
vide conduits for reactant gases, namely hydrogen and oxygen. In a PEMFC stack,
the bipolar plates are key elements because they account for large fractions of the
total weight, volume, and cost of the stack. Bipolar plates may represent up to 80%
of the total weight and 45% of the total cost of a PEMFC stack [91]. Furthermore,
these components perform vital functions in the stack such as carrying electric
current away from each cell, distributing fuel and oxidant homogeneously within
individual cells, separating individual cells and facilitating water management
within the cell [92]. Because the plates perform such a number of functions, a
variety of materials have been proposed for use in the manufacture of bipolar plates.

The gold-coated titanium and niobium used by General Electric for manufac-
turing bipolar plates in the 1960s, were substituted by graphite in the early 1970s
because of its high corrosion resistance and low cost [44]. Graphite bipolar plates
were manufactured starting from high-surface-area graphitic carbon powder mixed
with ligand resins; after molding at high temperature and pressure, the gas distri-
bution channels were introduced into the graphite blocks. However, due to the lack
of graphite durability under mechanical shocks and vibration combined with cost
effectiveness concerns regarding its high volume manufacturability, considerable
research work is currently underway to develop metallic bipolar plates with high
corrosion resistance, low surface contact resistance, and inexpensive mass pro-
duction. Alternatives to pure graphite plates are composite bipolar plates based on
the mixture of polymers and graphite particles. This class of materials allows mass
production at a reasonable cost using manufacturing processes such as injection
molding for thermoplastics [93]. There are several examples of graphite-based
composite bipolar plates that use polypropylene (PP), polyphenylene sulfide (PPS),
phenolic, or vinyl ester resins as matrices [94]. The polymer matrix gives flexibility
to the bipolar plate, thus improving its mechanical strength. The chemical stability
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is also not seriously affected by the incorporation of polymer in graphite. On the
other hand, electrical conductivity is proportionally diminished because polymers
are insulating materials. Thus, it is mandatory to formulate a composite bipolar
plate with care so as to attain mechanical performance without sacrificing electrical
conductivity.

In spite of the advantages of graphite-based composite bipolar plates associated
with their low weight, high production, and chemical stability, comparison of the
overall performance of graphite-based plates with that of metal bipolar plates
reveals two major drawbacks, lower mechanical resistance and lower electrical
conductivity. However, a handicap that may significantly decrease the performance
of metal bipolar plates is their susceptibility to corrosion in the acidic and humid
environment of PEM fuel cells. Metals operating in a fuel cell within a pH range of
2–4 and temperatures around 80 °C may suffer dissolution. The ions leached may
poison the MEA, decreasing the power output of the fuel cell [95]. Furthermore,
passive layers formed during operation increase the electrical resistivity of metal
bipolar plates. Consequently, the fuel cell efficiency is negatively affected due to
increasing interfacial contact resistance as the oxide layer grows. These effects
offset the advantage of high electrical conductivity [96]. The problems outlined
above may be minimized by protecting metal bipolar plates from corrosive fuel cell
operating conditions with coatings [61]. A wide variety of alternatives have been
proposed in research toward this objective.

2.6 Single Cell and Stack

The wide range in power output of fuel cells implies significant variation in fuel cell
operating conditions, active area, gas diffusion media, bipolar plate, and MEA
properties. The performance of a PEMFC stack varies significantly with respect to
the number of cells, operating conditions, material properties, and flow-field
characteristics. Understanding how the PEMFC stack performs, including the
transport behavior of each particular design with respect to overall performance
analysis and the local examination of electrochemical variables, temperature and
water distribution, will lead developers toward improved designs and enhanced
durability. This understanding requires both experimental study and numerical
analysis [97]. The 55-partner-strong FCTESTNET thematic network was estab-
lished to define harmonized test procedures applicable to the component level
(single cells, multi-cell stacks, Balance of Plant or BoP), subsystems, and entire fuel
cell systems. The purpose of this test module was to characterize the performance of
a PEMFC stack under constant current conditions. The module is used for mea-
suring the voltage and power of a stack as a function of drawn current. If properly
instrumented, cell voltages, different temperatures, reactant flows, relative humidity,
stack fluid pressures, and pressure drops can be measured. These modules are
accessible at the FCTESQA website [98].
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2.6.1 Water and Heat Management

Water plays an important role in fuel cells. Its functions in fuel cells include as a
reactant at the anode in the creation of protons, hydrating the PEM membrane to
promote proton transport toward the cathode, and representing a product of the
consumption of those protons at the cathode. The flux of water toward the anode
under fuel operating conditions can lead to so-called ‘water flooding,’ requiring a
balance between membrane hydration and flooding avoidance [99]. The maximum
degree of hydration of the membrane electrolyte is vital for the PEMFC to attain its
highest performance. If sufficient hydration is not achieved, the ohmic overpotential
in the membrane could be a major source of loss of efficiency in the PEMFC. The
flux of water is measured by the electro-osmotic coefficient, which equals the ratio
of the number of transported water molecules to transported protons. With
improvements due to the invention of Nafion®, the electro-osmotic drag coefficient
of water in a fuel cell is about 2.5. Thus, because the oxidation of 1 mol of
methanol in the presence of water at the anode generates 6 protons, 2.5 � 6 mol of
water will be dragged through a Nafion® 117 membrane toward the cathode. This
value will be higher if the membrane is equilibrated in a water-methanol mixture
[100], in which the loss of 16 water molecules from the anode occurs for every
mole of methanol oxidized.

The potential applications of PEMFCs in electric vehicles have stimulated the
development of internal hydration techniques. In these techniques, the water pro-
duced by the electrochemical reaction is used for the hydration of the membrane,
allowing the elimination of an external humidification subsystem. This method can
also reduce the volume and weight, and thus the size, of the overall system. Several
methods have been proposed which include (i) the use of porous carbon blocks for
the bipolar plates (due to capillary condensation, such plates are able to retain the
water produced by the electrochemical reaction and also assist water transport from
the cathodic to the anodic side of the fuel cell) in this type of cell stack, the carbon
blocks are not channeled, and the gases are humidified by forcing them to flow
through the wet porosities [101]; (ii) impregnation of the membrane solution into the
electrode, forming a thin recast film on the surface, followed by hot-pressing of two
impregnated electrodes onto each other; with this procedure, very thin electrolyte
films that show very small ohmic resistance and thus allow operation even under
unfavorable conditions, such as low pressure and temperature and without external
humidification, can be prepared; and (iii) impregnation of thin Nafion® recast
membranes with a small amount (approximately 5–6 wt%) of nanosized Pt particles.
In this case, Pt catalyzes the production of water from the crossover flux of H2 and
O2 across the membrane, thereby ensuring a satisfactory hydration level [102].

Proper thermal management is also recognized as a critical issue in the com-
mercialization of PEMFCs. The ambient temperature directly affects the heat
exchanger fan power consumption and the maximum power, with a statistically
significant effect on net efficiency [103]. PEMFCs are operated at temperatures in
the range of 70–80 °C to prevent dehydration of the PEMs. A cell temperature
below 60 °C leads to water condensation and flooding at the electrodes,

256 H.-M. Kim and V.D. Nguyen



accompanied by voltage loss. These stringent thermal requirements present sig-
nificant heat transport problems. Heat generation in PEMFC arises from the
entropic heat of reactions and the irreversibility of the electrochemical reactions and
ohmic resistances, as well as from water condensation [104]. Thermal management
in a DMFC is intimately tied to the water and methanol-transport processes. The
heat generation in DMFCs is comparatively higher than in PEMFCs due to lower
energy efficiency (20–25% at 0.3 and 0.4 V). High-cell temperatures promote
methanol oxidation and increase the methanol crossover rate, which reduces fuel
cell efficiency and energy density.

2.6.2 Fuel Crossover, Oxidation, and CO Poisoning

There are two technical challenges for PEMFC technologies: (i) high methanol
crossover (10−6 mol/cm2 s) and its further reaction with the Pt catalyst sites on the
cathode, which reduces the fuel cell efficiency (50–100 mA/cm2) [105]; (ii) insuf-
ficient activity of the anode catalyst, which results in high overpotential loss (about
350 mV) for DMFC compared with that for PEMFC (60 mV) [106]. Slow anode
kinetics due to methanol crossover reduces the power density of DMFC approxi-
mately 3–4-fold in comparison with a hydrogen fuel cell [104]. Pt–Ru and several
other anode catalysts have been developed [107, 108], and their effects on elec-
trochemical anode reaction and cell performance have been experimentally studied
[109].

The presence of CO in the fuel gas (sometimes termed CO poisoning) degrades
PEMFC performance by its preferential adsorption on the platinum surface,
resulting in blockage of active sites. The following three methods were reported to
mitigate CO poisoning effects: (i) the use of a platinum alloy catalyst; (ii) higher
fuel cell operating temperature; and (iii) introduction of oxygen in the fuel gas
[110]. The poisoning effect is temperature dependent, being less pronounced at high
temperature [111]. To avoid CO poisoning, PEMFCs require operation in pure
hydrogen and DMFCs must be operated at high temperature with an efficient
electrocatalyst.

In addition to the problems discussed above, various other factors also affect fuel
cell performance; these include membrane dehydration, reduction in membrane
conductivity, and mechanical stability [112]. Also, under oxidizing conditions, free
radicals (oxygen, hydroxide, and peroxide) attack the alkyl chains of the membrane,
resulting in loss of functionality and reduced overall membrane performance. Thus,
for successful fuel cell operation, membranes that are highly thermally, mechani-
cally, and oxidatively stable over a wide pH range are urgently required.

2.6.3 Scale-up and Long-Term Experiments

Unlike other types of fuel cells, PEMFCs show some loss of efficiency and power
density with scale-up in the area of the electrodes and the increase in number of
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cells in a stack. The main reason for this is that removal of the product (i.e., liquid
water) becomes more difficult in larger systems. Furthermore, a high water vapor
pressure in the reactant flows causes an increase in overpotential, especially at the
cathode [113]. An issue strongly related to water management is that of thermal
management in stacks. On one hand, temperatures that are too low cause water
condensation problems, as discussed above. On the other hand, an even more
important factor is that high-cell temperature, even in confined areas, leads to
membrane dehydration and consequent loss of performance. Although a PEMFC is
a very efficient system, 40–50% of the energy produced is still dissipated as heat.
This loss of electrochemical performance is due to the irreversibility of the cathodic
reaction, to ohmic resistance and mass transport overpotentials. To prevent drying
out of the membrane and the rise in the cell temperature, the generated heat must be
removed from the cell. Because the temperature difference between the cell and the
surroundings being approximately about 50 °C, it is impossible to rely on natural
convection and air cooling for efficient heat removal [114].

Fuel cell and stack design engineering aimed to improve the performance of
devices in terms of power density and specific power. Single cell design is realized
on the basis of experimental purposes. In addition, fuel cell stacks are often
designed for worldwide applications in order to reach enough power. However,
stack design is more complicated because power and overall voltage target must be
taken into account and MEA loss of performance must be minimized. Moreover,
the stack final application, specific geometrical requests and the cooling system
must also be considered [115]. Consequently, innovative PEMFC stack research
involves all the components of the stack from the membrane to stack auxiliaries,
with special attention to materials, hardware design (channels geometry, manifold,
sealing, and the like) and fuel cell component coupling.

The polarization curves of an H2/O2 single cell with a composite membrane are
shown in Fig. 4. It is obvious that the performance of the single cell reached its
maximum at 60 h and then degraded significantly during subsequent testing.

