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ABSTRACT: Proton exchange membrane fuel cells (PEMFCs) are known for their
cleanliness and high efficiency. However, the limited energy density and high cost are the
main obstacles to this technology. This study aims to overcome these challenges and enhance
the overall performance of the PEMFC. Five types of PEMFCs with different blockages are
proposed and simulated in this study. Afterward, the Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS) method is performed as a multiobjective evaluation.
This study shows that the nozzle effect in the channel enhances the mass transfer of PEMFC
and improves water and thermal management, resulting in a reduction of liquid water by up
to 35.8%. The blockages benefit the output performance of the PEMFC. For example, the
elliptical blockage shows the highest improvement in electrochemical conversion efliciency at
3.42%. The TOPSIS examines indices of power, exergy, economy, environment, and water
and thermal management. The multiobjective evaluation shows that the elliptical blockage is Cathode
more beneficial for PEMFC. This study provides an optimized design of the PEMFC flow

channel and a new perspective to evaluate the structural improvement of PEMFC.

1. INTRODUCTION The structure of flow channels plays a crucial role in managing
water, thermal energy, and mass transfer in PEMFCs.”! A well-

Energy storage technology, including Lithium-ion batteries'”
designed flow field structure can facilitate mass transfer between

and emerging hydrogen-based systems, is pivotal for the energy

sector, offering high energy density and emissions-free channels and gas diffusion layers, optimize water e;rzld thermal
advantage. Fuel cell is a vital technology for utilizing hydrogen management, and increase power density. Li et al.” studied a
energy due to its high efficiency and low or zero emissions.” wavy surface in the cathode channel and found that the design
The main types of fuel cells currently include proton exchange improved oxygen transport and reduced water saturation. Perng
membrane fuel cell (PEMFC), alkaline fuel cell (AFC), and Wu™’ investigated PEMFC with trapezoidal baffles. When
phosphoric acid fuel cell (PAFC), solid oxide fuel cell compared to the traditional unbaffled flow channel, a new
(SOFC), and molten carbonate fuel cell (MCFC).°™® Among trapezoidal baffle design (a 60° angle and a 1.125 mm height)
these, PEMFC has the advantages of being clean, having a low has resulted in a notably higher net power output of the fuel cell.
working temperature, and having a low noise. Therefore, it is Specifically, among the various trapezoidal baffle designs, this
widely applied in transportation and housing,’ particular configuration achieved an impressive 90% increase in

Several factors influence the performance of PEMEFCs, net power. Shen et al.”* applied the field synergy principle to
including electrochemical reaction rates, heat transfer, and analyzing PEMFC with four different blockages in the flow
drainage-m_ls Currently, water and thermal management are channel. The findings showed that the blockage blocks led to an
the main focus for improving the output performance of increase in the effective mass transfer coeflicient and hence the
PEMFCs.'”'” Maintaining optimal levels of humidity within the energy performance of the PEMFC. Zhang et al.”® put forward a
membrane is crucial to achieving high proton conductivity, single-channel PEMFC with wedge-shaped fins in the cathode

which is directly related to water content.'® However, excessive
moisture can lead to blockages in flow channels and gas diffusion
layer pores, resulting in reactant starvation.'” On the other hand,
effective thermal management is also essential for maintaining
high stability in PEMFC. High temperatures can cause
dehydration of the proton exchange membrane and decrease
conductivity, while low temperatures can impede reaction rates
and ion transmission’’ Additionally, uniform temperature
distribution across the cell is important. In the operation of
the PEMFC, effective strategies of water and thermal manage-
ment are highly required.

