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H I G H L I G H T S

• A systematic study was conducted on the PEMFC area magnification problem.
• A general calculation method of concentration loss is proposed.
• The mechanism of structural factors on specific voltage losses is deeply revealed.
• Among three area manification strategies, adding channel branches is suggested.
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A B S T R A C T

Developing a large-scale flow field is essential for high-power proton exchange membrane fuel cells. A typical
small-scale unit should be expanded to create the mainstream zone of a large-area flow field. This study
investigated various design strategies for area magnification through numerical analysis. The impacts of channel
length, number of channel branches, scaling factor, and channel/rib ratio on cell performance were thoroughly
analyzed. An extraction method for concentration loss was devised to evaluate the primary voltage loss, and a
contribution factor was determined. It was found that adding channel branches and proportional amplification
led to a performance decline of 4.3 % and 42.6 %, respectively. However, extending channel length can slightly
improve the PEMFC power density by 0.5 %–3.4 %. All three area magnification methods affect the bulk con-
centration in the channel, thereby influencing concentration loss. Moreover, proportional amplification and
increasing C/R ratio can also deteriorate the mass transport ability from channel to porous electrode. When
adjusting the channel length and C/R ratio, concentration loss is emerged as the primary factor driving per-
formance differences, with a contribution factor exceeding 80 %, significantly higher than the other two voltage
losses. However, in the case of altering the number of branches and proportional amplification, ohmic or acti-
vation loss also plays a crucial role. The performance of large-area fuel cells will be significantly improved if the
area amplification strategy is selected reasonably. Among the three area magnification strategies, adding channel
branches is suggested, considering both pump loss and performance degradation. For channel lengths exceeding
100 mm, the pump power density increased exponentially (more than eight times), which is unfavorable. Pro-
portional amplification may lead to a substantial decline (>40 %) in cell output performance.

1. Introduction

Hydrogen is one of the earliest elements of the universe. Its abun-
dance is high, comprising 75 % of the mass of universe. Hydrogen gas is
a highly efficient, environmentally friendly, and clean energy source
[1]. In the hydrogen energy systems, fuel cells become key equipment
that convert the chemical energy of hydrogen into electricity [2]. Based
on the type of electrolyte used, fuel cells can be categorized into alkaline

fuel cells (AFCs), proton exchange membrane fuel cells (PEMFCs),
phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs),
and solid oxide fuel cells (SOFCs) [3]. Among these, with the advantages
of high energy density, high efficiency, low operating temperature, and
quick start-up, PEMFC has become the most popular and promising
power source [4].

Driven by market demand and technological advancements, high-
power fuel cell products have become mainstream. In the field of
transportation, heavy trucks are in urgent demand for applications in
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high-power fuel cells (over 200 kW) [5]. As an important production
tool, heavy trucks are often used in heavy-duty long-distance trans-
portation, with characteristics such as long-term operation, high load
rate, and continuous high-speed working conditions, all of which are in
line with fuel cell power systems [6]. In addition to road transportation,
fuel cell companies target areas such as ships, unmanned aerial vehicles,
energy storage, industry, and buildings. Currently, ships suffer from
high fuel consumption and emissions [7]. Replacing internal combus-
tion engines with fuel cells is a favorable way to achieve carbon peak
and carbon neutrality. Large ships have higher power requirements for

fuel cells, and the continuous exploration of high-power fuel cell tech-
nology will lay the technical foundation for the development of
hydrogen-powered ships. In addition, fuel cells play a key role in the
energy storage field [8]. During the peak of variable renewable energy
power generation, hydrogen can be stored by the electrolysis of water,
and fuel cells (megawatt level) can be used to generate electricity during
the power generation trough to help the peak regulation of electric
networks [9]. In all these applications, it is necessary to develop high-
power fuel cells.

Nomenclature

Latin symbols
aPt activated surface area per volume of platinum particles

(m− 1)
Aact active area (m2)
c concentration(mol⋅m− 3)
Cp specific heat capacity(J⋅kg− 1⋅K− 1)
D diffusivity(m2⋅s− 1)
E voltage
EW equivalent molecular weight of dry membrane (kg⋅kmol− 1)
F Faraday’s constant(96,485C⋅mol− 1)
I current density(A⋅m− 2)
j reaction rate(A⋅m− 3)
j0 exchange current density(A⋅m− 3)
K intrinsic permeability(m2)
k thermal conductivity(W⋅m− 1⋅K− 1) or relative permeability
M molar mass(kg⋅kmol− 1)
nd electroosmotic drag coefficient
p pressure(Pa)
qv volume flow rate(m3⋅s− 1)
R gas constant(J⋅mol− 1⋅K− 1)
S source term
slq liquid saturation
T temperature(K)
u→ velocity(m⋅s− 1)
V voltage (V)
Y mass fraction

Greek letters
ε porosity
δ thickness(m)
ρ density(kg⋅m− 3)
μ dynamic viscosity(Pa⋅s)
κ electrical conductivity(S⋅m− 1)
ξ compressor efficiency
γ’ γ phase change rate(s− 1)
η overpotential or voltage loss(V)
θ coverage raio
ϕ potential(V)
λ membrane water content
ω contribution factor or energy parameters for the Temkin

isothermal model

Subscripts and superscripts
a anode
act activation
bulk bulk value
con concentration
c cathode
eff effective value
ele electronic

eq equilibrium water content
E energy
g gas
i certain gas species
in inlet
ion proton
l,lq liquid water
lh latent heat
m mass
mw membrane water
mem membrane
O original
ohm ohmic
out output
over overpotential
R revised
rev reversible
ref reference
sat saturation
u velocity
v-l vapor to liquid
v-m vapor to membrane water (vice verse)
vp water vapor
0 atmosphere parameter

Abbreviations
ACL anode catalyst layer
AFC alkaline fuel cell
BP bipolar plate
B-V Butler-Volmer
CCL cathode catalyst layer
CCM catalyst-coated membrane
CFD computational fluid dynamic
CGDL cathode gas diffusion layer
CL catalyst layer
CMPL cathode microporous layer
CRDZ channel-ridge distribution zone
C/R channel/rib
GC gas channel
GDL gas diffusion layer
DMDZ dot matrix distribution zone
EIS electrochemical impedance spectroscopy
FF flow field
MCFC molten carbonate fuel cell
MPL microporous layer
PAFC phosphoric acid fuel cell
PEM proton exchange membrane
PEMFC proton exchange membrane fuel cell
SOFC solid oxide fuel cell
UDF user defined function
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1.1. Strategy for high-power PEMFC

To achieve a high-power output of a single fuel cell stack, there are
two general methods: (1) connecting more cells in series and (2)
improving the performance of a single cell. In many scenarios in which
the volume is limited, increasing the number of cells is not recom-
mended. Adding more cells causes difficulties in the stack assembly
[10]. When the assembly force is uneven inside the cell stack, the middle
of the cell stack is concave owing to insufficient clamping force [11].
Finall, an increase in the cell number leads to more severe voltage un-
evenness among different cells in the stack [12]. Therefore, maximizing
the power generation of each cell as much as possible has become an
effective method and research hotspot. This includes improving current
density by optimizing each component of the fuel cell and expanding the
active area to increase reaction sites.

A single fuel cell comprises anode and cathode bipolar plates (BPs),
gas diffusion layers (GDLs), catalyst layers (CLs), and a proton exchange
membrane sandwiched between the anode and cathode. Much work has
been conducted to improve the current density by optimizing these
components [13,14]. For example, Yin et al. [15] proposed a new
elliptical groove gas diffusion layer to improve the transport properties.
The results revealed that compared with the traditional GDL, the pres-
ence of an elliptical groove significantly accelerated the flow rate of the
reactants and products. For the catalyst layer, Gao et al. [16] found that
when the porosity of the CL was 0.6 and the average pore scale was
between 40 and 140 nm, the fuel cell came to an optimal output per-
formance. For the proton exchange membranes, Liu et al. [17] fabri-
cated novel highly water-retentive PEMs using a strong magnetic field
based on a new membrane formulation. It displayed efficient water
absorption and retention at low relative humidity and elevated tem-
peratures. In addition to membrane electrode assembly, the flow field
plates are crucial components. Various novel structural designs have
been introduced to enhance the performance. For example, 3D flow field
(FF) including baffled FF [18], metal foam or porous FF [19], 3D wave
FF [20], and 3D fine mesh FF [21] have been widely studied. Regarding
traditional 2D FF, there are also many new designs, such as sinusoidal FF
[22], biomimetic flow fields [23], partially narrow FF [24], 2D wave FF
[25], and trap-shape FF [ [26]. A detailed review can be found in our
previous research [27]. Table I lists the relevant research on flow field
plate design in recent years, all of which aimed to improve cell
performance.