Fig. 4 Polarization curves of
the H3PO4/Nafion

®-PBI
composite membrane single
cell at different test times.
Source Ref. [60]
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For example, the single cell voltage at 1000 mA/cm2 fell from 0.55 V at 60 h to
0.45 V at 540 h, although it increased slightly at 720 h. The degradation in the
performance of the single cell during the test resulted from degradation of the
electrocatalyst and the membrane [116]. The small increase at 720 h appears due to
an increase in the membrane proton conductivity resulting from the increased
permeability of the membrane [117]. The long-term stability of membranes under
different operating conditions can also be examined. In short, MEA testing will be
of great advantage in fine-tuning the properties of hybrid membranes to establish
their commercial viability. However, a major technical challenge is the scaling up
single cell performance to stacks [65].

Long-term experiments can be indicator of the severity of degradation of
membranes and relative contribution to performance loss under various conditions.
The compilations of PEMFC experiments longer than 1000 h are meant to give a
qualitative understanding of the possible relationship between operating conditions
and voltage decay rates; such tests are difficult to compare quantitatively because of
differences in materials, flow-fields, start-up procedures, and other parameters. Note
that the voltage decay rates comprise irreversible as well as reversible losses. In
durability studies, it must always be remembered that part of the decay may be
reversible. This is particularly true in the case of under- or over-saturation of the
gases. Both drying out and flooding can have a detrimental effect. During a
26,000 h test conducted by Gore [118], a voltage loss of 110 mV was observed at a
current density of 800 mA/cm2. The sensitivity of a fuel cell system to dual-stack
parallel and series array operation has been evaluated experimentally. The system
net efficiency was lower for the parallel arrangement than that of the series
arrangement because connecting the stacks in parallel equalized the stack voltages.
The weaker stack depresses the polarization curve of the stronger stack, while the
stronger stack boosts the polarization curve of the weaker stack [119].

3 Structured Techniques for Flow-Field Optimization

The performance of a PEMFC is primarily determined by the intrinsic electro-
chemical efficiency of the MEA. Nevertheless, other factors such as flow-field
design, thermal and water management, and operational control are also important
[51]. The flow plate is one of the key components of a PEMFC and serves as both
the current collector and the reactant distributor. The reactants, as well as the
products, are transported to and from the cell through the flow channels. The
essential requirements for the flow-field are uniform distribution of reactants over
the entire electrode surface and effective removal of products from the cell, to
minimize the concentration polarization. Flow plates contain either a few very long
channels or a large number of channels. These channels make up the flow-field
through which the reactants are distributed to the entire surface of the MEA. An
optimal flow-field design is critical for obtaining high power density in a fuel
cell and thus is extremely important. Since the early development of PEMFCs,
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variety of flow-field designs has been introduced. Generally three major types of
flow-fields are in use: parallel, serpentine, and interdigitated. The serpentine
flow-field is the most commonly used [2].

Much efforts have been put forth to design an optimum flow-field for PEMFCs
that can both efficiently distribute reactants to the reaction sites and remove
products through the outlet. The presence of water in the products has been one of
the main concerns. To operate a PEMFC within a narrow band of water content is a
challenging task considering the vast range of power demand and environmental
conditions that pertain to vehicular applications. This makes the design of the gas
channels a very critical factor. Under different flow rates, relative humidities of air
intake and different current demands, complex two-phase flow regimes have been
observed in the gas channels. Therefore, it is essential to design blockage-resistant
gas channels with an acceptably small power loss to pump fuel and oxidant.

Data from a set of investigations on flow-field optimization that include both
experimental [39, 63, 98, 120–137] and modeling approaches [59, 68, 138–157] to
achieving uniform distribution of reactants were analyzed with the validation of
experimental and numerical results [97, 158–161]. The subject of these investiga-
tions ranged from single cells to stacks in PEMFCs. These studies, which are
schematically shown in Fig. 5, are being described in this section in order to
provide guidance to the optimization of flow-field design for efficient operational
control in PEMFCs.

Fig. 5 Flow diagrams for the optimization of flow-field in PEMFCs
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3.1 Experimental Approaches to Flow-Field Optimization

3.1.1 Current Density Measurement

It is desirable to operate a PEMFC at uniform current density over the MEA
because nonuniform current distribution in a PEMFC could result in poor reactant
and catalyst utilization, low energy efficiency, and possible corrosion inside the fuel
cell. Local current distribution in a fuel cell can be strongly affected by the oper-
ating conditions as well as by the organization of the reactant flow arrangement
between the anode and cathode streams, especially in practical PEMFCs of large
cell size [120]. For instance, reactant depletion along the flow channel leads to
current variation from the channel inlet to the exit and degrades the cell perfor-
mance and flow arrangements between the anode and cathode streams, such as co-,
counter-, and cross-flow, can exacerbate this effect considerably, resulting in
complex current distribution patterns over MEA surfaces. During normal PEMFC
operation, nonuniform current distribution cannot be measured directly because
only integral values such as cell voltage, current density, and impedance can be
measured. Therefore, considerable effort has been made to measure and understand
the current density distribution in PEMFCs using a variety of approaches.

The segmenting flow-field is one of the most popular techniques for measuring
the current distribution in PEMFCs. This technique measures the current distribu-
tion in a PEMFC using a segmented bipolar plate and printed circuit board. The
anode GDL and catalyst layers were also segmented. Three other segmentation
methods were also proposed; these included a partial MEA approach, current
mapping, and the use of sub-cells to measure the current distribution [121]. Using
the same principles, the current distribution was measured along the length of a
single flow channel in a PEMFC with higher resolution of spatial and time. The
time delay of local currents was observed after inlet reactant gas changes due to the
mass transport of gas through GDL. Simultaneous measurements were made for
species concentration and current distribution. Furthermore, a PEMFC permitting
simultaneous evaluation of current, temperature, and water distribution in the cell
under various operating conditions was designed [122, 124]. Consequently, the
experimental setup allowed to perform a simultaneous evaluation of current, tem-
perature, and water distribution in a polymer electrolyte fuel cell under operation.
The test fuel cell has a segmented anode flow-field for current distribution mea-
surement. The cathode end plate was made of an optical window, which was
transparent for infrared as well as for visible wavelengths. This allowed infrared
thermography and optical surveillance of water droplets and flow-field flooding.

The uniformity of current density distribution was evaluated experimentally
using third single cells and the PEMFC test station developed and installed at Power
System and Sustainable Energy Laboratory of INJE University, as shown in Fig. 6
for quantitative analysis in performance test of PEMFC. As shown in Fig. 6,
reaction gases such as hydrogen and oxygen must be carefully moved from the
container to the entrance of fuel cell without any changes of temperature, pressure,
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and flow rate. The performance of PEMFC is greatly affected by temperature,
pressure, flow rate, and humidity. The segmented current collector was inserted
between the back side of the anode flow-field plate and the current collector, as
shown in Fig. 7. The graphite block is filled with an electrically insulating epoxy
between the anode bipolar plate, the sensor plate, and the current collector to
minimize electrical contact resistances [123].

Other techniques for measuring local current distribution in PEMFCs have been
reported in the literature. The potential distribution at the interface between the
GDL and the catalyst layer (CL) was measured to obtain sub-millimeter resolution
of the current distribution measurement [125]. This research provided useful insight
into mass transport issues in land and channel areas of the flow-field plate. A novel
approach was developed to measure current densities under the channel as well as
under the land separately in PEMFCs with a parallel flow-field. The cathode cat-
alyst layer was designed to have either the area under the land or the area under the
channel loaded with catalyst. This design yielded separate measurements of current
densities under the land and the channel. An optimization study of current density
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distribution under the land and channel areas was conducted for a variety of ser-
pentine flow-field geometries and operating conditions [126].

It is clear that considerable effort has been devoted to developing methods for
current distribution measurements in PEMFCs for various reactant flow arrange-
ments and under different operating conditions such as varying stoichiometry ratio,
reactant pressure, cell temperature, and relative humidity. Currently, the local
current distribution in a PEMFC with different flow arrangements and operating
conditions is most often measured using the segmented bipolar plate or printed
circuit board technique [127]. The design of the flow-field greatly affects the flow
distribution and the final performance of the PEMFC system. An optimization
model that takes the effect of the GDL deformation into consideration was proposed
to obtain more uniform flow distribution for the flow-field configuration design
[128]. It was found that the GDL deformation must be taken into consideration in
the optimization of the flow-field due to its great influence on the flow distribution.
In addition, both the uniformity of the flow-field and its sensitivity to the GDL
intrusion should be considered in order to obtain a robust design. From the opti-
mization results, it can be seen that in order to achieve more uniform flow distri-
bution and high performance, the slots in the central channels should be shallower
and wider than those in the side channels.

Fig. 7 Schematic of the experimental setup with the segmented Bipolar Plate installed at Power
System and Sustainable Energy Laboratory of INJE University
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3.1.2 Flow Visualization

In PEMFCs, insufficiencies in the proton network and membrane degradation can
occur as a result of drying of the membrane. Excess water, on the other hand, blocks
gas flow channels and hinders gas access to active catalyst areas, resulting in
significant drops in performance. Water management is, therefore, one of the most
important issues in the design of PEMFCs. Oxygen partial pressures and water
blockages were visualized simultaneously in a triple serpentine PEMFC, and the
relationship between the two was investigated [129]. Air can be supplied from the
other channels through the GDL, and power generation continues at the catalyst
layer, even under the blocked channel. Thus, water continues to be produced at the
catalytic layer under the channel blocked by water. The water layer produced at the
catalytic layer under the blocked channel might not be easily removed because of
the limitation of gas flow due to the blockage. In this situation, even though the
water droplet in the channel is ejected from the cell, the catalyst layer is still wet;
thus, the oxygen consumption is low in the channel and thus the oxygen partial
pressure remains high. Such a flooded area may expand with operation time,
causing significant performance and efficiency losses in the fuel cell, as shown in
Fig. 8.

Novel diagnostic techniques designed especially for the visualization of water
have been intensively applied to PEMFCs to elucidate the nature of water transport
inside the cell. There has been a rapid and continual growth in the number of
publications on in situ and ex situ visualization techniques in PEMFCs. These
publications cover topics such as magnetic resonance imaging, neutron radiogra-
phy, X-ray imaging, fluorescence microscopy, infrared visualization, and direct
optical visualization. These techniques play complementary roles in achieving an
understanding of water transport in PEMFCs because each technique has an indi-
vidual capability of detecting the presence of water in different materials at different
spatial and temporal resolutions. The state of the art in relation to in situ

Fig. 8 Schematic drawing of the channel, gas diffusion layer, and catalyst layer with water
blockage. Source Ref. [128]
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visualization techniques for use as diagnostic tools in studies on water transport in
PEMFCs has been comprehensively reviewed [63].

Because of the importance of water transport to the functioning and efficiency of
fuel cells, many researchers focus on water transport mechanism and water equi-
librium technique in PEMFCs. For liquid water transport in gas channels of
PEMFCs, direct observation of transparent method has been conducted by many
researchers. The influence of operating conditions on liquid water formation and the
fuel cell performance is one point that is often emphasized. During the start-up and
shut-down processes of a PEMFC, platinum particles are lost from the catalyst layer
at the cathode due to corrosion of the carbon supports. During gas exchange, the
distribution of oxygen partial pressures at the anode was visualized using our
real-time/space visualization system, which clearly showed the location of H2- and
O2-rich areas along the gas flow channel from the inlet to the outlet. The gas
exchange rate was found to be much slower than that predicted from simple
replacement. In addition, it was also related to the proton transfer derived from
carbon corrosion of the cathode catalyst layer. From the visualization results, it was
found that the shut-down process produces a more serious effect than the start-up
process. The oxygen partial pressure at the cathode was visualized during cell
operation after degradation. Because the MEA was degraded mainly near the inlet
and outlet of the reactant gases in the cell, oxygen was consumed primarily in the
middle of the MEA [130]. Transparent acrylic materials were used to make various
fuel cell models for the experiments. The parameters considered in the experiments
were the rate of water injection into the models, the velocity and temperature of the
humidified gas in the cathode channels, the type offlow-field, and the temperature. It
was found that the parallel and interdigitated flow channels were easily flooded
under certain conditions. Fuel cells with two different types offlow channels and two
different electrode sizes were made, and their performances were compared with
some of the flooding results obtained from the transparent physical models [131].