channel. They studied the effect of the wedge-shaped fin shape
on the polarization curve and power density curve. The results
showed that the oxygen mass fraction distribution in the exit
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region of the cathode channel was smaller as the fin volume
increased. Meanwhile, the drainage effect of PEMFC was
improved, and the growth rate of power density was enhanced
accordingly. Li et al.>® proposed a bionic flow channel design
inspired by the internal structure of the nautilus. The research
results demonstrate that the Nautilus bionic flow channel
outperforms the other two designs in terms of reactant
distribution, water removal efficiency, concentration polar-
ization loss reduction, and enhanced power generation perform-
ance. Compared with the serpentine flow channel, the Nautilus
design exhibits a 46.7% increase in peak current density and a
21.53% increase in peak power density. In comparison to the
honeycomb flow channel, the Nautilus design shows a 5.73%
increase in the peak current density, while the power density
remains similar. Therefore, the Nautilus bionic flow channel
surpasses the honeycomb flow channel in terms of reactant
uniformity, current density, and moisture removal capacity. Gao
et al.”” designed a novel foam-rib composite flow field structure,
integrating the advantages of both metal foam flow field and
traditional rib flow field. The experimental results demonstrate
that the foam-rib composite flow field achieves a higher peak
power density and ultimate current density compared to the
traditional rib flow field. Specifically, when the optimal metal
foam filling ratio is 0.75 and the porosity is 0.85, the foam-rib
composite flow field exhibits a 5.20% increase in the peak power
density and a 22.68% increase in the ultimate current density.
Xia et al.”® developed a new flow field structure for PEMFCs
inspired by leaf veins and birds. The design included water
droplets and flow blocks modeled after birds, which were
incorporated into the branching channels of the structure.
Simulation results indicated that this new composite bionic flow
field promoted the uniform distribution of reaction gases and
current density, thus improving the energy performance and the
long-term stability of PEMFCs.

As mentioned above, the optimization of the flow field
structure has a positive effect on the removal of liquid water,
temperature control, and reaction gas distribution. However, the
introduction of a complex flow field structure increases the inlet
and outlet pressure drop. Further, the parasitic power will
increase. Consequently, streamlined structures were put forward
and investigated. Guo et al.”’ proposed a new blockage structure
based on the rectangular baffle and trapezoidal baffle. This
structure can reduce the pumping power loss during reactant
delivery while maintaining a high degree of gas perturbation,
thus increasing the net power of the cell. Li et al.”” initially
utilized four distinct shapes of simulated water-drop blocks for
designing the flow channel in PEMFC. They identified the most
optimal block shape using numerical simulation analysis.
Previous research has shown that streamlined structures are
effective in the design of a PEMFC. However, the application of
this approach in PEMFC design is limited, and a deeper
understanding of its mechanism is needed. This study aims to
clarify the understanding of streamlined design in PEMFC by
investigating and evaluating this approach in more detail.

The optimization of the PEMFC design relies on specific
objectives such as increasing power density, enhancing
efficiency, or minimizing environmental impact. However,
these objectives may not always be the most cost-effective
option. Moreover, emphasizing economic considerations may
also result in negative environmental consequences. Therefore,
it is essential to adopt a comprehensive approach that evaluates
various indicators of fuel cell performance to ensure that all
aspects are considered. Barbir and Gomez’' considered both
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performance and economy to determine the best efficiency of
fuel cells for producing cost-effective electricity. The study
found that the efficiency of fuel cells is not only dependent on
their performance characteristics but also on their economy. The
results demonstrated that in the best-case scenario, the fuel cells
can be produced at $100/kW, operate at 50% efhiciency, and
generate electricity at < $0.08/kWh if hydrogen can be supplied
at $10/GJ. Taner”> examined the performance of PEMFCs
utilizing an open cathode plate configuration. They analyzed the
effect of the operational pressure and voltage parameters on the
PEMFC performance. Their findings indicated energy and
exergy efficiencies of 47.6 and 50.4%, respectively. Bing et al.*®
conducted a comprehensive analysis of energy, exergy, environ-
mental impact, and economic aspects of PEMFC using four
dimensions. They thoroughly examined the performance
indicators of various aspects of PEMFC and optimized them
by using algorithms. It suggested that the performance metrics of
PEMFC are diverse, including efficiency, energy, and other
aspects. The common method for the comprehensive analysis of
multiple indicators is the composite evaluation method.
Composite evaluation methods include the Analytic Hierarchy
Process (AHP), Entropy Weight Method, and the Technique
for Order Preference by Similarity to Ideal Solution (TOP-
SIS).***> However, these methods are rarely applied to PEMFC
analysis. Hou et al.’® provided an AHP-based evaluation
method, proposing some basic performance metrics to evaluate
the overall performance and giving arithmetic examples.
However, the subjective nature of AHP renders the weighted
values of the indicators to be unproven and unconvincing.
Additionally, the two-by-two comparison process of AHP makes
it impractical to evaluate objects with multiple index values.
Shanian®” employed the TOPSIS method for the selection of
metal bipolar plate materials. The method was used to assess
each material choice based on specific criteria and provide
practical application reference points. In PEMFC optimization
designs, comprehensive evaluation algorithms are not com-
monly utilized, especially when it comes to comparative single-
cell optimization solutions. The TOPSIS is a well-known
multicriteria decision analysis (MCDA) method that can assist
decision-makers in selecting the optimal solution from a limited
number of options. Compared with other comprehensive
evaluation methods, TOPSIS has several benefits. First, it
accurately considers the raw data information, thereby reflecting
the differences among evaluation solutions with precision.
Second, TOPSIS is an objective evaluation method that can
prevent errors that arise from subjective weights. Third, the
TOPSIS method can handle indicators with different units and
scales, making it insensitive to the scale of indicator data.
Additionally, it provides scores for each solution by comparing
the distance between each solution and the ideal solution as well
as the negative ideal solution. TOPSIS is suitable for analyzing
and evaluating multiple metrics for fuel cells since the results are
more direct and understandable. In this study, the TOPSIS
method will be first introduced for the evaluation of flow channel
optimization cases.