Expanding the active area is another simple but effective method of
improving the power of a single cell. When the active area increases,
both the flow field plate and membrane electrode need to be corre-
spondingly increased. This introduces new problems in the design of fuel
cell flow field plates. Wang et al. [28] pointed out that the cell voltage
predicted by the full-scale model is significantly higher than conven-
tional single-channel or no-dot-matrix models at high current density
(>1.5 A⋅cm− 2). In other words, when the activation area increases, the
cell performance changes accordingly. Therefore, in recent years,
scholars have focused on the commercial level (large active area) in
addition to the laboratory level (small active area). Many practical
phenomena have been discovered in studies of large-area flow fields. For
example, Zhang et al. [29] studied the reaction distribution in a com-
mercial flow field (323 cm2) comprising 63 channels in a PEMFC. The
gas concentrations were found to be high in the channels near the edges.

A large-scale commercial flow field is composed of a distribution
zone and a main stream zone (or reaction zone). Recent research on
large-scale flow fields (including the above-mentioned studies) is sum-
marized in Table I. On the one hand, with the increase in power and size
in PEMFCs, the distributor is evolving as an important part of the flow
field plates to facilitate uniform flow distributions and is gradually
gaining more attention. Yu et al. [30] investigated the effect of the
distribution zone design on the gas distribution uniformity and pressure
drop. Relevant design criteria were proposed for the channel-ridge dis-
tribution zone (CRDZ) and dot matrix distribution zone (DMDZ). Lu

Table I
Flow field design.

Author
and year

Active
area

Focus point Quantitative
voltage loss
analysis

Main outcomes

Zhang
et al.
[51]
(2024)

5 cm2
Porous flow
field

Concentration
loss

The limiting
current density of
porous FF
increases by 49.9
% compared to
channel-rib FF,
significantly
reducing mass
transport losses.

Wu et al.
[49]
(2024)

245.76
cm2

Partially
narrow
channels

All three

A partially
narrowed flow
field not only
enhances the
PEMFC net power
density but also
improves the
drainage capacity.

Lu et al.
[46]
(2024)

303.85
cm2

Distribution
zone design

Ohmic loss

The new flow field
design optimizes
fuel cell secondary
distribution under
counter-flow
intake, reduces
pressure drop by
21 %, and
increases net
power by 8.1 %.

Liu et al.
[48]
(2024)

300 cm2 Distribution
zone design

All three

The forced shunt
distribution zone
and mixed-
structure
distribution zone
enhance
distribution
uniformity are
improved by 90.4
% and 55.5 %,
respectively,
compared to the
dot-matrix
distribution zone
design.

Bulgarini
et al.
[52]
(2024)

17.64
cm2

Parallel/
Serpentine

No

The PtOx
formation reduces
fuel cell
performance to up
to 60 %–80 %
when operating
under high-
voltage
conditions.

Zheng
et al.
[18]
(2024)

0.5 cm2
Novel folded
porous flow
field

No

The folding rib
structure in the
new flow field
design induces gas
vortices within the
channel, generates
secondary flow,
and improves the
mass transfer
capability of
reactants.

Zou et al.
[35]
(2023)

25 cm2
Optimized
serpentine

No

An optimized flow
field improves
water drainage
performance,
increases fuel cell
durability, and
decelerates aging
rates.

(continued on next page)
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et al. [31] proposed a distribution zone with a partially dotted matrix to
further improve gas flow uniformity. The flow uniformity was maxi-
mized when the dotted matrix was placed near the gas inlet. Pan et al.
[32] proposed a novel design for a combined distribution zone that
incorporated central horizontal and lateral vertical meshes. A

Table I (continued )

Author
and year

Active
area

Focus point Quantitative
voltage loss
analysis

Main outcomes

Zhou et al.
[22]
(2023)

< 5 cm2
Sinusoidal
wave flow
fields

No

Opposite
sinusoidal wave
flow fields with
single-inlet, dual-
inlet, and block
structures yield
performance
enhancements of
6.86 %, 1.26 %,
and 2.31 %,
respectively,
compared with the
parallel flow
fields.

Zhang
et al.
[29]
(2023)

323 cm2
In-plane
uniformity No

The non-
uniformity of
cathode reactant
distribution is
generally higher
than that of the
anode, while
temperature
nonuniformity is
lower along the
flow direction.

Zhang
et al.
[27]
(2023)

3.06 cm2
Converging-
diverging
channel

No

Enhanced under-
land cross flow
and a higher
effective mass
transfer coefficient
in the novel flow
field improve
reactant transport
efficiency.

Zhang
et al.
[50]
(2023)

Unknown
Cell structure
and flow field
type

All three

Fine channel/rib
or porous flow-
field designs
significantly
increase the power
density

Yin et al.
[53]
(2023)

11.25
cm2

Distribution
zone design No

Internal
humidifying stack
design is suitable
for operations
under dry
reactants inflow
conditions,
providing
enhanced
performance and
more uniform
reactions.

Xie et al.
[47]
(2023)

310 cm2
Water
transition
mechanism

Ohmic loss

Full-scale single-
cell simulation
domains are
recommended as
the primary
approach for
structural design,
particularly under
practical working
conditions.

Wu et al.
[54]
(2023)

312 cm2 Double cell
structure

No

While the heat
dissipation effect
of the double-cell
structure is less
effective than the
single-cell
structure, their
performances
remain
comparable.

Table I (continued )

Author
and year

Active
area

Focus point Quantitative
voltage loss
analysis

Main outcomes

Wang
et al.
[28]
(2023)

366.6
cm2

Physical
quantity
distribution

All three

Distribution zones
effectively
mitigate local
oxygen starvation
and water
flooding,
increasing PEMFC
performance at
high current
density compared
to conventional
single-channel or
non-dot-matrix
models.

Wan et al.
[55]
(2023)

25 cm2
Metal foam
flow field

No

The height and
width of metal
foam have a
pronounced effect
on the
temperature
distribution in air-
cooled PEMFCs.

He et al.
[56]
(2023)

113.92
cm2

Physical
quantity
distribution

No

The gas
distribution in the
fluid flow is
effectively
optimized by the
distribution zone,
and the maximum
concentration
error of the anode
is 4.87 %, which is
significantly lower
than that of the
cathode.

Rahmani
et al.
[24]
(2023)

2.5 cm2
Raccoon
channel flow
field

No

The raccoon
channel design
increases output
power by
adjusting the
amplitude or
wavelength.

Park et al.
[57]
(2023)

40 cm2
Metal foam
flow field No

Fuel cell
performance
improves by 14.67
% when a gas
diffusion layer
with high porosity
and permeability
is utilized.

Cai et al.
[58]
(2023)

1 cm2 Baffled flow
field

No

Ship-like baffles
effectively push
reactants
downward and
distribute them
evenly,
particularly in
regions under the
ribs.

Hao et al.
[59]
(2023)

0.72 cm2
Trapezoidal
tapering
channel

No

An optimized
PEMFC design
improves the peak
power by 8.5 %
and extends the
operating range of
current density by
15.5 %.
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transverse-flow-control-based mechanism underlying flow distribution
process was revealed. Through organized and detailed simulations, an
optimum central porosity of 5 % and a lateral porosity of 76.7 % were
determined.

The mainstream zone is the main area for expansion and typiccally
includes interdigital, serpentine, and parallel flow fields. Min et al. [33]
modified the channel layout of the serpentine flow field. It was found
that the cell performance could be improved by increasing the segment
number or channel path number in each segment. Santamaria et al. [34]
studied the effect of the channel length of the interdigitated flow-field on
the PEMFC performance. The results showed that a shorter channel
interdigitated flow field could produce both higher maximum power
and limiting current densities. Finally, the parallel flow field has been
widely adopted owing to its lower pressure drop. As in the strategy
adopted by Min et al. [33] and Santamaria et al. [34], there are two
approaches corresponding to the two design parameters to realize the
area magnification of the parallel flow field: (1) extending channel
length and (2) adding more branches which means increasing channel
numbers. Inspired by the scaling process, a third approach that simul-
taneously changes the length and width of the unit is also intuitive: (3)
Proportional amplification. The three design methods for area magni-
fication are shown in Fig. 1. As the active area of a high-power fuel cell
increases, understanding how different area magnification methods
affect the performance becomes increasingly important. Revealing the
influence mechanism of area magnification on PEMFC performance can
guide the design of large area flow field plates and promote the devel-
opment of higher power fuel cells. However, there seems to be no such
investigation in the literature in the past years. Most studies were con-
ducted in fixed activation areas [36–38]. A design method for extending
typical elements to large area flow field plates has not been reported. In
Rocha et al.’s review of flow field plates [39], it was pointed out that the
amplification behavior of MW-level PEMFC flow fields deserves further
exploration.