The effects of four operating parameters, namely air stoichiometry, hydrogen
stoichiometry, cell temperature, and electric load, on the formation and extraction of
water from flow channels were investigated [132]. These results showed that
hydrogen and air stoichiometry contributed almost equally to the process of water
formation of water in the cathode channels. However, contrary to hydrogen,
changing the air stoichiometry proved capable of extracting all the water from the
cathode channels without dehydrating the membrane. Increasing the operating
temperature of the cell was found to be very effective in the water extraction
process; no water was present in the anode flow channels under any of the
examined operating conditions. The liquid water flow patterns in the fuel cell gas
channels and GDLs were also addressed by the researchers. Visualization of the
two-phase flow occurring at the anode side was carried out using fluorescence
microscopy. In correlating the observed flow patterns with the corresponding cur-
rent density of the polarization curve, a strong influence of the two-phase flow on
the performance of a fuel cell at high current densities became apparent. The
functionality of a flexible direct methanol micro-fuel cell was also investigated
under different bent conditions. The tests showed an insignificant drop in electrical
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performance under bending due to an inhomogeneous contact resistance.
Characteristics of liquid water removal from GDL were investigated experimentally
by measuring the nonsteady pressure drop in a cell in which the GDL was initially
wet with liquid water [133]. The thickness of the GDL was carefully controlled by
inserting metal shims of various thicknesses between the plates. It was found that
severe compression of the GDL could result in an excessive pressure drop from
channel inlet to channel outlet. Removing liquid water from GDLs with high
compression levels and low inlet air flow rates by cross-flow is difficult. However,
effective water removal can still be achieved at high GDL compression levels if the
inlet air flow rate is high. Water removal characteristics due to the cross-flow
through the GDL at different levels of compression were investigated for a trans-
parent cell with a serpentine flow channel layout. Experimental measurements
revealed that the total pressure drop from the channel inlet to the channel outlet is
reduced substantially when compared with the case without the GDL [134]. These
studies show that flow visualization under the land area confirms that the cross-flow
has significant effects on water removal even at low air flow rates. Thus, the effects
of cross-flow and the compression level of the GDL should be considered in the
design and optimization of practical PEMFCs.

Visualization of liquid water transport has been conducted using transparent flow
channels, and liquid water removal from GDL under the land was observed for all
the tested inlet air flow rates, confirming that cross-flow is practically effective in
removing the liquid water accumulated in GDL under the land area. To date, there
have been few publications that focused on direct observation of liquid water flow
state at the turns of gas channels of PEMFCs. In fact, literature concerning the
relationship among the liquid water production rate, the fuel cell internal resistance
and performance is hardly found. However, water transport in the channels of
transparent PEMFCs has been studied under different operating conditions using a
high-speed camera [135]. First, the spot distribution for liquid water droplet
emergence in the channels of transparent PEMFCs with multi-straight channel
flow-fields was observed and analyzed; second, the flow state of liquid water at the
turns of a transparent PEMFC with serpentine channel flow-field was studied under
different gas flow rates; finally, the water transport in a transparent PEMFC with a
multi-straight channel flow-field was examined. The fuel cell performance and the
internal resistance were measured under different operating conditions, the liquid
water accumulated in the gas channels was simultaneously recorded and estimated,
and the relationship among the fuel cell performance, the internal resistance and the
liquid water mass accumulated in the channels was analyzed. This work led to some
beneficial conclusions.

3.1.3 Polarization Curve Evaluation

The performance of a fuel cell is mainly characterized by its polarization curve
(a plot of cell potential versus current density). In polarization curves, three different
regions are observed that correspond to different phenomena (electrochemical
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kinetics, ohmic resistance, and reactant mass transport) limiting the cell potential,
which depends on the current density being drawn (Fig. 3). The test is used to
determine the performance of a PEMFC stack and the stability of test input and
output parameters as a function of test duration, current density, and stack power
[98]. At minimum, stability criteria for the stack current, the stack temperature and
pressure, and the stack voltage should be defined and stated in the test report. The
stability check of the test outputs should follow the stability check of the test inputs.
If all stability criteria are fulfilled, the verification may also be carried out offline
during data post-processing.

The polarization curve test method was used to investigate a non-isothermal
tapered flow channel installed with a baffle plate for enhancing cell performance in
the cathodic side of a PEMFC. The effect of parameters including tapered ratio
(0.25–1.0) and gap ratio (0.005–0.2) on cell performance were explored in detail
[39]. The results indicate that the stronger composite effect of tapered flow channels
and baffle blockage provides better convection heat transfer performance and higher
fuel flow velocity and thus enhances cell performance. The effects of three different
anode and cathode flow-field designs (single serpentine (SFF), multi-serpentine
(MSFF), and an original mixed parallel and serpentine design (MFF)) on the per-
formance of a DMFC was investigated experimentally. The studies were conducted
on a DMFC with 25 cm2 of active membrane area, working near ambient pressure
and using two values of methanol concentration, fuel cell temperature, methanol,
and air flow rate. With respect to the anode flow-field design, it was found that the
use of MFF has a positive effect on cell voltage and power at the two values of
methanol flow rate tested, at the lower value of fuel cell temperature and at the
lower value of methanol concentration [136]. However, in case of the cathode
flow-field design, MSFF leads to a better. For the higher value of methanol con-
centration tested, a very important condition for portable applications, the use of
MSFF or MFF as anode flow-field design and MSFF or SFF as cathode flow-field
design produces enhanced fuel cell performance. Most of the reported experiments
were conducted close to room temperature, thus providing information and results
that can be used for designing a portable DMFC to be used under less severe
operating conditions.

AC impedance spectroscopy is helpful for measuring different fuel cell parameters
and for understanding the limiting processes affecting overall fuel cell performance, as
well as for cell state-of-health determination. Experimental performance results,
including polarization curves and Electrochemical Impedance Spectroscopy
(EIS) analysis of the fuel cell, were obtained for a 50-cm2 PEMFC [137]. A cell with a
serpentine flow-field was found to perform better than a cell with a parallel flow-field.
In the former, the polarization curve was higher and the membrane and contact
resistances were lower. Fuel cell operation with pure oxygen improved the perfor-
mance parameters as well. The resistance of the oxygen reduction reaction at the
cathode was found to be significantly lower when operating with pure oxygen.
Reactant gases humidification also improved cell operation, resulting in higher
polarization curves and membrane conductivities and preventing the MEA from
drying out. A special tubular cathode has been prepared using graphite-doped

10 Electrochemical Promotional Role of Under-Rib Convection-Based … 267



mesocarbonmicrobeads (MCMB/G), dip-coating the gas diffusion and catalyst layers
with subsequently wrapping the sintering tubewith theNafionmembrane. The sol-gel
flux phase was prepared using sol-gel technology. The impedance of the specially
shaped DMFC with a sol-gel flux phase was investigated and the effects of tube wall
thickness, gas diffusion layer loading, working temperature, and sol viscosity on the
cell polarization performance were examined [138]. The results showed that the
impedance of the specially shaped cell wasmuch higher than that of the traditional flat
electrode; however, an obvious decrease in impedance was observed after activation.
The cell performance improvedwith the decrease in sol viscosity andwith the increase
in working temperature.

3.2 Modeling Approaches to Flow Optimization

3.2.1 Computational Fluid Dynamic Modeling

Because of the many difficulties involved in observing and measuring species
movement and distribution inside a PEMFC, numerical modeling has become an
indispensable research tool in the design and assessment of PEMFCs. The first
application of computational fluid dynamic (CFD) methods to PEMFCs focused on
a one-dimensional model that included several important principles related to the
electrochemical reaction process that occurs in fuel cells [68]. Two-dimensional
models that emphasize the effects of two-phase water and heat transport have also
been developed by some researchers. Although two-dimensional models represent
significant advances in fuel cell modeling, the transport processes that occur in a
PEM fuel cell are intrinsically three dimensional. Therefore, it is not possible to
accurately predict cell performance unless a realistic, three-dimensional description
of the cell geometry is considered. Two-dimensional models are inadequate because
they only consider areas where cell efficiency is the highest thus; these models
strongly overestimate the limiting current unless heavy model tuning is performed.
Obviously, this impedes their use as design tools. Recently, two-phase numerical
models that incorporate the coupled effects of electrochemical reaction and mass
transport in three-dimensional domains have been developed by many researchers
[59]. These models are extremely complicated because they take into account the
biphasic phenomenon which occurs at high current density (>1 A/cm2) and offers a
small effect on cell performance. This high current interval is characterized by
power drop and is therefore less used in industrial applications.

Common flow-field patterns include serpentine, parallel, interdigitated, and
straight patterns (see Fig. 9) as well as their combinations. A three-dimensional
single-phase isothermal model was developed to describe the steady-state and
transient response of four PEMFCs with different flow-field designs including
serpentine, parallel, multi-parallel, and interdigitated types [139]. The modeling
results showed that the transient responses of serpentine and parallel designs were
faster but the performances were lower than those of the other two designs.
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However, this study did not consider water accumulation in the GDLs. Due to the
heavy computational method employed; the model was not able to simulate
PEMFCs with different anode and cathode flow-field designs. Lumped models that
assume uniform reactions within the entire area of the fuel cell do not consider the
spatial distribution of reactants. In practice, fuel cell performance and water dis-
tribution depend on flow-field design. Moreover, water generation and accumula-
tion inside the fuel cells are distributed unevenly along the flow channels. A model
that can describe the distributed properties of a single cell, especially that of a cell
with a complex flow pattern, is needed. In order to solve this problem, a segmented
model was developed to predict the distribution of liquid water accumulation,
current density, membrane water content, and relative humidity in the flow channels
[140]. In the segmented model, three single cells with different flow-field patterns
are designed and fabricated. These three flow-field designs are simulated using the
model, and the predicted results are validated by comparison with experimental
data. The segmented model can be used to predict the effect of flow-field patterns on
water and current distributions before the cells are machined. Under low-humidity
working conditions, the current density of the first segment, which is near the inlet,

Fig. 9 Major flow-field patterns of PEMFCs: a serpentine; b parallel; c interdigitated; d straight.
Source Ref. [4]
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takes approximately 3.9% of the current load in traditional flow-field designs. The
value can be improved to 4.7% by placing the cathode flow direction opposite to the
anode. The counterflow design also results in a more uniform distribution of water
content in the membrane; thus, the durability and efficiency of the fuel cell can be
improved.

In a DMFC operated at ambient temperature, electrochemical reactions generate
large amount of carbon dioxide at the anode side, while liquid water is produced at
the cathode side. Studies using different flow-fields have compared the influence of
the flow-field design on the performance of DMFCs. These studies concluded that
flow-field patterns can significantly affect the distribution of gas flow and current
density within a DMFC. The effect of anode flow-fields on the behavior of methanol
and carbon dioxide in DMFCs has been extensively studied. DMFCs with single
serpentine flow-fields (SSFF) showed better performance than those with parallel
flow-fields (PFF). Besides the SSFF and the PFF, the grid flow-field (GFF) was
introduced into DMFCs; the performance of DMFCs with different flow-fields, from
best to worst, was SSFF > GFF > PFF [141]. Comparisons between SSFFs and
PFFs in micro-DMFCs also show that DMFCs with SSFF have better performance
than those with PFF. The behavior of micro-channels, which is different from that of
conventional larger channels, was studied at the corresponding Reynolds number.
Flow-fields with micro-channels need to be further investigated in micro-DMFCs
[142]. Flow-fields and membrane electrolyte assembly (MEA) providing a 2.25-cm2

active area were assembled in micro-DMFCs. These micro-DMFCs yielded maxi-
mum power densities ranging from 11 to 23 mW/cm2 for methanol solution con-
centrations of 1, 2, 3, 4, and 5 M at a temperature of 20 ± 1 °C. The maximum
power densities observed imply that under the ambient temperature and low flow
rate of methanol solutions, the performance of micro-DMFCs with different
flow-fields ranked as double-channel serpentine > single-channel serpen-
tine > mixed multichannel serpentine with wide channels > mixed multichannel
serpentine with narrow channels [143].