This study applies a streamlined design approach to the flow
channel of the PEMFC by proposing five different blockage
shapes. The performance of PEMFC is evaluated through the
simulation of polarization curves, power density curves, water,
and thermal states. Multidimensional analysis is conducted to
extract subindexes that assess various factors, including energy,
exergy, environment, and economy. The optimal design case of
the streamlined block is determined by TOPSIS. This study
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Figure 1. Structure of PEMFC.
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Figure 2. Sketch of five channels with the various shapes of the baffle.

Case E

presents a novel approach to PEMFC flow channel design and
provides a multiobjective evaluation method for optimizing
PEMEC cases.

2. PEMFC SIMULATION MODEL

2.1. Geometric Model. The PEMFC consists of nine parts:
cathode/anode current collector, cathode/anode flow channel,
cathode/anode gas diffusion layer (CGDL and AGDL),
cathode/anode catalyst (CCL and ACL), and proton exchange
membrane (PEM). The structure of the PEMFC is shown in
Figure 1.

2.2. Computational Domain. The study investigates the
effects of adding five streamlined blocking blocks of different
shapes to the flow channel of a traditional flat channel PEMFC.
The traditional channel is used as the reference model. The
PEMEC flow channel without current collectors is shown in a
3D calculation domain in Figure 2. The blocking sections of
Cases A and B are semiellipse and semicircle, respectively. Case
C’s blocking section consists of a quarter ellipse arc and a
parabola. Case D’s blocking section is composed of a quarter
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ellipse and a quarter circle arc, while Case E’s blocking section is
a Kax curve made up of a quarter ellipse arc and a straight line.
Table 1 shows the parameters of the computed domain.

2.3. Governing Equations. The governing equations for
PEMEC simulation calculation mainly include mass, momen-

Table 1. Geometric Parameters

parameters value unit
length L 50 mm
height of current collector H. 1.5 mm
height of flow channel Hg, 1 mm
thickness of membrane H, 0.05 mm
thickness of GDL Hyq 0.2 mm
thickness of CL Hy 0.01 mm
width of the computational domain Wy 2 mm
width of the flow channel Wy 1 mm
length of block a 0.8 mm
height of block b 0.5 mm
interval of blocks 4 S mm
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tum, and energy conservation equations, electrochemical
reaction equations, flow and mass transfer equations in porous
media, and equations for the formation and transport of liquid
water. The simulation model is solved using OpenFOAM and
the operating conditions are presented in Table 2. The

fundamental equations are listed below.

Table 2. Physical Parameters and Operating Conditions

parameters (unit) value
equivalent weight of PEM (kg mol™")*’ 2000
porosity (GDL, CL)* 0.4,0.5
transfer coefficients®’ anode:0.5;
cathode:0.5
contact angle (GDL, CL)(°)*’ 120, 100
permeability (m?)*’ le™'

electricza; conductivity (current collector, GDL, CL) (S
mfl) g

thermal conzguctivity (current collector, GDL, CL) (W
m~K™)

reference hydrogen, oxygen concentrations (mol m™>)*’

20,000, 5000, 2000
20, 1, 0.95

Cifl = 56.4, C!
=339

anode reference exchange current density (A m~)*’ 108
cathode reference exchange current density (A m™)* 120
stoichiometry ratio”’ anode:1.2;
cathode:1.8
cell temperature (K)*’ 343.15
air relative humidity” 100%
H, relative humidity*’ 100%
open circuit voltage (V) 0.95
standard chemical exergy of hydrogen (kJ kmol™)** 238,490
standard chemical exergy of oxygen (kJ kmol™')* 3970
standard chemical exergy of nitrogen (kJ kmol™")* 720
standard chemical exergy of water (k] kmol™")** 3120