1.2. PEMFC voltage analysis

As is well known, there are three performance losses in fuel cells:
activation, ohmic, and concentration loss [40]. The smaller the values of
these three losses, the better the cell performance. The activation loss
reflects the catalyst activity, which is mainly determined by the intrinsic
properties of the catalyst. After the catalyst was selected, the higher the
bulk reactant concentration and temperature (the lower the production
concentration at the same time), the lower the activation loss. The ohmic
loss considers the voltage loss caused by charge (including electrons and
protons) conduction inside the PEMFC. The concentration loss repre-
sents the voltage loss caused by the difference between the local and

bulk concentrations of the reactants and products [41]. Through the EIS
(Electrochemical Impedance Spectroscopy) method, the relative size of
three voltage losses can be analyzed in an experiment test [42,43].
Nevertheless, analysis of the EIS data depends on the supposed equiv-
alent circuit model, and an accurate voltage loss value cannot be ob-
tained [44,45]. In contrast, a numerical simulation based on a three-
dimensional multi-phase model is an effective way to study different
voltage losses. As shown in Table I, most research did not perform a
quantitative analysis of the effect of the flow field on the voltage loss. Lu
et al. [46] elucidated the counter-flow mass transfer characteristics of a
commercial large-scale PEMFC and Xie et al. [47] pointed out that a full-
scale single-cell simulation domain should be the first choice for struc-
tural design. They only calculated the ohmic loss based on the elec-
tronic/proton potential from the PEMFC CFD (computational fluid
dynamic) results. Although some researchers have analyzed all three
voltage losses [28,48], details on how to obtain the concentration loss
have not been provided. Wu et al. [49] and Zhang et al. [50] calculated
the concentration loss using the following equations:

ηcon =
RT
4F

ln
(

cO2 ,bulk
cO2 ,CCL

)

(1)

where ηcon(V) is concentration loss, R(J⋅mol− 1⋅K− 1) is gas constant, T(K)
is local temperature, F(C⋅mol− 1) is Faraday’s constant, cO2 ,bulk(mol⋅m

− 3)
and cO2 ,CCL are bulk and local O2 concentration, respectively.

Eq. (1) is derived from the simplified Butler-Volmer (B–V) equation,
excluding the production accumulation effect in the CCL, originally the
second term in the B–V equation. More intricate electrochemical
models like the agglomerate model have formulas distinct from those of
the B–V equations. Eq. (1) is inapplicable to these models owing to
differing mass transfer resistance factors in the CCL. The electrochemical
reaction rate formula of the agglomerate model is notably more intricate
than that of the B–V equation. Hence, a new general method is urgently
needed to determine the concentration loss from PEMFC CFD results.
The treatment of ohmic loss is unequivocal. This study further refines
the calculation of concentration loss based on the aforementioned
research.

1.3. Existing challenges and shortcomings

The utilization of large-area flow field plates in high-power fuel cells
is essential. Nevertheless, the design of the channels within this plates
encounters various challenges. Desipite extensive research on innova-
tive channel structures, the emphasis has been on local optimization.
The design of large-area flow-field plates for achieving area magnifica-
tion encounters a lack of defined criteria.

Fig. 1. Schematic of the three design methods of area magnification.
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Almost all prior researches have been carried out in a specific active
area. As shown in Table I, the active areas investigated in each study
varied significantly, ranging from less than 1 cm2 to over 300 cm2. Most
innovative structures have been examined using small-scale or
laboratory-level PEMFC. The impact of the active area on cell perfor-
mance remains uncertain. Comparing different flow field designs within
the same activation area is not feasible, making it challenging to
compare the results from different studies. The influence of changes in
the active area and channel dimensions (following a similar pattern but
with varying active areas) on cell performance has received limited
attention. The performance variation of cells from a standard unit during
the area-magnification process is not well understood.

Numerical simulations have been extensively used in the design of
PEMFC flow fields; however, there is still a large room for improvement.
The effect of flow field design on activation, ohmic, and concentration
has been scarcely studied. The extraction methods for voltage loss,
particularly concentration loss, require further elucidation and
enhancement.

1.4. Main contents and innovations of the present study

This study analyzed three typical approaches for achieving area
magnification. The structure pattern of typical units is preserved, while
the effects of increasing length and width dimensions are examined.
Eleven carefully designed cases were introduced (Section 2.1). First, in
Sections 2.2 and 2.3, a three-dimensional (3D) multi-phase model is
developed to investigate the performance variations under different
design parameters. A general method for calculating concentration loss
to extract and quantitatively analyze three types of voltage losses was
proposed in Section 2.4. Section 2.5 analyzed factors influencing
different voltage losses. Subsequently, using the developed model,
simulations were conducted on the effects of channel length, number of
channel branches, and scaling proportions on cell performance (Section
3.1–3.3). Comparative studies revealed mechanisms behind variations
in different voltage losses. After determining extensions in both length
and width, the aspect ratio of the channel/rib (C/R) of a typical unit was
the remaining parameter. This study also investigated the C/R of typical
units to provide a comprehensive flow-field design scheme, as detailed
in Section 3.4. A more effective area-magnification strategy was pro-
posed in Section 3.5 by comparing pump and PEMFC power densities.
The impacts of changing four size design factors on the three voltage
losses were summarized. Conclusions are presented in Section 4. This
study aids in extending local structure design based on typical elements
to large-area flow-field plates, laying a crucial foundation for large-area
flow-field plate layout and expediting the commercialization of large-
area high-power fuel cells. Moreover, the methodology presented in
this paper can benefit the flat-plate flow field design of other types of
fuel cells. This study can be used as a reference, and a corresponding
model can be adopted to design the channel length, number of channel
branches, scaling factor, and channel/rib ratio.

The innovation points of this study are concluded as follows:

(1) A general method for calculating concentration loss is proposed.
Using this method, all three voltage losses were extracted and
analyzed.

(2) The impact of four design factors in a large-scale flow field on cell
performance is thoroughly compared, and a superior design
approach is proposed; to the author’s knowledge, this is the first
study to conduct such an analysis in the relevant literature.

(3) The contribution factor was determined to quantitatively study
the three voltage losses. Thus, the mechanism by which different
structural factors affect cell performance was revealed.

2. Methodology

2.1. Computational domain

To study the effects of the channel length, number of channel
branches, scaling ratio, and C/R ratio on PEMFC performance, a total of
11 cases were establised. The key parameter configurations for each case
are outlined in Table II. Both the anode and cathode followed the same
flow pattern but in opposite directions. Cases I, II, III, and IV were uti-
lized to assess the influence of channel length, as illustrated in Fig. 2(a).
Initial investigations revealed a consistent enhancement in cell perfor-
mance with longer flow channels. Notably, the current length of typical
commercial flow-field plates does not exceed 500mm, with the air pump
power to PEMFC output power ratio already surpassing 7 % at this
length. Consequently, channel lengths of 20/100/300/500 mm were
selected. Fig. 2(b) displays the flow fields with three, six, and nine
channel branches corresponding to Cases V, VI, and VII, respectively.
Fig. 2(c) demonstrates uniform enlargement in the in-plane dimensions
while maintaining consistent thickness in the through-plane direction.
Building upon Case V, scaling factors of 1.5 and 2 were chosen to explore
the impact of scaling ratio on PEMFC performance, leading to Cases VIII
and IX, respectively. Regarding the C/R ratio, the total width of the
channel and rib remain constant while their ratios were adjusted. Three
C/R ratios (10:7, 1:1, and 7:10) were examined in Cases I, X, and XI as
detailed in Table II. The specific geometric parameters are provided in
Table III. This investigation concentrated on mainstream flow channels
in large-area PEMFC systems. To enhance computational efficiency,
simulations were conducted on a smaller fuel cell area. The trends and
influencing mechanisms identified are applicable on a larger scale, of-
fering insights for designing mainstream zones in large-scale flow fields.

2.2. 3D two-fluid PEMFC model

Cell performance is strongly linked to internal gas flow, water
transport, charge conduction, and heat dissipation. A 3D two-fluid
PEMFC model was created to analyze the impact of interconnected
physical fields. The model was based on the subsequent fundamental
assumptions:

(1) The fuel cell attains stable operating conditions at a constant
surface temperature [60].

(2) The gas flow is laminar because of the low Reynolds number.
(3) Both the gas species and gas mixture were treated as ideal gases.
(4) When the assembly force was sufficient, the proportion of the

contact resistance in the ohmic loss was much smaller than that in
the mmebrane resistance. The contact resistance between
different layers is ignored and this assumption is employed in
many modeling works [46];

(5) A low porosity of GDL (porosity ε = 0.5 [61]) is set to include the
GDL compression effect, and ignore the uneven distribution of
physical properties under the channel and rib [46,49]. This study

Table II
Case settings.

No Channel branches Channel length C/R ratio Scaling factor

I Single channel 20 mm 10:7 O
II Single channel 100 mm 10:7 O
III Single channel 300 mm 10:7 O
IV Single channel 500 mm 10:7 O
V 3 branches 20 mm 10:7 O
VI 6 branches 20 mm 10:7 O
VII 9 branches 20 mm 10:7 O
VIII 3 branches 30 mm 10:7 ×1.5
IX 3 branches 40 mm 10:7 ×2
X Single channel 20 mm 1:1 O
XI Single channel 20 mm 7:10 O
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focuses on analyzing the change in mass transfer resistance
caused by the change in the flow field. Thus, the relevant analysis
is valid.