A complete three-dimensional simulation based on a single domain approach for
species transport in PEMFC with straight flow channels was examined [144].
Numerical simulations show that water vapor is mainly concentrated in the gas
diffusion layer under the current collecting land due to the deceleration created by
collector contraction effects, but the water vapor is still far from the catalyst layer.
This result draws more attention to the role played by the porous media of GDL,
which prevents severe liquid flooding on the cathode side. Oxygen concentration in
the reaction sites is significantly affected by an increase in pressure, which increases
the power of fuel cells but also requires more auxiliary energy consumption, which
must be reduced from the power of the cells’ output. One of the critical issues in
developing efficient PEMFCs is to achieve better water management within the
MEA. Although electrochemical reactions are only feasible in moist environments,
excessive liquid water blocks the passage of air into the active sites of the catalyst
layer. Because explicit water front tracking is unnecessary with single domain
formulations, fewer complexities exist in mathematical modeling as well as
fewer difficulties in computations, especially for high-dimensional problems.
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A new method of single domain formulation, termed the pseudo-phase-equilibrium
approach, has been recently proposed [145]. The validity of the pseudo-phase-
equilibrium approach was evaluated over an extensive polarization range under
specified operating temperature, pressure, and inlet humidity conditions. The
solutions obtained using the pseudo-phase-equilibrium approach and the exact
phase-equilibrium equations were compared over a wide range of parameter values.
In addition, the influences of important transport parameters such as water transport
coefficient, gas diffuser porosity, and absolute liquid permeability have been
evaluated.

The fundamental algorithms and methods described here have been used for
decades, have proven to be very efficient, and are being used by many modeling
groups along with user-defined coding. One cannot say which strategy will be the
best for efficiently simulating PEMFC and stack models. From a
mathematical/numerical point of view, novel mathematical methods and innovative
numerical schemes will continuously be ameliorated and implemented in CFD
software, and add-on modules are often used for PEMFC modeling. Enhanced
discretization tools will lead to more efficient meshes, producing a better quality
result while lowering the number of cells (e.g., polyhedral mesh).

3.2.2 Two-Phase Modeling for Water Management

The two-phase flow in PEMFCs is a unique multiphase flow that occurs due to
several factors such as large gas to liquid ratios, the water produced by electro-
chemical reaction, and water condensing in the flow channels from humidified
reactants and other operating conditions. Another important distinction is that water
is introduced into the air flow-field channels from a porous GDL instead of each
phase being introduced together via a common inlet. Furthermore, the coupled gas
and liquid flow rates (via Faraday’s law) and the contact angles of each wall
(flow-field walls and GDL in the same channel) make two-phase flow studies in
PEMFCs a challenge. Liquid water in flow channels can cause channel blockage,
which can increase the pressure drop in the channel and result in the formation of a
liquid film on the GDL surface, which blocks the reactant gas from reaching active
catalyst sites. Experiments have documented the following flow patterns in parallel
cathode flow-field channels: slug, film, corner, and mist flow. Film flow is con-
sidered a desirable flow pattern for water removal in fuel cells due to water traveling
on the sidewalls instead of on the GDL surface. However, a specific combination of
surface properties and superficial gas and liquid velocities must be met in order to
ensure the desired pattern. Parallel channels have shown to have the potential for
high performance when no flooding occurs, but this flow-field configuration is
flooding prone, and more research is needed for improved water management.

CFD has been used extensively to model multiphase flow in the gas channels of
PEMFCs. Multiphase flow through the cathode side of an interdigitated flow-field
was studied using a multi-fluid model [146]. The model employs the so-called
multi-fluid approach, which solves one complete set of transport equations for each
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phase. The physics of phase change has now been implemented, and the model also
accounts for the Kelvin effect. In the interdigitated design, more water was found to
be carried out of the cell in the vapor phase compared to the straight channel design,
indicating that liquid water management might be less problematic. This effect also
leads to the finding that, in the interdigitated design, more waste heat is carried out
of the cell in the form of latent heat, which reduces the load on the coolant.
Simulation of a fuel cell stack is performed by applying a general numerical model
with the Volume of Fluid (VOF) method that was successfully applied to the single
PEMFC model to investigate the fluid dynamics, mass transport, flooding phe-
nomenon, and the effects of liquid water on the stack performance [147]. The
performance of three single cells in series connection in the fuel cell stack was
examined according to the presence of liquid water in different single cells. The
distributions of fluid flow, species concentration and the current density were
presented to illustrate the effects of liquid water on the performance of each single
cell. The numerical results show that the low distribution of species in the flooding
cell certainly degrades the performance of this cell. Using the multiphase
free-energy lattice Boltzmann method (LBM), the formation of a water droplet was
simulated emerging through a micro-pore on the hydrophobic GDL surface in a
PEMFC and its subsequent movement on the GDL surface under gas shear stresses
[148]. The results showed that water droplet removal was facilitated by high gas
flow velocity on a more hydrophobic GDL surface. A highly hydrophobic surface
was shown found to be capable of lifting the water droplet from the GDL surface,
resulting in the availability of more GDL surface for the transport of gas reactant.
A Multiphase-Mixture (M2)-based model was developed for two-phase flow
computations in the cathode channels of a PEMFC [149]. Because in a real PEMFC
stack, geometry is very difficult to achieve and hence the model has been extended
to non-orthogonal hexahedral and tetrahedral meshes, which can be used to mesh
any three-dimensional geometry. Additionally, in order to reduce the meshing
effort, an immersed body approach has been tested successfully on this model. The
resulting two-phase flow model that is valid for arbitrary flow-field geometries is
fast and accurate.

The pressure drop hysteresis is a recently studied two-phase flow phenomenon.
This behavior occurs when the gas and liquid flow rates (determined by a given
current density) are increased along a set path and then decreased along the same
path with differing pressure drops. Two-phase flow pressure drop hysteresis was
studied in a nonoperational PEMFC to understand the effect of stoichiometry, GDL
characteristics, operating range and initial conditions (dry vs. flooded) for flow
conditions typical of an operating fuel cell [150]. This hysteresis is noted when the
air and water flow rates are increased and then decreased along the same path,
exhibiting different pressure drops. The hysteresis was found to be greater when
water breakthrough occurs at higher simulated current densities. The operating
range had to reach a critical simulated current density between the ascending and
descending approach in order to create a pressure drop hysteresis zone. Two-phase
flow pressure drop hysteresis was studied in an operating PEMFC. The variables
studied include air stoichiometry (1.5, 2, 3 and 4), temperature (50, 75, and 90 °C),
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and the inclusion of a microporous layer [151]. The cathode channel pressure drops
can differ in PEMFCs when the current density is increased along a path and then
decreased along the same path (pressure drop hysteresis). The results showed that
the hysteresis occurs with or without the inclusion of a microporous layer.

In terms of fuel and oxidant delivery schemes, DMFCs can be categorized into
active-feed DMFCs and passive-feed DMFCs. In passive DMFCs, fuel and oxidant
are passively delivered without any moving parts such as pumps, fans, or blowers.
A two-dimensional, two-phase, non-isothermal model was developed to investigate
the water transport characteristics in a passive liquid-feed DMFC. The two-phase
mass transports of liquid–gas in the porous anode and cathode were formulated
based on a multi-fluid model in porous media. Moreover, water and methanol
crossover through the membrane were considered with the effects of diffusion,
electro-osmotic drag, and convection [152]. The results showed that for the
free-breathing cathode, gas species concentration and temperature showed evident
differences between the cell and the ambient air. The use of a hydrophobic air filter
layer at the cathode helped to achieve water recovery from the cathode to the anode,
although the oxygen transport resistance was increased to some extent. It was
further revealed that the water transport can be influenced by the ambient relative
humidity. A one-dimensional, steady-state, two-phase DMFC model was developed
to precisely investigate the complex physiochemical phenomena inside DMFCs
[153]. The developed model was validated against readily available experimental
data in the literature. Next, a parametric study was carried out to investigate the
effects of the operating temperature; methanol feed concentration, and properties of
the backing layer. The results of the numerical simulation clarify the detailed
influence of these key designs and operating parameters on the methanol crossover
rate as well as on cell performance and efficiency. The results emphasize that the
material properties and design of the anode backing layer play a critical role in the
use of highly concentrated methanol fuel in DMFCs.

3.2.3 Complex Flow-field Interaction Modeling

In the literature, many models have been developed to take into consideration
multi-physical phenomena in PEMFCs. A sequential approach was developed to
study the pressure effects by combining the mechanical and electrochemical phe-
nomena in fuel cells [154]. In this research, the pressure causes the deformation of
the GDL and impacts the mass transfer and the electrical contact resistance.
The GDL porosity in the PEMFC was also affected by the clamping pressure;
therefore, a global value of GDL porosity was taken into account (not a local
porosity distribution. There is an optimal width of the rib of the bipolar plate that
gives a small amount of contact resistance and a good porosity of the GDL. At the
same time, the effect of the clamping force on the performance of PEMFCs was
investigated with interdigitated gas distributors considering the interfacial contact
resistance, the nonuniform porosity distribution of the GDL and the GDL defor-
mation [155]. The clamping force between the GDL and the bipolar plate is one of
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the important factors that affect the performance and efficiency of the fuel cell
system. It directly affects the structure deformation of the GDL and the interfacial
contact electrical resistance, and in turn influences the reactant transport and the
Ohmic overpotential in the GDL. The finite element method and the finite volume
method were used, respectively, to study the elastic deformation of the GDL and the
mass transport of the reactants and products. An optimal clamping force was found
to exist for obtaining the highest power density for the PEMFC with the inter-
digitated gas distributors. The effects of mechanical solicitations were studied on
the performance of a PEMFC, as was the coupling between the physicochemical
phenomena and the mechanical behavior. A finite element method was first
developed to analyze the local porosity distribution and the local permeability
distribution inside the gas diffusion layer induced by different pressures applied on
deformable graphite or steel bipolar plates [156]. Taking into account the chemical
phenomena and the effects of the mechanical compression of the fuel cell to
examine a multi-physical approach was carried out to more precisely the defor-
mation of the gas diffusion layer, the changes in the physical properties and the
mass transfer in the gas diffusion layer. The effects of varying porosity and per-
meability fields on the polarization as well as on the power density curves were
reported, and the local current density was also investigated. Unlike other studies,
this model accounts for a porosity field that varies locally in order to correctly
simulate the effect of inhomogeneous compression in the cell.