2.3.1. Mass Conversation.

d(ep)
+V S
o T VD) =S 0
where p is the density of the mixed gas and ¢ is porosity. For the
flow channel, € = 1; for the GDLs, € < 1. S, is the mass source
term.
2.3.2. Momentum Conservation Equation.

d
lepid) + V(epuit eVp + V(epVi) + S,
ot @)
where p is pressure, y is the viscosity of the mixed fluid, and S, is
the source of momentum conservation.
2.3.3. Energy Conservation Equation.

d(epc,T)
ot 3)

where kf is the effective thermal conductivity, T is the
temperature, and ¢, is constant pressure-specific heat capacity.
Sq is the energy source term.

2.3.4. Species Conservation Equation.

a(é‘ck)
+ V(eiic,) = V(DFVe) + S
ot ) M )
where ¢ is the species concentration, D{ is the species effective
diffusion coefficient. S, denotes the species source term, and the
subscript k denotes the component code. For the flow channel
and diftusion layer, S, = 0

+ V(epe,iiT) = V-(KTVT) + S4
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2.3.5. Conservation of Charge.

V(o,Ve) + Ry, =0 (5)

(6)

where 6, and o, are electrical conductivity, ¢, and ¢ are the
solid phase potential and the membrane phase potential. R, and
R; are electron current sources and proton current source,

V(USV(]ﬁs) +R,=0

respectively. In the anode, R, = —R,,,, R,, = +R,; in the cathode,
R,=+Ry R, = =R,
Tan
R = Rref CHz e aaﬂ;aﬂF an | e _ acatzanF an
an an Cref Xp RT Xp RT
(7)
C Yeat E
_ pyref 0, acat,an rlcat
R = Ry Cref [exp( RT )
_ exp( _ aan,carFr]cat)
RT (8)

where R* and R™! are the reference current densities, 7,, and 7,
are concentration dependence, a is the transfer coefficient, and 7
is the local surface overpotential.

2.3.6. Gas Diffusion Equation.

(9)

where Dy is the diffusion coefficient of component k in porous
media, and q;‘ is the diffusion flux of component k in the y-
direction. Neglecting convective acceleration and diffusion, the
laminar flow model in porous media degenerates to Darcy’s law.

7
Vp=—- =i
P=7x (10)
2.3.7. Liquid Water Transport Equation. For gas channels,
d(ep,s) -
—— + V(sp,u,) =,
dt ( pl 1) w (11)
- 1 — WW - stM _
r, = c,max| ( 5) T o — 5P (12)
where c, is the condensation constant hardwired to 100 s™, p; is

the density of liquid water, and s is the local phase saturation. p,
indicates the water saturation pressure, which is temperature-
dependent.

For GDLs and CLs,

d(ep;s) K dp
——— + V|p——Vs| =7,
ot Hy ds (13)
p = ocos 6 — < (1.417(1 —s) —2.12(1 —s)* + 1
c (I/ )05
263(1 — 5)*)-- - 6
< 90° (14)
p = ocos § ——— = (1.4175 — 2125 + 1.2635%) -+
c (I/ )05
a > 90° (15)
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where p_ is the capillary pressure, o is the surface tension, and 6,
is the contact angle.

2.4. Assumptions and Boundary Conditions. The
following assumptions are made in the model calculations:

1. All gas is incompressible, and the cell operates under
steady conditions.

2. The gas flow in the flow channel is laminar.

3. The GDL, CL, and proton exchange membrane are all
isotropic, and the membrane does not allow gas to pass

through.

4. The contact resistances between different layers are
neglected.

In this study, the boundary conditions are established based
on the assumptions and the conservation equations. The water
saturation is zero at the inlet of channels. It is assumed that
hydrogen and oxygen flow in the same direction. Some
boundary condition parameters are also listed in Table 2.
Additionally, the anode and cathode inlets are subjected to
velocity boundary conditions, and the inlet velocities of
hydrogen and oxygen are determined using the following
formula:

v an,in 2 L §H2 MH2 LImL

2F ry, RT b, (16)
v,z Lo Mo 1,

4F 1o, RT e p (17)

where & and &g are the reactant stoichiometric flow ratio of

the anode and cathode, respectively. I, is the reference density.