For the flow of the gaseous reactants and products, the continuity
equation (Eq. (2)) and the momentum conservation equation (Eq. (3))
were adopted as follows

∇⋅
(

ρg u→g

)

= Sm (solved in GCs,MPLs,GDLs,CLs) (2)

∇⋅

⎛

⎝
ρg u→g u→g

ε2
(
1 − slq

)2

⎞

⎠ = − ∇pg + μg∇⋅

⎛

⎝∇

⎛

⎝
u→g

ε
(
1 − slq

)

⎞

⎠+∇

⎛

⎝
u→T
g

ε
(
1 − slq

)

⎞

⎠

⎞

⎠

−
2
3

μg∇

⎛

⎝∇⋅

⎛

⎝
u→g

ε
(
1 − slq

)

⎞

⎠

⎞

⎠+ Su (solved in GCs,MPLs,GDLs,CLs)

(3)

where ρg(kg⋅m− 3) represents gas density, u→g(m⋅s− 1) is gas velocity, ε is
porosity, slq is liquid saturation, pg(Pa) is gas pressure, μg(Pa⋅s) is gas
dynamic viscosity. Mass transport involves convective and diffusion
flux. Therefore, the species conservation equation for the i-species (i: H2,
O2, water vapor) is described as follows

∇⋅
(

ρg u→gYi
)

= ∇⋅
(

ρgDeffi ∇Yi
)
+ Si (solved in GCs,GDLs,MPLs,CLs)

(4)

where Yi is mass fraction, Deffi (m
2⋅s− 1) is effective diffusivity. In PEMFC,

electrons are conducted in carbon-based solids, while protons are con-
ducted in electrolytes in catalyst-coated membranes (CCMs). The gov-
erning equations for the electrons (Eq. (5)) and protons (Eq. (6)) are as
follows:

0 = ∇⋅
(

κeffele∇ϕele
)
+ Sele (solved in BPs,GDLs,MPLs,CLs) (5)

0 = ∇⋅
(

κeffion∇ϕion
)
+ Sion (solved in PEM,CLs) (6)

where κeffele and κeffele (S⋅m− 1) are effective electron and proton conduc-
tivity, respectively; ϕele and ϕele(V) are effective electron and proton
potential, respectively. Liquid water condenses from water vapor or
through a reaction within the pores of the porous electrodes, satisfying
the liquid pressure conservation equation:

0 = ∇⋅

(

ρl
Kklq
μlq

∇plq

)

+ Slq (solved in GDLs,MPLs,CLs) (7)

where ρl(kg⋅m− 3) represents liquid density, K(m2) denotes intrinsic
permeability, k signifies permeability, μlq(Pa⋅s) stands for liquid dy-
namic viscosity, and plq(Pa) indicates liquid pressure. The CCM needs to
maintain a certain degree of wettability to conduct protons. The con-
servation equation for dissolved water can be expressed as follows:

∇⋅
(nd

F
∇Iion

)
=

ρmem
EW

∇⋅
(
Deff
mw∇λ mw

)
+ Smw (solved in PEM,CLs) (8)

where nd is the electroosmotic drag coefficient, Iion (A⋅m− 2) represents
the current density, ρMEM (kg⋅m− 3) denotes the membrane density, EW
(kg⋅kmol− 1) stands for the equivalent molecular weight of the dry

Fig. 2. Schematic of the computational domain.

Table III
Key geometry parameters of the computational domain.

Parameters Value

Depth of channel (mm) 0.35/0.55(anode/cathode)

Width of channel/rib (mm)
Case I: 1/0.7
Case X: 0.85/0.85
Case XI: 0.7/1

Bipolar plate length (mm) 20–500
Bipolar plate width (mm) 1.7–15.3
Thickness of GDL (μm) 130
Thickness of microporous layer (MPL) (μm) 45
Thickness of CL (μm) 6 /18 (anode/cathode)
Thickness of PEM (μm) 15
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membrane, Deffmw(m
2⋅s− 1) is effective membrane water diffusivity, and

λmw signifies the membrane water content. The heat transfer and con-
version processes were elucidated through the energy conservation
equation:

∇⋅
((

ρCp u→
)effT

)
= ∇⋅

(
keff∇T

)
+ SE (solved in the whole domain)

(9)

where Cp(J⋅kg− 1⋅K− 1) is specific heat capacity, and keff is effective
thermal conductivity.

Detailed symbol definitions for the above equations are provided in
Nomenclature. The calculation methods for the source terms that have a
couple of different physical fields are listed in Table IV. The reaction rate

(ja (A⋅m− 3) and jc) that appeared in some source terms is calculated by
the electrochemical model. Details of the electrochemical model are
provided in the Supplementary Material. For further explanations or
introductions to the model, please refer to our previous research [61].

In Table IV, M (kg⋅kmol− 1) represents molar mass. γ’ and γ (s− 1)
denote phase change rates. δPEM (m), δACL (m), and δCCL (m) indicate
membrane thickness, anode catalyst layer thickness, and cathode cata-
lyst layer thickness, respectively. ΔS (J⋅kmol− 1⋅K− 1) stands for entropy
production.

2.3. Numerical implementation

All geometric models introduced in Section 2.1 were imported into

Table IV
Source terms.

Source terms Unit

Mass conservation equation:
Sm = SH2 + SO2 + Svp(all zones)

kg⋅m− 3⋅s− 1

Momentum conservation equation: Su =

⎧
⎪⎨

⎪⎩

−
μg
Kg

u→g (CLs,GDLs and GDLs)

0 (other zones)

kg⋅m− 2⋅s− 2

Species conservation equation:

H2: SH2 =

⎧
⎨

⎩

−
ja
2F

MH2 (anode CL)

0 (other zones)

kg⋅m− 3⋅s− 1

O2: SO2 =

⎧
⎨

⎩

−
jc
4F

MO2 (cathode CL)

0 (other zones)

kg⋅m− 3⋅s− 1

H2O: Svp =

⎧
⎨

⎩

− Sv− l + Sv− mMH2O (CLs)
− Sv− l (MPLs,GDLs)
0 (other zones)

kg⋅m− 3⋅s− 1

Condensation/evaporation:

Sv− l =
{

γε
(
1 − slq

)(
ρvp − ρsat

)
, ρvp > ρsat

γεslq
(
ρvp − ρsat

)
, ρvp < ρsat

kg⋅m− 3⋅s− 1

Charge conservation equation:

Electrons:Sele =

⎧
⎨

⎩

− ja (anode CL)
jc (cathode CL)
0 (other zones)

A⋅m− 3

Protons: Sion =

⎧
⎨

⎩

ja (anode CL)
− jc (cathode CL)
0 (other zones)

A⋅m− 3

Liquid pressure conservation equation:

Slq =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Sv− l (anode CL,MPLs,GDLs)
jc
2F

MH2O + Sv− l (cathode CL)

0 (other zones)

kg⋅m− 3⋅s− 1

Membrane absorption and desorption:

Sv-m =
ρmem
EW

(
λmw − λeq

)
γ’

mol⋅m− 3⋅s− 1

Dissolved water conservation equation:

Smw =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

− Sv− m − ρlq
KPEM

MH2Oμlq

pACLlq − pCCLlq

δPEMδACL
(anode CL)

0 (other zones)

− Sv− m + ρlq
KPEM

MH2Oμlq

pACLlq − pCCLlq

δPEMδCCL
(cathode CL)

mol⋅m− 3⋅s− 1

Energy conservation equation:

SE =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

jaTΔSa
4F

+ ja∣ηact ∣ + ‖∇ϕele‖
2κeffele + ‖∇ϕion‖

2κeffion + Slh (anode CL)

jcTΔSc
4F

+ jc∣ηact ∣ + ‖∇ϕele‖
2κeffele + ‖∇ϕion‖

2κeffion + Slh (cathode CL)

‖∇ϕele‖
2κeffele + Slh (GDL,MPL)

‖∇ϕele‖
2κeffele (BP)

‖∇ϕion‖
2κeffion (membrane)

0 (other zones)

W⋅m− 3
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ANSYS ICEM 2019 and discretized using a structured hexahedral mesh.
The grid within the X-Y section was enlarged, as illustrated in Fig. 2(a).
A grid-independence test was performed to enhance result reliability. As
depicted in Fig. A1 in the Supplementary Material, for grid numbers
exceeding 1.1 million, the average current density variation was less
than 0.5 %. In the through-plane direction, PEM/CL/MPL/GDL/BP
consisted of grids with 9/7/7/10/30 layers. Along the channel-length
direction (Z-direction), the mesh density was 10 layers per millimeter,
with higher density in the X-direction, as indicated in Fig. 2(a).