On the other hand, a computational fuel cell dynamics model was presented in
order to elucidate the three-dimensional interactions between mass transport and
electrochemical kinetics in PEMFCs with straight and interdigitated flow-fields,
respectively [157]. This model features a detailed MEA submodel in which water
transport through the membrane with spatially variable transport properties along
with spatial variations of the reaction rate and the ionic resistance through the
catalyst layer are accounted for. Emphasis was on understanding the way
three-dimensional flow and transport phenomena in the air cathode impact the
electrochemical process in both types of flow-fields. Fully three-dimensional results
of the flow structure, species profiles, and current distribution were presented for
PEMFCs with an interdigitated cathode flow-field. The model results indicated that
forced convection induced by the interdigitated flow-field substantially improves
mass transport of oxygen to, and water removal from, the catalyst layer, thus
leading to a higher mass transport limiting current density as compared to that of the
straight flow-field. The effects of nonuniform compression of the GDL and GDL
intrusion into a channel due to the channel/rib structure of the flow-field plate were
investigated numerically [158]. The focus was placed on accurately predicting
two-phase transport between the compressed GDL near the ribs and the uncom-
pressed GDL near the channels and on understanding its associated effects on cell
performance. A GDL compression model was newly developed and incorporated
into the comprehensive, three-dimensional, two-phase PEMFC model developed
earlier. To assess the effects of GDL compression and intrusion in isolation, the new
fuel cell model was applied to simple single straight channel fuel cell geometry.
Numerical simulations with different levels of GDL compression and intrusion were
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carried out, and simulation results revealed that GDL compression and intrusion
considerably increase the nonuniformity—particularly the in-plane gradient in
liquid saturation, oxygen concentration, membrane water content, and current
density profiles—which in turn resulted in significant ohmic and concentration
polarizations. The three-dimensional GDL compression model yields realistic
species profiles and cell performance that help to identify the optimal MEA, gasket,
and flow channel designs in PEMFCs.

3.3 Validation of Experimental and Numerical Results

The wide range in power output implies a variation of fuel cell operating conditions,
active area, gas diffusion media, bipolar plate, and MEA properties. Therefore, the
performance of a PEMFC stack varies significantly with respect to the number of
cells, operating conditions, material properties, and flow-field characteristics. The
design principles of PEMFC stacks were established for portable applications [97].
A combination of experiments and numerical simulations was used to enhance our
understanding of the behavior of this portable PEMFC stack. A three-dimensional
CFD-based methodology was utilized to make predictions about the current and
temperature distributions of this portable PEMFC stack. The results explained how
the baseline operation and original design of this stack impact the local temperature,
water content, water transport, and kinetic variables inside the individual cells.

In developing the flow-field design, CFD simulation, experimental test and
in situ multichannel impedance analysis were performed in order to optimize the
serpentine channel design for a 300-cm2 active area PEMFC stack [159]. The CFD
simulation results successfully predicted the channel variation effect on the per-
formance, showing the same trend as that of the experimental test. In situ multi-
channel impedance analysis not only successfully predicted the experimental result
but also explained the performance of each channel within the heterogeneous stack.
The experiments carried out in this study also proved that the in situ multichannel
impedance analysis with a heterogeneous channel stack is very effective in pre-
dicting the channel performance and analyzing the reasons behind the difference in
the performance between channels. Finally, it was shown that in situ multichannel
impedance has the advantages of reducing the analysis time and gathering syn-
chronous data from several cells. The operating characteristics of 5 W class DMFC
stacks, using the flow-field patterns of serpentine, parallel, and square spot, were
investigated to compare how capable these characteristics are with mass transport
and water removal in the cathode [160]. The stability of the stack was predicted
through the simulation results of the flow-field patterns on the pressure drop and the
water mass fraction in the cathode of the stack. It was then estimated through the
performance and the voltage distribution of the stack. According to the simulation
results, although the square spot pattern shows the lowest pressure drop, the square
spot pattern had a much higher water mass fraction in the central region of the
channel compared to the other flow-field patterns.
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The flow-field structures can exert a significant influence on both flow velocity
and temperature distributions of the DMFCs. Thus, proper flow-field constructions
are very important for the improvement of the DMFC’s performance. Anodic flow
velocity and temperature distributions based on four different designs, including
double serpentine, parallel, helix, and single serpentine have been simulated in
three-dimensional models [161]. Computational fluid dynamics was used to
investigate the effects of flow-field structures on the DMFC’s performance.
Simulated results indicated that the double-serpentine flow-field showed better flow
velocity distribution and more uniform temperature distribution, which might be
helpful for better performance of the DMFC. Further experimental investigation of
four types of flow-fields also confirmed that the DMFC with a double-serpentine
flow-field structure exhibited a maximal power density at a variety of inlet veloc-
ities, which was in good agreement with the simulated results. The CFD simulations
showed that the initial solution of the fuel cell model developed for a 50-cm2

PEMFC with parallel and serpentine flow-fields was not fully converged in the
mass transport polarization region for a particular case and therefore the flow-field
did not reach a steady-state solution [162]. This point is especially critical for the
multiphase flow variables, as these are generally difficult to converge. An increase
in the under-relaxation factors resulted in a better convergence with a fully
developed flow-field, and also worked best for the multiphase-related variables. The
polarization curve predicted by the CFD model showed better accuracy compared
with the experimental data once the fully converged solution was achieved.
Enhanced convergence controls for PEMFC CFD simulations are still needed, such
as the monitoring of the variation of water content and water saturation in both CL
and GDL. These enhanced controls will ensure that further modifications in the
solver parameters do not modify the flow-field, especially for the multiphase-related
variables.

4 New Flow-field Optimization Approaches Utilizing
Under-Rib Convection

In principle, the channel structure offers a homogeneous flow distribution with
low-pressure drops. But, on the other hand, the formation of liquid water droplets at
the cathode can flood one or more channels with the consequence of stopping the
gas flow there. In order to effectively utilize the area, flow distribution should be as
homogeneous as possible. In addition, pressure losses should be minimized with
regard to the power demand of auxiliary components such as pumps and com-
pressors. In PEMFCs and DMFCs, the flow-field is in direct contact with the
diffusion layer. The main task of the diffusion layer is to distribute the reactants
from the flow-field toward the catalyst layer. The diffusion layer is general highly
porous and provides high reactant fluxes to prevent diffusion overvoltage.
Consequently, the flow distribution in the flow-field can be superpositioned by a
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flow in the diffusion layer. The interaction between the diffusion layer and the
flow-field has been experimentally examined for DMFC [5]. To avoid depletion of
reactants in specific regions of the cell, the geometry of the meander should be
chosen with regard to the permeability of the diffusion layers. Unsuitable combi-
nations of meander geometry and diffusion layer properties lead to even lower flow
homogeneities compared to the flow passing only in the diffusion layer. High
permeabilities require meander structures with low-pressure losses; otherwise, the
flow homogeneity decreases. Additional simulation studies will help in under-
standing these processes and to determine suitable combinations of flow-fields and
diffusion layers.

The presence of a convective flow in the under-rib regions enables more
effective utilization of electrocatalysts by increasing reactant concentrations and
facilitating liquid water removal in those regions [32]. The mechanism of under-rib
convection was explained with three neighboring channel regions A, B, and C in
the exemplary serpentine flow-field shown in Fig. 10a. The path-lengths ZA, ZB,
and ZC are defined as the distances traveled by the reactants from an inlet to the
three regions along the channel as illustrated by the dotted lines in Fig. 10a. The
path-length, z, can be viewed as a coordinate whose upper limit is the same as
the total length of the path, zmax. The pressure and the reactant concentration in
PEMFCs are expected to change linearly along the flow channel, i.e., with respect
to z. The total flow rate, qtot, depends on the total pressure drop, Dptot, across the
flow-field expressed as follows:

Fig. 10 Under-rib convection and transport in serpentine flow-field: a definition of path-length, z;
b under-rib convection and transport mechanisms. Source Ref. [32]
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qtot ¼ Kch

l
Ach

Dptot
Zmax

ð1Þ

where l is the viscosity, Ach is the cross-sectional area of the channel (height
hch � width wch), and Kch is the channel permeability derived from the Hagen–
Poiseuille equation. Note that Eq. (1) assumes that the flow rate is constant along
the channel with a low under-rib convection flow rate (qrib � 0) and that the
secondary (nonlinear) pressure loss in 90° or 180° corners is negligible. The
pressure difference between two neighboring channel regions is expressed in terms
of the path-length difference as:

pA � pBj j ¼ Dptot
Zmax

zA � zBj j ð2Þ

Let us assume that the flow-field shown in Fig. 10a is for the cathode of a PEMFC.
The reactant concentration, c (mol/m3), then denotes the molar concentration of
oxygen, and the total concentration loss across the flow-field, Δctot = cin − cout, is
calculated from the mass balance of oxygen according to:

cin � coutð Þqtot ¼ Dctotqtot ¼ Itot
4F

ð3Þ

Here, Itot (A) is the current generated over the entire cell area and F is the
Faraday constant (96,487 Cmol−1). Note that Eq. (3) ignores the change in the total
flow rate, qtot, due to oxygen consumption. In fact, the reactant flow rate in the
cathode vicinity is relatively constant because the humidified air is supplied at high
excess air ratios. If current is generated uniformly throughout the active area, the
concentration difference between two neighboring channel regions is also expressed
in terms of the path-length difference, i.e.:

cA � cBj j ¼ Dctot
zmax

zA � zBj j ¼ Itot
4Fqtotzmax

zA � zBj j ð4Þ

Figure 10b shows the cross-sectional view of the three adjacent channel regions
(A, B, and C). Region A has the highest pressure and reactant concentration,
whereas region C has the lowest of the three regions (pA > pB > pC and
cA > cB > cC). Due to the pressure difference between neighboring regions, con-
vective flow occurs through under-rib regions in the GDL, as shown in Fig. 10b.
This additional convective flow through GDLs is called the under-rib convection
and is believed to improve the performance of PEMFCs. Under-rib convection
increases the reactant concentration in the under-rib regions, facilitates liquid water
removal from those regions, and enables a more uniform concentration distribution
throughout the flow-fields. The under-rib convection flow rate, qrib, is proportional
to the pressure difference between two neighboring regions. For example, qAB rib
between regions A and B in Fig. 15b can be expressed as:
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qABrib ¼ Kgdl

l
AAB
rib

pA � pBj j
wrib

¼ qtot
KgdlArib

KchAch

zA � zBj j
wrib

ð5Þ

where Kgdl is the flow permeability of the GDL, wrib is the rib width, and AAB
rib is the

flow area for the under-rib convection. Note that AAB
rib is determined by multiplying

the GDL thickness, tgdl, together with some length, lch, of the regions along the
channel (the under-rib convection through the catalyst layer is ignored).

Figure 10b shows that other transport mechanisms also become operative when
channel regions that have different path-lengths are in close contact. The local
temperature and liquid water saturation in GDLs depend on the electrochemical
reaction rate, and this rate is generally governed by the reactant concentration,
which varies along the channel (with respect to z). The temperature gradient due to
closely placed channels of different path-lengths facilitates conductive heat transfer
by the under-rib or cross-rib paths, and the water saturation gradient facilitates the
capillary transport of water by the under-rib path. These transport mechanisms may
be termed as under-rib transports to distinguish them from under-rib convection.
Whereas under-rib convection occurs in only one direction (from a high-pressure
region to a low-pressure region), under-rib transport may occur in both directions,
as shown in Fig. 10b. In fact, the successful dry operation of a PEMFC was
attributed to the under-rib transport of water in the opposite direction of the
under-rib convection [163].

In the following, new flow-field approaches by the above-stated under-rib
convection aim to enhance the uniformity of operative conditions in the flow-fields,
including the reactant and product concentrations, temperature and liquid water
saturation. The flow-field pattern that activates the internal mass transfer mecha-
nism of PEMFCs is able to improve its performance from a mechanical engineering
perspective. In other words, this mechanical method can improve the performance
of the fuel cells without changing the electrochemical materials. The promotional
role of under-rib convection is (a) to provide a homogeneous distribution of the
reactants, (b) ensure the uniformity of temperature and current distributions,
(c) facilitate liquid water discharge, (d) reduce the pressure drop and parasitic
losses, and (e) improve cell output power. These studies are listed schematically in
Table 1 and are described in this section in order to provide guidance to the
optimization of flow-field design by under-rib convection.