2.5. Grid Independence and Validation. This study
investigates the influence of the number of meshes on the
simulation results to ensure independence. Meshing is done by
using tetrahedral and hexahedral methods. The GDL, CL, and
membrane are encrypted to improve gas diffusion and
calculation accuracy. Case A is used to test grid independence.
As shown in Figure 3, it can be obviously seen that the
polarization curves are consistent when the grid numbers are
154563, 386210, 608674, and 1006523, respectively. Results

Lot
' — 154563
— 386210
608674
0.8 — 1006523
S
o
&
2 0.6
3
O
0.4
0.2 T T T T T T T T T T T —>
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Current density (A/em?)

Figure 3. Results of the grid independent test.
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show that the calculation error is within 1% when the number of
grids exceeds 386210.

To validate our model, we compared the simulation data
obtained from the reference model with the experimental study
conducted by Wang et al,*® as shown in Figure 4. The results

A
1.0 ) 58]
s —e— Experimental data
1 —um— Simulation data
LN
0.84
—~ l\\
Z,
% \
$ 0.6 \\|
3 \\
0.4 &
0.2 T T T T T —>
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Current density (A/cm?)

Figure 4. Model validation of the simulation results by comparison with
polarization curves obtained from the experimental data.

reveal that the corresponding voltages at 0.2, 0.4, 0.6, 0.8, and 1
A/cm? are 0.76 0.69, 0.64, 0.58, and 0.48 V, respectively. The
errors associated with these values are 1.33, 0.43, 1.39, 1.54, and
0.52%, respectively. These voltage errors with the experiments
are all within 2%, indicating that the numerical simulation results
are in good agreement with the experiments.

3. EVALUATION

3.1. TOPSIS Modeling. TOPSIS is a highly effective and
widely used method for multicriteria decision-making, It utilizes
standardized data processing to eliminate the influence of
different scales and provides a more intuitive and scientific
representation of the original information. The TOSPIS method
does not require a specific distribution or number of study
samples, making it more applicable in various evaluation fields.””
The specific steps of TOPSIS are shown in the Supporting
Information.

A comprehensive evaluation model of PEMFC was
established using the TOPSIS method, as depicted in Figure
S. The model comprises two layers and encompasses five
subperformances categories and eleven indicators. These
subperformances provide an assessment of the overall perform-
ance of proton exchange membrane fuel cells (PEMFCs) based
on energy and economic analyses. Further details regarding the
subperformance and indicators are analyzed below.

3.2. Power Analysis. The output capability of PEMFCs is
commonly assessed through their maximum power density. A
higher maximum power density results in a higher output power
for the PEMFC. PEMFCs with blockages can enhance their
output performance, but this also leads to an increase in the
pressure drop and power required for pumping. Therefore, when
the energy utilization capability of a PEMFC is evaluated, both
maximum power density and the pressure drop should be
considered. The pressure drop is taken as a negative indicator.
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Figure S. TOPSIS comprehensive evaluation model.

Typically, the maximum power density needs to be increased,
while the reduction of pressure drop is favorable.

3.3. Exergy Analysis. Exergy refers to the effective or
available energy of a system in a specific state. It also represents
the maximum useful work that the system can release upon
transitioning from that state to the ambient state. In the
PEMEFEC, exergy analysis can provide valuable information
regarding the useful work that can be obtained from the second
law of thermodynamics. This analysis can be used to optimize
the efficiency of heat dissipation, making exergetic efficiency a
crucial indicator for evaluating the quality of energy utilization in
PEMEC.

3.4. Economic Analysis. The economics of PEMFC involve
assessing energy efficiency and cost savings. Usually, the analysis
requires consideration of capital costs, fuel costs, and
maintenance operating costs. This study focuses on the
PEMEFC single-unit design and therefore excludes maintenance
and operation costs. Capital cost refers to the cost of each
component of the PEMFC, including assembly. The research
primarily involves changing the shape of the PEMFC bipolar
plate. Despite the different shapes of bipolar plates in the various
schemes, the cost difference is negligible due to the large
production quantity during the actual production process. As for
fuel cost, this research only considers the change in the shape of
the flow channel and thus assumes no difference exists in the fuel
cost of PEMFC. Therefore, the cost analysis mainly focuses on
the differences in power generation.