For boundary conditions, the anode and cathode inlet mass flow rate
is calculated as follows:

ma =
ρaIξaAact
2Fcinlet,H2

(10)

mc =
ρcIξcAact
4Fcinlet,O2

(11)

where m (kg⋅s− 1) represents the inlet mass flow rate, ρ (kg⋅m− 3) is the
gas mixture density, I (A⋅m− 2) denotes the average current density, ξ
signifies the stoichiometric ratio, A (m2) indicates the active area, F
(C⋅mol− 1) is Faraday’s constant, and cinlet (mol⋅m− 3) denotes the inlet
reactant gas concentration. Subscripts a and c correspond to the anode
and cathode, respectively. The outlet pressure is maintained at 50 kPa.
Further details regarding the experimental conditions are available in
our previous study [14].

All the governing equations (Eq. (2) to Eq. (9)) were self-
programmed using ANSYS FLUENT 2023 by User Defined Function
(UDF). These equations were discretized by employing the finite-volume
method. The second-order upwind scheme was utilized for the convec-
tion term and the central difference scheme for the diffusion term. The
utilization of a UDF is essential for customizing and updating complex
transport properties, source terms, and boundary conditions. Conver-
gence was achieved when all residuals were less than 10− 7.

2.4. Experiment setup

To validate this model, experimental tests were performed using a
specific fuel cell. A diagram of the test bench is illustrated in Fig. B1 in
Appendix B. Each the anode and cathode are equipped with a flow
control valve, humidifier, gas-heating apparatus, and gas-liquid sepa-
rator. The fuel cell’s temperature was regulated by an electric heating
rod and a cooling fan.

The anode and cathode of the test cell consisted of single serpentine
flow fields, each having an active area of 25 cm2. Fig. 3(a) shows the
computational domain established, maintaining geometric dimensions

similar to an actual cell. The operating conditions pertinent to the ex-
periments are detailed in Table V. Under each current, the relevant
parameters exhibited stability for over 5 min before voltage measure-
ment. A comparison between the experimental data and numerical
simulation results is presented in Fig. 3(b), demonstrating a remarkable
alignment between the two. The maximum error observed is less than 2
%.

2.5. Loss extraction method

Based on the reaction kinetics of fuel cells, the actual voltage of a fuel
cell is lower than its reversible voltage. Therefore, the output voltage of
the PEMFC can be calculated by subtracting the voltage drop from the
thermodynamic voltage as follows:

Vout = Erev − ηact − ηohm − ηcon (12)

where Erev(V) is thermodynamically predicted fuel cell voltage;
ηact(V) is activation losses due to reaction kinetics; ηohm(V) is ohmic
losses from ionic and electronic conduction; ηcon(V) is concentration
losses due to mass transport. These voltage losses were derived from the
simulation outcomes. The reversible voltage or open-circuit voltage was
calculated using the Nernst Equation (Eq. (13)).

Erev = 1.229 − 0.846×10− 3(T − 298.15)+
RT
2F

(

ln
pin,H2
p0

+
1
2
ln

pin,O2
p0

)

(13)

where pin,H2 (Pa) is the inlet hydrogen pressure, pin,O2 (Pa) is the inlet
hydrogen pressure, and p0(Pa) is the standard atmospheric pressure.

Ohmic loss can be determined based on the average electron or
proton potentials at the respective surface. For example, Fig. 4 shows the
potential changes in the through-plane direction. Charge conduction

Fig. 3. Model validation.

Table V
Operating condition.

Current
density

Sta Stc Outlet
pressure

Inlet
temperature*

Relative
humidity**

0.1 A⋅cm− 2 13.5 5 20 kPa

343.15 K 100 %

0.2 A⋅cm− 2 3.5 3 20 kPa
0.3 A⋅cm− 2 1.5 2 30 kPa
0.4 A⋅cm− 2 1.5 2 40 kPa
0.5–2.2
A⋅cm− 2 1.5 2 40 kPa

* The inlet temperature of the anode/cathode side and cell temperature are the
same, Ta_inlet = Tc_inlet = Tcell = 343.15 K. **Relative humidity RHa = RHc = 100
%.
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was defined by the corresponding electron (ϕele) or ion (ϕion) potentials
in different regions. The ohmic loss (ηohm) is calculated as follows:

ηohm = Δϕ1+Δϕ2 +Δϕ3 (14)

where Δϕ1(V) and Δϕ2(V) represent the ohmic losses of electron con-
duction at the anode and cathode, respectively, and Δϕ3(V) is the ohmic
loss of proton conduction in the catalyst-coated membrane.

In the catalyst layer, the local overpotential was determined by
considering the local concentration of reactants/products and temper-
ature. Consequently, the overpotential comprises activation and con-
centration losses. Calculating the concentration loss is a prerequisite for
determining the activation loss.

In this study, the anode hydrogen supply was excessive with a stoi-
chiometric ratio of 1.5. Moreover, the H2 diffusivity is 3–5 times higher
than that of O2 [33,47]. As a result, even under high current density, the
reactant concentration in the ACL did not significantly decrease
compared to the channel, as illustrated in Fig. A2 in Supplementary
Material. Simultaneously, the anode side exhibits high reaction activity,
corresponding to a high exchange current density. Although the channel
layout causes variations in local hydrogen distribution, the overall
concentration loss at the anode is significantly less than that at the
cathode. Therefore, the concentration loss on the anode side was dis-
regarded, focusing soley on the cathode side. According to the formula
of reaction rate in CCL (see Appendix), the cathode reaction rate jc
(A⋅m− 3) is related to local liquid saturation (slq), O2 concentration (cO2 ),
temperature (T), and overpotential (ηcact):

jc = jref0,c
(
1 − slq

)
aPt(1 − θPtO)

cPtO2
crefO2

e

(

−
Fαcηcact

RT −
ωθPtO
RT

)

(15)

where θPtO is the coverage ratio of PtO; aPt (m− 1) represents the acti-
vated surface area per volume of platinum particles; cPtO2 (mol⋅m

− 3) is the
oxygen concentration near the platinum surface which is calculated
from local oxygen concentration cO2 ,CCL (mol⋅m

− 3); crefO2 (mol⋅m
− 3) is the

reference concentration of oxygen; and ω is the energy parameters for
the Temkin isothermal model. Eq. (15) reveals that for a catalyst with a
specific activity determined by the intrinsic material characteristics, the
higher the reaction rate, the higher the corresponding overpotential
after the concentration and temperature of reactant/product are deter-
mined. Eq. (15) can be expressed in implicit function form as:

F
(
slq, cO2 , ηc

act,T, jc
)
= 0 (16)

The local liquid saturation, O2 concentration, temperature, reaction
rate, and overpotential of each mesh were obtained from the numerical
results. The concentration loss ηcon represents the voltage drop due to
the decrease in reactant concentration at the catalyst layer compared to
the bulk concentration, and the increase in product concentration at the
catalyst layer relative to the bulk concentration [62]. Firstly, retain T
and jc unchanged, replace the local cO2 ,CCL with the bulk concentration,
and replace the local liquid saturation with the bulk value. In this study,
the average O2 concentration in the cathode flow field is regarded as the
bulk concentration (cO2 bulk). Assuming rapid discharge of produced
water, the bulk liquid saturation was set to 0. While the bulk value
remained constant, the local concentrations within each mesh of the
catalyst layer exhibited spatial variation. Therefore, gradients caused by
uneven channel designs or variable flow rates of flow field has been
considered. The distribution of concentration loss within the catalyst
layer can be obtained, which means that the localized transport limi-
tations can be considered. The final concentration loss is the average
value in the catalytic layer. Subsequently solving Eq. (16) yields a new
overpotential (ηcover,R) corresponding to no mass transport loss. Finally,
the concentration loss ηcon(V):

ηcon = ηcover,o − ηcover,R (17)

The concentration loss calculation process is illustrated in Fig. 5. The
activation loss ηact can be determined by reverse calculation from Eq.
(18) once the reversible voltage Erev(V), output voltage Vout(V), ohmic
loss ηohm(V), and concentration loss ηcon(V) are all identified.

ηact = Erev − Vout − ηohm − ηcon (18)

2.6. Loss analysis

For ohmic loss, it can be seen from Fig. 4 that proton conduction loss
accounts for the main part. The membrane conductivity or proton con-
ductivity is highly related with membrane water content and tempera-
ture (See Fig. A3 in Supplementay Material). Temperature can indirectly
impact the ohmic loss by influencing the membrane’s water content. The
higher the temperature, the lower the membrane water content.
Essentially, the membrane water content will have a great effect on
membrane conductivity and subsequently affects ohmic loss. Therefore,
the ohmic loss and membrane water content variation under different
design strategies shall be given.