4.1 Homogeneous Distribution of the Reactants

In a PEMFC, anode and cathode gases usually flow through each channel, and the
reactant gas diffuses to the interface of MEA through GDL. GDL is porous, and it
plays a role in helping hydrogen and oxygen to move to the electrode catalyst, in
order to support MEA and to pass the electron. However, in the case of a large-scale
cell, the differential pressure between adjoining channels is thought to increase,
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allowing the supplied gas to flow through GDL. As a result, the cell endurance is
assumed to decrease because the temperature and the humidity conditions are not
uniform. However, the oxygen transfer rate to the electrode and the output density
can be expected to increase via such gas flow in the GDL. Therefore, it is important
to examine the influence of this gas flow on cell performance and to optimize
operating conditions and cell shape [11]. Cell areas supplied with low amounts of
reactants are affected by diffusion overvoltages in the electrodes, which lower the
current density. Below, the parameters characterizing the flow homogeneity are
defined.

In a system consisting of a meander structure and a diffusion layer, there are two
borderline cases. The first assumes low permeabilities of the diffusion layer. In this
case, the overall flow is guided through the meander only. The second borderline
case describes a high permeability of the diffusion layer compared to that of the
meander. This case results in the total flow passing through the diffusion layer. The
mean specific volume flow _vspec is equivalent to the inlet volume flow _V divided by
the cell area Acell. This parameter will be used for the calculation of the flow
homogeneity by comparison with the local flow rates. By integrating the local
volume flow _Vmeander

local (l/h) over the entire length of the meander channel LM, the

specific volume flow in the meander channel _v
meander
spec is obtained as

_v
meander
spec ¼ 1

Acell

1
LM

ZLM
0

_Vmeander
local dLM ð6Þ

The flow cross-section in the inlet or the outlet is substantially smaller than that

in the middle of the cell. The total specific flow through the diffusion layer _v
diff
spec is

obtained by mass conservation:

_v
diff
spec ¼ _vspec � _v

meander
spec ð7Þ

The overall flow homogeneity w results in

w ¼ _v
meander
spec

_vspec

 !2

� 1
2

_v
diff
spec

_vspec

 !2

ð8Þ

This equation is a semiempirical expression valid for a meander flow-field
combined with a porous diffusion layer [5]. Of course, if the bipolar plate itself is
porous, such as porous carbon materials with a meander structure manufactured
inside, then the resulting flow can be described equivalently. The influence of the
permeability of the diffusion layer for four different cell geometries using the
simulation is summarized in Fig. 11. The flow homogeneity w was calculated
according to Eq. (8). The thickness of the diffusion layer was assumed to be
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0.4 mm in all cases. Flow homogeneity helps to evaluate different flow-fields, but it
is not the sole criterion for the evaluation of flow-fields or for the decision regarding
whether or not a flow-field is suitable. Another important parameter, especially for
the cathode of fuel cells, is the pressure drop that requires compressor work and
thus reduces the total system power. In general, a flow-field is a compromise
between flow homogeneity and a low-pressure drop. In our simulation studies, the
pressure drop will also be taken into account.

As shown in Fig. 12, two 25 cm2 serpentine flow-fields of 5-passes and 4-turns
were considered in this study. Through the previous geometrical characterization of
serpentine flow channels with various heights and widths, a conventional-advanced
serpentine flow-field (CASFF) without sub-channel was selected as a design
standard [41]. The presence of under-rib convection enables more effective uti-
lization of electrocatalysts by increasing reactant concentration and facilitating
liquid water removal. As shown in Figs. 13b, c and 14b, c, in case of anode side of
CASFF, generally uniform velocity vectors can be observed at main channel and
rib; however, it shows minor change from the inlet to the outlet direction. In
addition, the velocity vectors are significantly increased at the turn rib area due to
the large pressure difference between adjacent main channels. Also, in case of
cathode side, under-rib convection is generated from the inlet to the outlet direction
due to high stoichiometry ratio. And in case of serpentine flow-field with
sub-channels and by-passes (SFFSB), rib width is decreased therefore improving
gas permeability and overall gas diffusion force as we add sub-channel to change

Fig. 11 Influence of the permeability of the diffusion layer on the flow homogeneity for different
cell geometries. Results based on simulation. The dots represent the correlation with the
experimentally tested flow-field geometries. A Cell area 200 mm � 200 mm, meander
cross-section 1 mm � 1 mm. B Cell area 100 mm � 100 mm, meander cross-section 1 mm � 1
mm. C Cell area 200 mm � 200 mm, meander cross-section 2 mm � 2 mm. D Cell area
100 mm � 100 mm, meander cross-section 2 mm � 2 mm. Source Ref. [5]
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the flow direction of under-rib convection. Therefore, in case of anode, the velocity
vectors are large at the main channel inlet and under-rib convection flow direction
converges to sub-channel through convection because the pressure of main channel
is higher than sub-channel. The velocity vectors are uniform the main channel outlet
due to the pressure decrease. In case of cathode side, the under-rib convection
which has different size but similar tendency with anode side is generated, and the
flow direction of the under-rib convection is changed from sub-channel to main
channel at the channel outlet due to high stoichiometry ratio. This is because the
internal pressure of sub-channel is increased as the reactant which traveled through
sub-channel migrates to the outlet, so the flow direction is changed toward the main
channel for smooth discharge. Therefore, we can illustrate the representative
under-rib convection flow direction and liquid water transport mechanisms of
CASFF and SFFSB as shown in Figs. 13a and 14a. From the velocity vectors
shown in Figs. 13b, c and 14b, c, numerical analysis result of hydrogen and oxygen
mass fractions as well as under-rib convection flow direction can be estimated.

Fig. 12 Two 25 cm2 serpentine flow-field patterns of 5-passes and 4-turns; a conven-
tional-advanced serpentine flow-field (CASFF), b serpentine flow-field with sub-channels and
by-passes (SFFSB)
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(a) Water behavior with CASFF

(b) Velocity vectors of anode side with CASFF

Fig. 13 Cross-sectional views illustrating the under-rib convection and liquid water transport
mechanisms and velocity vectors of reactants in the conventional-advanced serpentine flow-field
(CASFF) without sub-channel: a water behavior; b velocity vectors of anode side; c velocity
vectors of cathode side
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A new flow-field design based on the splitting of the channel with enhanced
cross-flow in selected regions has been proposed. Its principal hydrodynamic fea-
tures were demonstrated using CFD analysis [164]. It could be observed from the
vectors heading from the straight section of the serpentine channel towards the
U-bends that significant under-rib convection existed from the straight feeder
channel into each of the U-bend portions through the GDL. Similar under-rib
convection could be observed in all the U-bend regions and in the corresponding
straight channels in the three serpentine channels. This cross-flow could also be
seen to be higher towards the end channels. This effect on the flow rate through the
individual serpentine channels is shown in Fig. 15, where the predicted velocity at
mid-channel height and length across various serpentine portions of the three split
serpentine channels is shown as a function of distance in the width direction of the
flow-field. This contributes in reducing the overall pressure drop and increasing the
stoichiometric ratio for the end channels.

(c) Velocity vectors of anode side with CASFF

Fig. 13 (continued)
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(a) Water behavior with SFFSB

(b) Velocity vectors of anode side with SFFSB

Fig. 14 Cross-sectional views illustrating the under-rib convection and liquid water transport
mechanisms and velocity vectors of reactants in the serpentine flow-field with sub-channels and
by-passes (SFFSB) with sub-channel: a water behavior; b velocity vectors of anode side;
c velocity vectors of cathode side
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Methanol crossover is driven by diffusion, electro-osmosis, and convection. These
three factors contribute differently under different operating conditions. Nevertheless,
all three depend on the local methanol concentration in the PEM. Hence, the maxi-
mum crossover flux is expected at the open-circuit voltage where the highest mass
transfer of un-reactedmethanol occurs.When the current density increases, the excess
methanol at the interface between the anode catalyst layer and the PEM decreases.
Accordingly, methanol crossover is reduced to almost zero after the current density
approaches to its limiting point where nearly all methanol molecules are consumed
during electrochemical reaction. This result indicates that diffusion dominates in
methanol crossover, except in the region near the limiting current density. In this
region, the methanol concentration at the interface of the catalyst layer and the
PEM decrease due to the mass transport limitation and high current output.

(c) Velocity vectors of anode side with SFFSB

Fig. 14 (continued)
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Therefore, the diffusion ofmethanolflux governed by the concentration gradient in the
PEM is markedly suppressed. The electro-osmosis drag flux, on the other hand, does
not decrease significantly because it is proportional not only to the decrease in
methanol concentration but also to the increase in cell current density. Once the
current density reaches to its limiting point, the diffuse flux becomes zero because on

Fig. 15 Predicted velocity variations at mid-channel height showing the channel-to-channel
variation of velocity in the mid-length of a first serpentine channel, b third serpentine channel and
c second serpentine channel. Source Ref. [40]
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the absence of concentration gradient. The electro-osmosis drag flux of methanol also
reduces to zero, because there is nomethanol content in the electro-osmosis water flux
transferring through the membrane.

4.2 Uniformity of Temperature and Current Density
Distributions

An ideal flow-field design would enable uniform gas mole fractions over the entire
surface area of the cell. This ideal design would lead to a uniform distribution of
current density and thus produce uniform distributions of temperature and water
production. These uniform distributions cause less mechanical stresses on the MEA
and lead to longer cell lifetimes. In the real fuel cells, mass transport losses are
minimized by employing the intricate flow structures containing many small flow
channels. Compared to a single-chamber design, a design that employs many small
flow channels keeps the reactants constantly flowing across the fuel cell, facilitating
uniform convection and homogeneous distribution. Small flow channel designs also
provide more contact points across the surface of the electrode from which the fuel
cell electrical current can be harvested. An intricate design promotes forced con-
vection of the reactants through the GDL. This design has been the subject of recent
attention because it provides far better water management, leading to an improved
mass transport. The problem with the forced convection through the GDL is that it
leads to significant pressure drop losses. However, this major disadvantage can be
overcome by employing extremely small rib spacing [41].

With an appropriate design of the flow channel of the bipolar plate, designers
can enhance the cell performance of a PEMFC system effectively. A projection
finite element analysis with an element-by-element preconditioned conjugated-
gradient method was used to investigate the non-isothermal tapered flow channel
installed with a baffle plate for enhancing cell performance in the cathodic side of a
PEMFC [39]. The stronger composite effect of tapered flow and blockage was seen
to result in a lower and more uniform temperature distribution in the fuel flow
channel. In general, the improvement seen in the single-phase convection heat
transfer performance in the fuel flow channel may be caused by an increasing flow
interruption, a reduction in the thermal boundary layer, or an increased velocity
gradient near the GDL boundary. In order to improve the reduction of the cell
performance in the downstream region, a non-isothermal tapered flow-field design
was considered to reduce the reflection in the downstream region. The stronger
composite effect of the tapered flow channel and baffle blockage results in better
performance of convection heat transfer and a higher fuel flow velocity, which in
turn improves the local current density and polarization characteristics with a
penalty of high-pressure loss.

The PEMFC system consists of many parts, and the bipolar plate is one of the
key components. Channels at the bipolar plate distribute air on the cathode side and
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hydrogen on the anode side, which are essential for the electric-chemical reaction to
produce electricity. Bipolar plates may also be used as a path for the cooling of
water to control the temperature of the cell. A parametric study was conducted in
order to find the optimal design of the bipolar plate in the PEMFC system for
automobiles [26]. First, the design parameters of a bipolar plate are defined. Then,
an analysis is conducted on how the combination of those parameters would affect
the performance of the fuel cell. Finally, the computation is done for the optimum
combination of the parameters. The local current density, concentration and pres-
sure of the reacting gases, cell temperature, and water distribution were obtained by
CFD calculation using electrochemical variables fitted by a V–I curve from the real
system. There is an optimal combination of the design parameters through a
trade-off between the performance and the pressure drop in the system design [41].