_ ACC + AFC
AEP

Cost

(18)
where ACC is the annual cost of capital, AFC is the annual fuel
costs, and AEP is the annual power generation.
The annual generation rate of PEMFC is defined as follows:
CF
AEP = (B X 8760)

1000 (19)

where Py is the power of PEMFC. CF represents the capacity
factor. The capacity factor values can be considered 0.5.

The gradual increase in the PEMFC efficiency is expected to
accelerate the current PEMFC technologies. The average annual
efficiency (AAE) of a PEMFC during operation can be expressed
as follows:

1688

1.482 (20)

where V() is the cell potential at any given power level, and
Cuel is the portion of time operating at the power level.

3.5. Environmental Analysis. Most energy production
systems have pros and cons for the environment. Even though
fuel cells are considered environmentally friendly, they can have
negative impacts. To evaluate the environmental impact of
PEMEC, an analysis based on the second law of thermody-
namics is conducted. The environmental benign index (EBI),
energy stability factor (ESF), and environmental destruction
factor (EDF) can be used as indicators to assess the system’s
environmental friendliness.”> These indicators are related to
useful work, exergy, and entropy increase.

3.6. Water and Thermal Quantification Analysis. In the
practical application of PEMFC, the high current density is
beneficial for increasing power density and reducing cost.”’
However, it can also lead to cathode flooding owing to the
increased generation of water. This study uses liquid water
volume as an evaluation index for PEMFC’s water management,
with the average liquid water saturation (MLWS) being the
evaluation parameter. The liquid water saturation for each grid is
calculated based on eqs 13—15, and then, the average liquid
water saturation for a region is calculated after eq 21. The higher
the liquid water content, the worse the water management effect.

1
Saverage — ; /SdV

where V is the total volume of the GDL and CL.

The temperature of each part of the PEMFC membrane is
inconsistent because of the electrochemical reactions. This
causes thermal stress and uneven deformation, which can reduce
cell life. The temperature uniformity index (TUI) is used as an
indicator to evaluate the thermal performance of the PEMFC. A
lower value represents greater uniformity. The calculation
process for TUI is provided in the study.

(1)

1

n

T' =
(22)
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4. RESULTS AND DISCUSSION 3 i
4.1. Effect of Blockage Shapes in the Channel for :3;0.2— /\\
PEMFC. 4.1.1. Polarization Curves and Power Density. This = o i
study evaluates the performance of PEMFC using the o .i s o
polarization curve as an important criterion. Figure 6 displays 0-17
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Figure 6. Polarization curves of PEMFC under different blocks shapes
in the channel.

the polarization curves of PEMFCs with various blocking
structures. The results indicate that the incorporation of a
blockage in the flow channel has a positive effect, particularly in
the high current density region. This might be attributed to the
nozzle-type effect produced by the reaction gas that flows
through the blockage. The blockage design enhances gas
turbulence and improves the mass transfer effect inside the
PEMFC. The study shows that Case A shows the best
improvement of cell voltage at a certain current density. The
cell voltages rank from high to low as Case A>D > C > E > B.
When the current density is 1A/ cm?, the voltage of Case A is
0.504 V, which is increased by 3.42% compared to the reference
model with a voltage of 0.487 V. Case B has a voltage 0of 0.493 V,
an increase of 1.29%; Case C has a voltage 0f 0.494 V, an increase
of 1.48%; Case D has a voltage of 0.496 V, an increase of 1.88%;
and Case E has a voltage of 0.494 V, an increase of 1.33%.
The power density comparison is presented in Figure 7. It
indicates that adding a blockage can increase the output power.
The power increase and polarization curve follow the same
trend, with the maximum power density achieved at around 0.5
V. Case A shows the most significant improvement in output
power, with a maximum output power density of 0.505W/cm?.
A 3.24% increase is observed in Case A compared with the
reference model’s maximum output power density of 0.489W/
cm?, Case B has a maximum power density of 0.494 W/cm?, an
increase of 1.07%; Case C has a maximum power density of

0.0 02 04 06 08 1.0 L2 1.4
Current density(A/cm?)

Figure 7. Power density curves of PEMFC under different block shapes
in the channel.

0.495 W/cm?, an increase of 1.17%; Case D has a maximum
power density of 0.497 W/cm?, an increase of 1.68%; Case E has
a maximum power density of 0.495 W/cm? an increase of
1.13%.