The concentration loss represents the voltage loss caused by the mass
transfer resistance of the flow field plate toward the reaction sites inside
the porous electrode. By keeping the reaction rate (jc) and temperature
(T) constant and changing the concentrations of the reactants (cO2 ), the
corresponding overpotential (ηcact) can be obtained by solving Eq. (16).
The effect of reactant concentration on the overpotential is shown in
Fig. 6. It can be seen from Fig. 6 that the curve of the change in over-
potential with concentration is downward convex.

Fig. 4. Potential variations in the through-plane direction.

Fig. 5. Schematic diagram of concentration loss calculation process.

Z. Zhang et al. Applied Energy 388 (2025) 125628 

10 



Owing to diffusion being the primary mode of reactant transport
within PEMFC electrodes, the Δc can be used to characterize mass
transport resistance. It is worth noting that temperature impacts the gas
diffusion coefficient, and the Δc calculated here already incorporates
this effect. Greater concentration differences result in increased con-
centration loss at equivalent bulk concentrations, as shown in Fig. 6(a).
Both the concentration difference and the bulk concentration’s absolute
value can influence concentration loss. For a similar concentration

difference (Δc1= Δc2), higher bulk concentration values lead to reduced
concentration loss, as depicted in Fig. 6(b).

The activation loss was influenced by the local temperature and the
absolute values of the bulk concentration, after the intrinsic activity of
the catalyst has been determined. For a consistent concentration dif-
ference (Δc1 = Δc2), higher bulk concentration values corresponded to
lower activation losses, as shown in Fig. 6(b). Furthermore, maintaining
a constant concentration while increasing the temperature resulted in a

Fig. 6. Effect of reactant (O2) concentration on overpotentials.

Fig. 7. Effect of channel length on the performance and voltage loss.
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decrease in activation loss, as depicted in Fig. 6(c).

3. Results and discussion

In the present study, the effects of channel length, scaling factor, sub-
channel number, and C/R ratio on cell performance are analyzed. The
results of each independent factor analysis are given below, and then
summarized and compared.

3.1. Effect of channel length

Four channel lengths, 20/100/300/500 mm are simulated in the
present study. Fig. 7(a) illustrates the polarization curves and corre-
sponding power density curves of a PEMFC with varying channel
lengths. The cell performances at 20 mm and 100 mmwere comparable.
For simplicity, only the case with a 20 mm length is analyzed later. As
the channel length increased, there was a significant improvement in
performance, especially at high current densities. At a current density of
2.1 A⋅cm− 2, the cell power densities for 500 mm and 300 mm are 3.1 %
and 0.5 % higher than that of 20 mm, respectively. To elucidate the
performance difference mechanism, three voltage losses were extracted
using the method outlined in Section 2.4.

The variation of average current density, temperature, and activa-
tion loss are shown in Fig. 7(b). The temperature gradually rises with
increasing current density. At high current density, the temperature of
the 20 mm cell with inferior electrical performance exceeds that of the
500 mm cell. The combined influence of current density (linked to the
reaction rate) and temperature manifests as a peak resembling a
mountain in the activation loss. Activation loss escalates with rising
current density or reaction rate, while the higher temperature in the
catalyst layer enhances the reference exchange current density, thereby
reducing activation loss. At low currents, the reaction rate factor pre-
dominates, leading to increased activation loss with higher reaction.
However, under high current, the temperature factor plays a dominant
role. Elevated cell temperature boosts the reaction, resulting in a rapid
decrease in activation loss. The activation peaks at 350–352 K for
different channel lengths. In the 1.2–2.1 A⋅cm− 2 range, the activation
loss for the 20 mm channel is the highest due to the lowest bulk con-
centration of reactants in the channel, as elaborated later.

Fig. 7(c) shows the variation in ohmic loss, which is conistent across
the three lengths. As the current density rises, the ohmic loss also in-
creases gradually, and the growth rate is faster and faster. This phe-
nomenon may be attributed to the rise in proton conduction resistance
due to membrane water loss. The desorption of water from the mem-
brane is evident at elevated temperatures, as indicated on the right axis
in Fig. 7(c). The slight discrepancy at high current density can be
attributed to variations in membrane water content. Furthermore, the
membrane conductivity is shown in Fig. A4 in Supplymentay material.
Its variation is highly similar to that of ohmic loss. Therefore, the ohmic
loss curve can reflect the change of membrane conductivity. For brevity,
only the change of ohmic loss is given later.

The concentration loss variation law is illustrated in Fig. 7(d). Sig-
nificant differences in loss values for the three lengths were observed in
the high current-density region. To quantify the impact of concentration
loss on performance variation, the concentration loss contribution factor
is defined as follows:

ω =

⃒
⃒
⃒
⃒
Δηcon
ΔVout

⃒
⃒
⃒
⃒ =

⃒
⃒
⃒
⃒
⃒

η1con,i − η2con,i
V1out,i − V2out,i

⃒
⃒
⃒
⃒
⃒

(19)

where ηcon,i and Vout,i are the corresponding concentration losses and
output voltages at the same current density, respectively. The super-
scripts 1 and 2 represent PEMFC with 20 mm and 500 mm channel
lengths, respectively. Similarly, the proportion of activation and ohmic
could be obtained by replacing Δηcon with Δηact or Δηohm in Eq. (19).

The histogram in Fig. 7(d) indicates that the concentration loss

contribution rate is more than 80 %. This implies that concentration loss
primarily accounted for the performance variation across varying
channel lengths.

To further investigate the effect of channel length on concentration
loss, Fig. 8 shows the average O2 concentrations in the cathode side
channel (CCH), gas diffusion layer (CGDL), cathode microporous layer
(CMPL), and cathode catalyst layer (CCL) at 2.1 A⋅cm− 2. Comparing the
oxygen concentration between the channel and catalyst layer reveals
similar the mass transfer capacity or resistance (Δc1 = Δc2 = Δc3).
However, the concentration of reactants in the channel is higher when
the channel is longer. As stated in Section 2.5, the absolute level of bulk
concentration will also affect the concentration loss. This is the reason
for the large concentration loss at 20 mm. This principle applies to
activation loss as well.

The increase in bulk reactant concentration at different lengths is
attributed to the rise in pressure. Under the same inlet cross-section,
when the length of the channel increases by n times, the inlet flow ve-
locity also increases by n times. Consequently, the pressure drop surged
by almost n2 times (inferred qualitatively from Weisbach’s formula
[62,63]). This indicates an elevated inlet pressure while keeping the
outlet pressure constant. Finally, an increased inlet gas pressure led to a
higher reactant concentration. The oxygen concentration fields in the
cathode side channel and the porous electrode, corresponding to the
three channel lengths, are shown in Figs. B2(a), (b), and (c) in Appendix
B. To facilitate comparison, the various lengths were standardized and
viewed from a unified perspective. As the flow channel length increased,
the concentration near the entrance also increased, while the concen-
trations near the exit were similar for all three lengths.

The pressure drops in the anode and cathode channels are illustrated
in Fig. B3 of Appendix B. At 2.1 A⋅cm− 2, the cathode side pressure drop
for the 500 mm channel length is approximately 2.6 and 562 times
greater than that of the 300 mm and 20 mm lengths, respectively. Given
that the air compressor is the primary power-consuming component
among the auxiliary parts of the fuel cell system, the ratio of air pump
power to PEMFC output power was calculated. According to Fig. B3, for
the 20 mm length, the air pump power can be disregarded. However, as
the channel length exceeds 300 mm, the pump power proportion will
increase to approximately 5 % at 2.8 A⋅cm− 2, which is deemed
unacceptable.

3.2. Effect of branch number

Three branch numbers, 3/6/9 were simulated in the current study.
Fig. 9 shows the PEMFC performance and voltage loss curves

Fig. 8. O2 concentration in the cathode.
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corresponding to varying numbers of channel branches. With an in-
crease in the number of branches, a gradual decline in performance is
observed, as shown in Fig. 9(a). At 2.1 A⋅cm− 2, the performance of 9-
branch and 6-branch is 4.3 % and 18.3 % lower than that of 3-branch,
respectively. The rise in concentration loss and ohmic loss primarily
contributed to the performance decline, as shown in Fig. 9(d). The
subsequent section offers an analysis of the three types of losses.

As shown in Fig. 9(b), the change in the activation loss is small for the
three branch numbers. Only in the region of high current density, some
differences are caused by different temperatures. The activation losses
are almost identical at the same temperature. A flow-field plate with a
large number of branches has a low energy-conversion efficiency. Under
a high current, more heat is generated, and the temperature is high,
thereby reducing the activation loss.

The difference in ohmic loss is also temperature-dependent. High
temperatures lead to dehydration of the inner membrane of the proton-
exchange membrane, resulting in elevated proton conduction resistance,
as shown in Fig. 9(c). At 2.1 A⋅cm− 2, the ohmic losses for the 6 and 9
branches exceed those of the 3 branches by approximately 3.5 % and
13.2 %, respectively.