In order to apply a numerical analysis to design an actual scale separator in
PEMFC, the calculation size must be enlarged. Mass transfer and flow in GDL were
calculated, and a GDL mass transfer approximate model based on the theoretical
model was developed. Next, with this model, a PEMFC reaction and thermal flow
analysis model was created. Furthermore, the effects of the separator channel depth
on output performance and current density distribution were examined using this
numerical analysis [11]. As a result, in the case of shallow channels, the oxygen
transfer rate to the electrode increased because of gas flow in GDL. However,
current density distribution and pressure drop also increased.

4.3 Facilitation of Liquid Water Discharge

Dynamic water balance and management have imposed one of the dormant tech-
nical challenges on PEMFC design and operation, and directly influence the per-
formance and lifetime of PEMFC systems. The importance of the water balance and
management arises from the fact that the PEM used in PEMFC requires full
hydration in order to maintain good performance and lifetime. The guarantee of
membrane hydration under full operating conditions has been achieved, with a good
degree of success, by supplying fully humidified reactant gas streams for both the
anode and cathode. However, water is produced at the cathode as a result of an
electrochemical reaction, and water is also transported from the anode to the
cathode through the membrane electrolyte via the electro-osmotic drag effect. Water
transport may also occur due to the local gradients of the pressure and/or con-
centration. Consequently, liquid water flooding occurs if water is not removed
adequately from the cell (the cathode in particular). Water flooding will make the
PEMFC performance unpredictable, and unrepeatable under nominally identical
operating conditions. As a result, elaborate experimental diagnostics and schemes
need to be implemented in order to achieve consistent results with much lower
performance and limiting current densities [25]. Therefore, water management has
become a delicate task; both too much and too little water can adversely impact the
performance and lifetime of PEMFCs. Maintaining a perfect water balance during
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the dynamic operation process has posed a significant challenge for PEMFC design
and operation, and hence water management is a critical issue for PEMFCs.

The design of flow-fields grooved in the bipolar plates of polymer electrolyte
membrane fuel cells becomes important at high current densities. Many flow-field
designs are being studied to enhance the current density and homogeneity of the
reactants in order to overcome the challenges of pressure losses and removal of
water from the cathode [22]. One of the features of a serpentine flow-field is the
high-pressure drop in the flow direction. This drop creates a significant pressure
difference between two neighboring channels that may lead to the under-rib con-
vection. Because the pressure difference across neighboring channels varies along
the length, the strength of the cross-flow also varies significantly and is lower in the
U-bend region. This variation may cause insufficient evacuation of water vapor in
the region and lead to build-up and eventual local flooding. In the present paper,
this scenario is verified by means of CFD simulations. This result would indicate
that the measures that improve local under-rib convection may lead to a better
design of the flow-field. If the electrode permeability or the pressure drop is high,
then significant under-rib convection can be established which leads to more
effective evacuation of the water vapor. The superior performance of the
convection-enhanced serpentine flow-field may also be attributed to this process.
Hence, under-rib convection can be used as an additional parameter in arriving at
the optimum design of a flow-field [17].

The cathode flow-field design of PEMFC determines its reactant transport rates
to the catalyst layer and the removal rates of liquid water from the cell. The cathode
flow-field has been optimized for a single serpentine PEM fuel cell with 5 channels
using the heights of channels 2–5 as search parameters. An optimization approach
that integrates the simplified conjugated-gradient scheme and a three-dimensional,
two-phase, non-isothermal fuel cell model has also been described [35]. Because
most oxygen at the cathode side is consumed by the upstream regime and water
accumulates at the downstream regime (channels 4–5 in Fig. 16) in the cell, there is
a limited chemical reaction rate along channels 4–5. Additionally, the local water
concentrations in regions A–D gradually decrease as the optimization process
proceeds. At an optimal design, the local current density and liquid water are
generally uniformly distributed over the entire membrane. The amount of water at
the outlet in the optimal design is significantly less than that in the conventional
design (step 1). The under-rib convection velocities are comparable to channel flow
velocities; both increase with reduced channel heights. The strong convection flows
enhance oxygen transport and water removal, leading to nearly uniform distribu-
tions of local current density in the membrane throughout the entire cell.
Conversely, the final channel should be a diverging channel because strong
under-rib convection occurring at the rib next to the outlet can result in considerable
oxygen leakage and poor water removal for the final channel. The combined
optimization has been proven effective in optimizing the flow-field design for a
single serpentine PEMFC. The role of under-rib convection should be considered in
cathode flow-field design.
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4.4 Reduction in Pressure Drop

The fuel flow channel has a GDL as a side-wall, and hence the GDL morphology is
expected to influence the reactant gas transport from the channel to the catalyst
surface and ultimately the cell performance. The design of this flow-field has a
distinct influence on the oxygen transport from the GDL to the cathode catalyst
layer. Although different designs have been examined, the choice of an optimal
flow-field design still remains controversial. The parallel design avoids water
accumulation in the corners of the flow-field and consequently avoids local star-
vation of the oxidant due to minimal pressure drop by equally distributing the flow
rate into many straight parallel paths. Serpentine channel designs have been the
most widely used because their increased channel length offers higher gas velocity
in the channel with a moderate increase in parasitic loss by air pumping. This
design ensures effective liquid water removal, which prevents channel clogging by
condensate.

High power density requires high current density operation. Under these con-
ditions, mass transport losses can be significant contributor to the overall loss
mechanisms in the cell. When using air as the oxidant, the driving force for oxygen
transport from channel to catalyst is low due to the low partial pressure. Oxygen
needs to be transported from the feeding channel to the catalyst layer through a
porous material. Besides, water that forms at the cathode catalyst can condense in
the pores. A parameter study for was performed limiting current conditions;

Fig. 16 Liquid water distributions on the interface between the cathode gas diffusion layer and
the catalyst layer at various search steps. Numbers in the figure denote each search step. Source
Ref. [35]
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this study emphasized the transport in the GDL between channels and did not
require the complex description of the electrochemical kinetics [18]. The
channel-rib geometry, channel-to-channel pressure difference and GDL character-
istics were investigated in order to determine GDL design. To achieve a
well-defined compression, the in-plane and the through-plane apparatuses were
realized based on 30 mm thick stainless steel blocks. The distance was set by
placing steel spacer plates between the blocks. A water column gauge with 1 Pa
resolution was used to determine the pressure drop. To study the effects of cross
convection in a serpentine channel, a 2D slice model of the GDL under the channel
and rib was linked to a 3D model of a U-bend channel (simulating the serpentine
flow-field). This 2D + 3D serpentine model was used to determine the local cross
convection flow rates and the pressure distribution. To avoid excessive cross
convection at the channel inlet where pressure gradients are high, a well thought out
dimensioning of the channel-rib geometry and size of the additional GDL were
imperative. The increased thickness under the rib also had the drawback of slightly
increasing the electric resistance. In the light of the significant increase in the rib
current and the relatively low Ohmic resistance of the GDL, the introduction of
additional GDL material is expected to pay off in terms of overall performance.

The theory of the entrance region pressure drop was first introduced and vali-
dated in four-tube parallel channel geometry [13]. An experimental test section was
designed to validate/modify the theoretical equations using water as the fluid. The
equations derived for the developing laminar flow in circular ducts were used to
describe the entrance region pressure drop within the tubes. The pressure drop in
the tube entrance region was the summation of two components: a frictional
pressure drop, which accounts for the greatest portion of the total pressure drop, and
the minor pressure drop, caused by entrance region effects. For micro- and
mini-channel applications, such as PEMFCs, laminar flow generally existed due to
the relatively low flow rates and the small hydraulic diameters. A new technique
was proposed to measure the instantaneous flow rate through individual channels in
a parallel channel array. The experimental setup was specifically designed to allow
calibration of the individual channel flow rates. The ability of this technique to
accurately predict flow maldistribution in parallel channels was experimentally
validated. The method was implemented in ex situ and in situ setups designed to
study two-phase flow in gas diffusion channels of a PEMFC to develop effective
water management strategies for PEMFCs. Based on the improvement of the local
cross-flow conditions in a split serpentine flow-field [40], the overall flow rates in
the three serpentine channels were within 5% of each other, showing that the flow
distribution among the three serpentine channels was relatively uniform. The pre-
dicted pressure drop for the flow-field is only 2861 kPa, much less than the pressure
drop of 25,665 kPa obtained with a single serpentine flow channel for the same air
flow rate. Compared to the single serpentine, the flow rate through each of the three
parallel paths was about 1/3. The path-length in each was also only one-third of the
total serpentine path-length. Thus, the overall pressure drop, which was roughly
equal to the pressure drop in one of the parallel paths, was 1/9 of the single
serpentine.
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To understand how a tapered flow channel and baffle plate affect the pressure
drop, the dimensionless pressure drop between the gas fuel inlet and outlet across the
channel was calculated [39]. Though, this design improved the fuel transport rate
and enhanced the reaction at the catalyst layer, but the channel arrangement pro-
duced a larger pressure loss and required more pumping power for the delivery of the
fuel. Therefore, with an appropriate gap and tapered ratios, the pressure drop as well
as the pumping power can be considerably reduced. The convection-enhanced
serpentine flow-field realized during this work showed superior performance com-
pared to conventional serpentine flow-field due to its enhanced mass transport
capability as a result of the enhanced under-rib convection associated with the
increased pressure difference between adjacent flow channels [28]. Another striking
feature of this new flow-field is that the pressure drop between the inlet and the outlet
remains almost the same as that in the conventional design, because the channel
dimensions, including width, depth, and total length, are the same for both
flow-fields. The reduced gas flow rate will decrease the parasitic power in the fuel
cell system, thus leading to higher system efficiency. It is worth mentioning that the
convection-enhanced serpentine flow-field can also be readily extended to the for-
mation of a flow-field consisting of multiple serpentines in parallel without losing
the feature of enhanced under-rib convection and while resulting in a smaller
pressure drop. The effects of the design parameters on the PEMFC performance have
been examined using CFD calculation [26]. The numerical results based on a
Taguchi L18 test matrix showed the output power and the pressure drop on the
cathode and the anode sides for the current density of 1.2 A/cm2, as shown in
Fig. 17. It was evident that the power and the pressure drop results are affected by
geometric design parameters. However, the appropriate pressure drop should be set
because a high-pressure drop at the channel inevitably causes a high load on the
Balance of Plants (BOP) system. Because more BOP resources result in lower net

Fig. 17 Power and pressure drop curve; at 1.2 A/cm2 condition. Source Ref. [26]
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power output from the system, it was necessary to design the bipolar plate with the
maximum power and the minimum pressure drop. Based on the calculation of
results, the power reaches its maximum in case 3, but the pressure drop is not at its
minimum in this case. The set of optimum parameters obtained from the Taguchi
method showed high power output with an appropriate pressure drop. There is an
optimal combination of the design parameters through a trade-off between the per-
formance and the pressure drop in the system design. The design parameters should
be selected considering their effects on both the performance and the pressure drop in
the channel in order to meet the goals of the PEMFC system.