The primary factor influencing performance variation at high current

density is concentration loss (refer to Fig. 9(d)). Fig. 10(a) illustrates that
similar to Section 3.1, the mass transfer resistance from the channel to
the catalyst layer is comparable in all three cases (Δc1 = Δc2 = Δc3).
Discrepancies in bulk concentration result in varying concentration
losses. As shown in Fig. 10(b), the reactant concentration distribution at
the CGDL/CMPL interface reveals significant unevenness between
channels. An increase in branch numbers leads to a noticeable concen-
tration trough in the central region.

The reactants were sequentially distributed from the inlet to each
parallel channel; therefore, the reactant concentration in each channel
closely correlated with the fluid distribution. Fig. 10(c) shows the ve-
locity distribution in the channel, indicating flow distribution uneven-
ness. For instance, with 3 branches, the third channel near the outlet
exhibited a high flow rate. In the case of 9 branches, the channel flow
rates from high to low were as follows: closest to the outlet side channel,
closest to the inlet side channel, and the middle area channel. A com-
parison between Fig. 10(b) and Fig. 10(c) reveals that the reactant
concentration in the high flow rate channel area is also high. Conse-
quently, the uneven reactant concentration results from irregular flow
distribution. An increase in the number of branches causes uneven flow
distribution, leading to local gas shortages and a subsequent decrease in

Fig. 9. Effect of branch number on PEMFC performance and voltage loss.
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Fig. 10. Effect of branch O2 concentration distribution and velocity magnitude.
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average reactant concentration.
Fig. B4 in Appendix B illustrates the pressure drop variation in the

cathode and anode channels. An increase in the number of branches
raises the local resistance, corresponding to the channel turning. Fig. 10
(c) depicts a dead zone of velocity backflow at the junctions of the inlet,
outlet, and parallel flow channels. At 2.1 A⋅cm− 2, the cathode side
pressure drop of 6 and 9 branches is 2.4 and 4.4 times that of 3 branches,
respectively.

3.3. Proportional amplification

Two scaling factors, 1.5 and 2, were modeled in this study. Fig. 11(a)
shows the performance curve post-proportional scaling. It is evident that
a simple scaled flow-field plate leads to a rapid decline in performance,
with a significant deterioration across all current density levels. For
instance, at 2.1 A⋅cm− 2, the power density with 1.5- and 2-times
magnification is 42.6 % and 75.6 % lower than the original, respec-
tively. Fig. 11(b), (c), and (d) demonstrate the substantial impact of
scaling up on the three losses. Notably, the trend of activation loss differs
from the other two types of losses. Proportional amplification aids in
reducing activation loss, but exacerbates the other two losses. The his-
togram in Fig. 11(d) shows the contributions of ohmic and concentration
losses. The three types of losses, from highest to lowest, comprise ohmic

loss, concentration loss, and activation loss.
In Fig. 11(b), temperature significantly influences the activation loss.

Proportional amplification causes performance degradation, leading to
increased heat generation that elevates the temperature, thereby aiding
in reducing the activation loss to some extent. At 2.1 A⋅cm− 2, the acti-
vation loss decreased by 0.023 V compared to the original value when
amplified by a factor of 2. The temperature range associated with the
maximum activation loss point was 350–352 K.

Fig. 11(c) shows that the increase in ohmic loss due to the increase in
temperature is much larger than the decrease in activation loss. At 2.1
A⋅cm− 2, ohmic loss increased by 0.192 V, surpassing the reduction in
activation loss by a factor of 8.4. The membrane water content variation
curve suggests that proton conduction loss constituted the primary
contributor to ohmic loss.

As shown in Fig. 11(d), scaling up results in a rise in concentration
loss. As shown in Fig. 12(a), Δc1 < Δc2 < Δc3; that is, the mass transfer
deteriorated to a certain extent due to the amplification of the scale.
When the flow field is enlarged at n scale, the reactant transport distance
under the rib is increased by n times. Therefore, the concentration of
reactants under the rib will be significantly reduced. At the same time,
the bulk concentration also decreases after scaling up, as shown in
Fig. 12(a). After zooming three to the same viewing angle, as shown in
Fig. 12(b), the O2 concentration in the porous electrode decreased

Fig. 11. Effect of proportional amplification on PEMFC performance and voltage loss.
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significantly, especially in the rib region. The area under the rib
accounted for 39.2 % of the total reaction area; therefore, the lack of
reactants in this area significantly increased the total overpotential.

As depicted in Fig. B5 in Appendix B, the pressure drop escalates with
scaling up. At 2.1 A⋅cm− 2, the pressure drop on the cathode side at 1.5
and 2 times magnification is 2.0 and 3.4 times that of the original flow
field, respectively. Assuming a scale factor of n, the inlet flow rate and
flow distance increase by n times, resulting in a proportional expansion
of the pressure drop by approximately n2 times.

3.4. Effect of C/R ratio

Three C/R ratios, 10:7, 1:1, and 7:10, were simulated in the present
study. Fig. 13(a) shows that an increase in the C/R ratio led to a gradual
improvement in output performance, particularly noticeable at medium
and high current densies. The three voltage losses are analyzed respec-
tively in Fig. 13(b), (c), and (d).

According to the contribution factor shown in Fig. 13(d), within the
range of 0–2.1 A⋅cm− 2, concentration loss remains the primary cause of
performance variation (contribution factor approaching or exceeding

90 %). Conversely, there was no notable disparity in activation and
concentration losses across various C/R ratios. As shown in Fig. 13(b),
the variation in activation loss for the same current density was below
0.015 V for the three C/R ratios.

The slight difference in activation loss primarily stems from tem-
perature variations. The contact area between the rib and porous elec-
trodevaries with the C/R ratios of the flow field plate, resulting in
distinct heat dissipation capacities. Generally, wider ribs correspond to
lower thermal resistance and enhanced heat dissipation. According to
the curve of temperature versus current density, when the current
density is less than 2.1 A⋅cm− 2, the average temperature in CCM is the
lowest in the working condition corresponding to C/R = 7:10. Conse-
quently, this configuration yields the highest activation loss at a C/R
ratio of 7:10. At 2.1 A⋅cm− 2, the temperature for 10:7 exceeds that of
7:10 by 3 K, leading to a maximum activation loss difference of 0.015 V.

Regarding ohmic loss, Fig. 13(c) shows that at current densities
below 2.1 A⋅cm− 2, the ohmic loss remains largely unaffected by the C/R
ratio. However, when the current density further increases (greater than
2.1 A⋅cm− 2) due to the sharp degradation of performance under the
condition of large C/R ratio (caused by concentration loss), the sudden
increase of heat production will lead to the rise of temperature. It de-
hydrates the membrane and increase the internal resistance rapidly.
Therefore, it can be observed in Fig. 13(c) that under high current, the
smaller the C/R, the greater the ohmic loss.

Fig. 13(d) shows that the concentration loss contribution factor
reaches 90 %. The concentration loss was minimal, and performance
was optimal at C/R = 7:10 due to varying C/R structures that affected
mass transfer capacity. It can be seen from Fig. 14(a) that under the
three C/R ratios, the bulk concentrations of reactants in the channel
were similar. However, reactant concentrations in the porous electrode
were significantly different due to varying mass transfer abilities.
Referring to the oxygen concentration distribution in Fig. B2(c), (d), (e)
in Appendix B, it is evident that at C/R = 7:10, O2 concentration in the
porous electrode is notably low. Reactants traverse the channel, gas
diffusion layer, microporous layer, and catalyst layer in the through-
plane direction. By comparing reactant concentration differences in
adjacent layers in Fig. 14(a), it can be inferred that the variance in mass
transfer capacity primarily stems from the flow field plate to the GDL
stage. Fig. 14(b) depicts the O2 concentration variation at the GDL/MPL
interface of the cathode in the X-direction. Solid symbols denote the flow
channel area, while hollow symbols represent the rib area. Notably, at
C/R = 7:10, reactant concentration beneath the channel and rib was
low, peaking at C/R = 10:7. With an increase in the number of ribs, the
path of reaction gas to the reaction area under the rib elongated, leading
to a substantial rise in mass transfer resistance.

Fig. B6 in Appendix B shows the pressure drop variation in the
cathode and anode channels. The pressure drops in both channels in-
crease proportionally with the current density. The wider the channel,
indicated by a higher channel/ridge width ratio, the lower the pressure
drop. Specifically, the pressure drops for C/R = 7:10 and 1:1 rose by 40
% and 30%, respectively, compared to 10:7. Consequently, it is essential
to account for pump power loss when determining the C/R ratio in the
design process.