4.5 Improvement in Output Power

The cell output power increases with increasing active area, but not in proportional
manner. This is attributed to the fact that long flow channels are commonly fabri-
cated with cells of large active areas in order to provide high power which renders
water removal difficult in maintaining a sufficient oxygen transfer rate at the cathode.
In other words, the cell size effect is noticeable in PEMFC applications. However, to
the best of our knowledge, at present the size effect has not yet been satisfactorily
analyzed. Performance curves of PEMFCs were investigated for parallel flow-fields
with various active areas [34]. The cathode and anode flow channels formed a
rectangular shape with 1 � 1 mm2 ribs. The active area of cell 1 was 11 � 11 mm2

with 6 channels and 5 ribs; the active area of cell 2 was 21 � 21 mm2 with 11
channels and 10 ribs; the active area of cell 3 was 31 � 31 mm2 with 16 channels
and 15 ribs; and the active of cell 4 was 41 � 41 mm2 with 21 channels and 20 ribs.
Moreover, because the reactant inlet flow rates significantly affect the cell perfor-
mance, for convenience of comparison, specified inlet flow rates were fed to the unit
active area for all cells in the present work with 0.4 cm3/min humidified hydrogen to
l mm2 active area on the anode side, and 1.2 cm3/min humidified air to l mm2 active
area on the cathode side. For operating voltages >0.7 V, the polarization curves and
power density curves for four active areas almost coincided, indicating negligible
cell size effects. However, at operating voltages <0.7 V, the size effect was pro-
found. The average current density and output power density all decreased with an
increase in the active area. As the active area was increased from 11 � 11 mm2 to
41 � 41 mm2 (by 13.9 times), the average current density decreased by 10.6% at
0.4 V and 11.6% at 0.3 V. Three different channel heights and widths were com-
pared with the base flow-field design of the serpentine channel that was 1 mm wide
and 0.34 mm high, each through a detailed numerical study of the distribution of
temperature, pressure, water content, and local current density [41]. The output
power density is lowered due to the decreased cell voltage and larger volume of
PEMFC stack with the channel height. The cell voltage was decreased with the
increase of channel width, and its extent of the reduction was larger than that with the
increased channel height.
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The optimal cathode flow-field design of a single serpentine proton exchange
membrane fuel cell was obtained by adopting a combined optimization procedure
including a simplified conjugate-gradient method and a completely
three-dimensional, two-phase, non-isothermal fuel cell model, to look for optimal
flow-field design for a single serpentine fuel cell 9 � 9 mm2 in size with five
channels [30]. The initial guess assumed all channel heights and widths of 1 mm,
identical to the basic design with straight channels. The cell output power density
Pcell was maximized and subjected to an optimal set of channel heights, H1–H5, and
channel widths, W2–W5. The basic case with all channel heights and widths set at
1 mm yielded a Pcell = 7260 W/m2. The optimal design displays a tapered char-
acteristic for channels 1, 3, and 4, and a diverging characteristic in height for
channels 2 and 5, producing a Pcell = 8894 W/m2, about a 22.5% increment. The
reduced channel heights of channels 2–4 significantly increased the under-rib
convection and widths for effectively removing liquid water and oxygen transport
in the gas diffusion layer. The final diverging channel minimized the leakage of fuel
to outlet via under-rib convection from channels 4 to 5. The use of a straight, final
channel of 0.1 mm height led to a 7.37% power loss, whereas designing all channel
widths to be 1 mm with optimal channel heights obtained the above yields with
only a 1.68% loss in current density.

The serpentine flow channel layout is not the ideal flow-field configuration, and
this layout has a number of problems. It typically results in a relatively long reactant
flow path, hence a substantial pressure drop, resulting in significant parasitic power
loss associated with the cathode air supply (as much as 35% or more of the stack
output power). A novel serpentine-baffle flow-field design was proposed to improve
the cell performance compared to that of a conventional serpentine flow-field using a
three-dimensional numerical model [29]. The flow-field design influenced not only
the cell performance but also the pressure drop in the fuel cell. Larger pressure drops
in the fuel cell meant that more power was needed to pump the reactants. Thus, the
pressure drop is a significant issue to be considered in choosing the flow-field
designs in addition to the I–Vcell curve. The pressure drops for baffled designs were
higher than those for the conventional design, and then the cathode pressure drop
loss, WP, was calculated. Although the pressure drops for the baffled designs are
larger than those for the conventional design, the pressure drop losses, WP, were far
lower than the cell output power, Pcell, for the miniature fuel cells analyzed.

A concise mathematical model was developed for quick numerical simulation to
allow performance prediction and analysis of DMFC [31]. Two-phase flow at the
anode and pressure-driven convection were both included in the proposed model
and thereby enabled accurate and realistic performance prediction and analysis. To
investigate the two-phase mass transport effect on cell performance, the I–V curve
for 1 M input methanol at 40 °C was simulated. The liquid saturation S was
assumed to be unity and thereby represented the transport of only liquid phase at the
anode. The limiting current density 147.0 mA/cm2 was much smaller than that
assigned for two-phase mass transport, viz., 200.6 mA/cm2 by under-rib mass
transport effect. The results thus revealed that methanol transport in the gas phase is
important for sufficient fuel supply to the reaction sites. Moreover, the cell voltage
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reduction induced by methanol crossover was noted at a low current density where
the liquid phase transport situation gave a higher cell output voltage compared with
that for two-phase transport. Consequently, the limiting current density had a rel-
atively small value of 135.5 mA/cm2. That is reasonably close to the modeling
result of 138.4 mA/cm2. The difference between including or not including the
under-rib mass transport effect implied that the facilitated methanol transport
towards the catalyst layer was influenced by under-rib mass transport. The signif-
icance of under-rib mass transport on performance was, however, less than that
caused by the two-phase effect. Performance data with the under-rib mass transport
effect subtracted from the two-phase mass transport are presented in Fig. 18.

As shown in Fig. 19, numerical simulations were performed to compare the four
configurations: configuration I in which CASFFs were used both at the anode and
the cathode; configuration II in which a SFFSB and a CASFF were used at the
anode and the cathode, respectively, configuration III in which SFFSBs were used
at both the anode and the cathode, and configuration IV in which a CASFF and a
SFFSB were used at the anode and the cathode, respectively. To verify the maxi-
mization of power density among the performance-related parameters, the polar-
ization and power density curves for different flow-field configurations I–IV
obtained by numerical simulation are compared, and the results are shown in
Fig. 20a. The results reveal that the power densities of configurations III and IV are
higher in comparison with the flow-field configurations I and II. Maximum power
densities of the four flow-field configurations I–IV are 0.5199, 0.5278, 0.6122 and
0.6175 W/cm2, respectively. The adoption of SFFSB at the cathode bipolar plate

Fig. 18 Influence of two-phase flow phenomenon on DMFC performance, with and without
under-rib mass transport consideration effects; 1 M input methanol solution with 2 ml/min flow
rate at 40 °C operating temperature. Source Ref. [31]

10 Electrochemical Promotional Role of Under-Rib Convection-Based … 299



increases the output power density because the under-rib convection enables a more
effective utilization of the electrocatalysts by increasing the mass transport rates of
the reactants from the flow channel to the inner catalyst layer and by significantly
reducing the water flooding at the cathode.

Figure 20b shows that the experimental results for the polarization and power
density curves obtained with the CASFF and SFFSB have the same trend as the
simulation results. The PEMFC performances with 5 passes and 4 turns on an active
area of 25 cm2 were experimentally evaluated for a new flow-field design, which
stimulates under-rib convection by adding sub-channels and by-pass areas to the
CASFF. Although the activation loss region and the ohmic resistance loss region
exhibit almost the same characteristics, a small performance variation occurs in the
mass transport loss region. This variation is caused by worsening water manage-
ment conditions for moving toward the higher current density zone because the
height of the channel is shorter due to the flow-field patterns, even though the cell
went through an adequate activation process. The fuel cell performance is affected
by the internal behavior, and it is especially sensitive to the behavior of the liquid
water in the electrochemical reaction. The behavior of the liquid water inside the
flow-field increases the water content of the MEA at the beginning of fuel cell
operation, and it usually moves from the anode to the cathode. However, back
diffusion sometimes occurs due to the liquid water mass fraction and the pressure
drop of the cathode. Furthermore, the liquid water cools the heat caused by
the electrochemical reaction. The behavior of the liquid water becomes one of the
determining factors for cell performance. By adding the sub-channels and the

(a) (b)

(c) (d)

Membrane

BP_CASFF @Anode
GDL @Anode
Catalyst @Anode

Catalyst @Cathode
GDL @Cathode

BP_CASFF @Cathode

BP_SFFSB @Anode

BP_CASFF @Cathode

BP_SFFSB @Anode

BP_SFFSB @Cathode

BP_CASFF @Anode

BP_SFFSB @Cathode

Fig. 19 Four flow-field configurations of CASFF and SFFSB applied on the anode and cathode
bipolar plates: a configuration I in which CASFFs were used at both the anode and the cathode;
b configuration II in which a SFFSB and a CASFF were used at the anode and the
cathode, respectively; c configuration III in which SFFSBs were used at both the anode and
the cathode; d configuration IV in which a CASFF and a SFFSB were used at the anode and the
cathode, respectively
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(a) Comparisons of numerical results

(b) Comparison of experimental and numerical results
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bypasses to the CASFF, the SFFSB improves the flow consistency of the inner
reaction gas and the liquid water behavior, and it enhances the current density in
both ohmic resistance loss region and the mass transport loss region [165].

5 Summary

In this article, the research and development in PEMFCs, ranging from their
components (PEM, electrodes and catalysts, GDL, MEA and bipolar plates) and
cells (single cell and multi-cell stack), as well as the experimental and modeling
approaches for the optimization of flow-field, followed by the new flow-field
optimization using under-rib convection have been discussed. Although the per-
formance of PEMFCs is primarily determined by the intrinsic electrochemical
efficiency of the MEA, the flow plate is one of the key components of a PEMFC,
serving as both the current collector and the reactant distributor. The uniform
distribution of reactants over the entire surface of the fuel cell catalyst layer also
depends on the design of the porous diffusion layer, including pore size and the
thickness of the porous diffusion layer. Recently, the effects of under-rib convection
on mass and heat transport, liquid water removal as well as pressure drop have
related to PEMFCs been actively investigated.

The under-rib convection enables more effective utilization of electrocatalysts by
increasing reactant concentration and promotes the uniformity of temperature and
current density distributions. If facilitates liquid water discharge, reduces the
pressure drop, and improves output power. Although much progress has been made
with respect to flow-field optimization, discussions of optimal flow-field designs
still remained controversial. Development of new flow-fields via the promotional
role of under-rib convection has been suggested; however, some challenges remain
regarding the new flow plates issues such as the volume, weight, and cost of
PEMFC stacks.

First, the electrochemical and physical properties, which are verified not by
invalidated measurements but by standard measurements in an operating fuel cell,
are essential to bridging the gap between modeling and experiments. The validation
of experimental results by modeling provides qualitative comparison, and hence
numerical models have been quantitatively verified. Recently, segment-wise pres-
sure distribution data have revealed how to optimize the clamping pressure using
the developed setup for a given GDL for uniform reactant distributions and pressure
drop behaviors [166]. Simulation results have been compared quantitatively to the
bubble velocities and geometric dimensions observed in the experimental data of
both coated and uncoated channels [167].

Second, there is a need to apply the developed flow plate to a practical PEMFC
stack and validate the effects of under-rib convection on water and heat manage-
ment, pressure drops, and output power. Under-rib convection is a complex phe-
nomenon in which the mass transport of reactants in flow plates as well as GDL and
catalysts influence liquid water, pressure, temperature and current density.
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Therefore, the advanced flow plates, which were developed to promote under-rib
convection, should be confirmed as playing a promotional role in the flow plates at
the same time in order to meet the goal of the PEMFC system. For example, this
situation can be seen in comparing the output power and the pressure drop loaded
on the BOP [26].

This review has shown that the new flow-field optimization technique by
under-rib convection has great potential for improving cell performances inside
operating PEMFCs. The flow-field that activates the internal mass transfer mech-
anism of PEMFCs is able to improve its power density from a mechanical engi-
neering perspective. In other words, this mechanical method can improve the
performance of the fuel cells without changing the electrochemical materials. An
approach combining fundamental study and engineering development of under-rib
convection would help us take the necessary steps to advance the performance and
commercialize PEMFCs.
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