3.5. Comparison of different design strategies

Area magnification is enhances PEMFC power but also increases
pump loss. This trade-off is detailed in Sections 3.1 to 3.3. To compare
design methods across different areas, power density is used to
normalize the impact of area size. The pump and PEMFC power densities
in various scenarios are considered as benefits and costs, respectively.
From power curves shown in Figs. 7(a), 9(a), 11(a), it can be found that
at a current density of approximately 2.1 A⋅cm− 2, the power density
reaches its peak value. In other words, the current density (2.1 A⋅cm− 2)

Fig. 12. O2 concentration statistics distribution under different scaling factors.
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can be regarded as a representative point for high-power fuel cell
application scenarios. Therefore, the pump power density of different
cases under the same current density 2.1 A⋅cm− 2 are compared. These
comparisons are visually represented in a bubble color chart, as depicted
in Fig. 15. Bubble size corresponds to PEMFC power density, with values
marked. Different bubble colors denote various area-magnification
strategies. The pump power density (Ppump) is calculated as follows:

Ppump =
Δpqv
ξAact

(20)

whereΔp (Pa) is pressure drop; qv (m3⋅s− 1) is volume flow rate; ξ = 0.7 is
compressor efficiency [23]; Aact (m2) is active area.

Extending the channel length directly enlarges the active area
without compromising the cell performance, albeiy with a significant

Fig. 13. Effect of C/R ratio on PEMFC performance and voltage loss.

Fig. 14. Analysis of O2 concentration under different C/R ratio.
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increase in pressure drop. Beyond 300 mm channel length, the pump
power density escalates exponentially. Specifically, extending the
channel from 100 mm to 300 mm results in an 8.2-fold increase in pump
power density, primarily due to frictional resistance. It is mainly
attributed to frictional resistance. When the flow channel is extended by
n times, that is, when the active area (Aact) increases by n times, the
pressure drop (Δp) will increase by n2 times (explained below). The inlet
flow rate (qv) will increase by n times, then according to Eq. (20), the
pump power density will increase by n2 times. Higher air compressor
power diminishes the net output power of the fuel cell system. Except for
the 300 mm and 500 mm cases, pump power densities in other cases are
notably smaller, approximately one order of magnitude lower than
PEMFC power density, as shown in Fig. 15. Neither proportional
amplification nor additional branches elevate pump power density.
However, adopting proportional amplification significantly impairs the
performance. For amplification factors of 1.5 and 2, PEMFC power
density decreases by 42.6 % and 75.6 %, respectively. Conversely,
increasing the number of branches minimizes performance degradation.
PEMFC power densities with six and nine branches are 4.3 % and 18.3 %
lower, respectively, than those with three branches, making it an
effective flow-field design strategy for expanding the reaction area.

The three voltage losses were attributed to the final PEMFC perfor-
mance under different designs. Based on the analysis in Sections 3.1 to
3.4, Table VI further summarizes the main factors for performance dif-
ference under different design strategies. It can be seen that concen-
tration loss is the most important factor in the performance change in

various structural design schemes. This reflects the key role of the flow-
field plate in the transport of the reactants and products. When changing
the channel length and C/R ratio, the concentration loss was the
dominant reason for the performance difference, where the concentra-
tion loss contribution factor was more than 80 %, significantly higher
than the other two voltage losses. In the two strategies of changing the
number of branches and proportional amplification, the change in the
ohmic or activation loss cannot be ignored. Elevated temperatures re-
sults in lower water contents in the membrane and higher ohmic losses.
Each loss may change in different directions; for example, the activation
loss increases, but the ohmic and concentration losses decrease when the
PEMFC is proportionally enlarged. Furthermore, the specific reasons for
the change in concentration loss are summarized. Changing the length of
the channel and the number of branches alters the bulk concentration,
whereas changing the C/R ratio mainly affects the mass transfer ability
from the channel to the catalyst layer. Proportional amplification affects
both simultaneously.

In addition to analyzing the electrical performance, we investigated
the liquid water accumulation under various design strategies using the
findings from a 3D two-phase simulation. Fig. B7(a) in Appendix B il-
lustrates that as the channel length increases, the liquid water saturation
in the porous electrode rises at high current densities. Correspondingly,
at a high current density, a longer channel length results in lower tem-
perature (Fig. 7(b)) due to reduced evaporation, leading to higher liquid
water saturation. In Fig. B7(b), the liquid water content decreases with
an increase in branch number, reflecting performance degradation and
increased heat generation. This is consistent with the trend observed in
membrane water (Fig. 9(c)). Fig. B7(c) shows the effect of the C/R ratio:
a decrease in the C/R ratio, indicating a wider rib, hinders water
discharge, thereby increasing liquid water saturation in the porous
electrode. Regarding proportional amplification (Fig. B7(d)), liquid
water accumulates at low current densities after scaling up, attributed to
the longer drainage path resulting from a larger rib width. At high
current densities, performance degradation leads to significant heat
generation (refer to temperature in Fig. 11(b)), promoting water evap-
oration and consequently reducing liquid water saturation. In conclu-
sion, increasing the branch number or the C/R ratio is advisable to
mitigate liquid accumulation.

4. Conclusion

This study elucidated the impact of various area magnification
strategies on cell performance. A method for extracting concentration
losses was developed to compare and analyze the relative contributions
of the three voltage losses to output performance changes. Considering
the loss of pump power and change in performance, a strategy for area
enlargement was proposed. These results are significant for the design of
large-flow fields. Based on the analysis in this article, in the design of
mainstream zone of large-area flow fields, area magnification should not
be achieved simply by extending channel length, but different design
strategies should be combined with different design strategies. By
increasing the number of channel branches, the rapid increase in pump
power loss can be avoided as much as possible. Besides, the strategy of
proportional amplification (i.e. fixed C/R ratio) should not be adopted.
And the C/R ratio should be increased to reduce the accumulation of
water in the porous electrode and prevent water flooding. The main
findings of this study are as follows:

(1) When designing a large-scale flow field based on typical units, the
cell performance variation should be carefully considered. Both
adding channel branches and proportional amplification lead to a
performance decline, while extending channel length can slightly
improve the PEMFC power density.

Fig. 15. Comparison of different strategies.

Table VI
Comparison of different design strategies.

Method Activation
loss

Ohmic
loss

Concentration
loss

Source of
concentration loss

Change
channel
length

– – ☆
Bulk
concentration

Change sub-
channel
number

– ☆ ☆
Bulk
concentration

Proportional
amplification ☆ ☆ ☆

Mass transport
and bulk
concentration

Change C/R
ratio – – ☆ Mass transport
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(2) Among three area manification strategies, adding channel
branches is suggested, considering both pump loss and perfor-
mance degradation. When the channel length was greater than
100 mm, the pump power density increased exponentially (more
than eight times), which was unfavorable. Proportional amplifi-
cation may cause a severe decline (> 40 %) in cell output
performance.

(3) When the channel length and C/R ratio are changed, the con-
centration loss is the dominant reason for the performance dif-
ference, where the concentration loss contribution factor is more
than 80 %, which is significantly higher than the other two
voltage losses. However, in the other two strategies of changing
the number of branches and proportional amplification, the
ohmic or activation loss is also important.

(4) All three area magnification methods influenced the bulk con-
centration in the channel, thereby affecting the concentration
loss. Moreover, proportional amplification and increasing C/R
ratio can exacerbate the mass transport ability from the channel
to theporous electrode, leading to increased concentration loss.

(5) After determining the catalyst material, the activation loss was
significantly affected by the local temperature. An increase in
temperature results in a decrease in activation loss. The ohmic
loss is primarily dictated by the variation in membrane conduc-
tivity due to the membrane water content, which is also related to
the temperature.

5. Future research needs

It is worth pointing out that further in-depth researches are needed in
the future, and they can be indicated as follows: (1) Considering the
effects of “contact resistance” and “GDL compression level” in the design
of flow field. (2) Applying weight factors to compare different design
strategies under the same active area. (3) Analyzing the effect of oper-
ating condition, like inlet humidty on simulation results. (4) Performing
the non-steady simulation to consider transient effect.
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Appendix B

(a) Schematic diagram of test bench (b) Experiment bench

Fig. B1. Experiment setup.
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Fig. B2. O2 concentration under different length and C/R ratio.
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Fig. B3. Pressure drop and pump proportion under different channel length.

Fig. B4. Effect of branch number on pressure drop.

Fig. B5. Pressure drop under different scaling factors.
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Fig. B6. Pressure drop under different C/R ratio.

Fig. B7. Liquid accumulation.
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Appendix C

According to the formula for pressure drop of inner flow in microchannel,

Δp = f
L
D

ρv2
2

(C1)

where f is the friction factor, L (m) is the channel length, D (m) is the diameter, ρ (kg⋅m− 3) is the fluid density, v (m⋅s− 1) is the velocity flowing through
the pipe. When Reynold number, Re, is low (〈2000), the friction factor f can be calculated as [64]:

f =
64
Re

(C2)

Substitute Eq. (C2) into Eq. (C1), then,

Δp = 32
ηLv
D2

(C3)

When the flow channel is extended by n times, the inlet mass flow rate will increases proportionally by n times. That means both the velocity (v)
and channel length (L) increases by n times. Then the pressure drop (Δp) will increase by n2 times.

Data availability

Data will be made available on request.
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