4.1.2. Overpotential Analysis. During the electrochemical
reaction process, several factors can contribute to a permanent
loss of voltage output in the PEMFC, which is referred to as
battery overpotential. The metal phase in the cathode CL should
be lower than the average value to boost the ORR rate.
Therefore, the cathode overpotential is negative.*' Based on eq
16, the overpotential affects the electrode current density, and a
higher cathode overpotential results in a greater current density.

Figure 8 displays the overpotential values for the reference
model and the different models. We study the overpotential
values at the midline of the cathodic GDL and CL interfaces at
0.5 V. Table 3 provides the overpotential values at the cathode
GDL and CL interfaces at a distance of 25 cm from the inlet. The
overpotential is visually displayed by using a positive number.
Table 3 provides evidence that the PEMFC with different

A
0.575 — Reference
—Case A
0. 570 ——Case B
. 1 Case C
2 0. 565 —— Case D
= 1 — Case E
=
8 0. 560 4
Qo 4
5
9 0.555
) |
0. 550 1
0. 545 4
0- 540 T T T T T =
0 10 20 30 40 50

Channel length (mm)

Figure 8. Overpotential of the centerline of the interface between CL
and GDL at 0.5 V.
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Table 3. Overpotential Values at the Cathode GDL and CL Interfaces

reference case A case B case C case D case E
overpotential V) 0.57029 0.56723 0.56723 0.56723 0.56718 0.56721
blockages exhibits a smaller overpotential. Among the cases,
Case D shows the smallest overpotential, which is 0.00311 V less vo : = = = - A205 m/s

than that of the reference model. The blocked PEMFC has a
smaller overpotential value and a smaller voltage loss. After
adding a blockage in the flow channel, the accumulation of
moisture at the blockage increases the overpotential value.*”
This gives rise to the equilibrium potential. Even so, the overall
overpotential is smaller than that of the reference model,
indicating an improved performance after adding the blockage.
Therefore, PEMFCs with different blockages have lower
overpotentials and better energy performance.

4.1.3. Mass Transfer Analysis. Figure 9 shows the
concentration of oxygen along the flow direction in the midline

w
1

Reference
— Case A
—Case B

Case C
—— Case D
NG Case E

(0% Concentration(mol/m?)
Do
1

—_
1

0 10 20 30 40 50
Channel length(mm)

Figure 9. O, concentration on the centerline of the interface between
CL and GDL at 0.5 V.

of the interface between GDL and CL. The addition of
blockages in the flow channel affects the distribution of the
reactant concentration. As the electrochemical reaction
consumes oxygen, its concentration decreases gradually with
the flow direction. The study found that the addition of blocking
promoted the transport of oxygen. The disturbed flow by
blockages leads to a higher oxygen concentration in PEMFC
with different blockages than the reference model. Table 4
shows the oxygen concentration measured at the cathode GDL
and CL interfaces at 25 cm from the inlet. The highest local
oxygen concentration and best energy performance are observed
in Case A. The order of oxygen concentration in different cases is
Case A > D > C > E > B, indicating that the elliptical blockage
has the strongest disturbing effect on the gas flow.

4.1.4. Flow Velocity and Pressure Drop. The concentration
of reactants and fluid flow conditions play crucial roles in the
electrochemical reaction. Figure 10 demonstrates the oxygen

(a)Reference model

— | —

m/s (b)Case A

R P E— f, — —

3.5 L\ A W

3 (c)Case B

2.5 [er———— ! . O
— —

2 (d)Case C

18 BN v
—

(f)Case E

Figure 10. Velocity distribution of different cases at 0.4 V.

flow velocity in the flow channels of various cases. The blockage
in the flow channel leads to a significant increase in oxygen flow
velocity, with the highest velocity observed at the top of the
streamlined blockage. This increase in velocity is caused by the
nozzle effect. It occurs when the cross-sectional area of the
reacting gas is reduced as it flows through the blockage. Table 5
demonstrates the maximum flow rate and pressure drop in the
cathode flow channel at 0.4 V. Case D exhibits the highest
maximum flow velocity up to 3.4522m/s, indicating that the
combination of elliptical and circular streamlines results in the
greatest increase in the flow rate.

The streamlined model has the advantage that it exhibits low
flow resistance while increasing airflow disturbance. This
contributes to the reduced friction between the fluid and the
obstruction as it flows through. The cathode pressure drop of
PEMEC is shown in Figure 11. As the PEMFC output voltage
decreases, the resulting pressure drop tends to increase. This is
because the PEMFC current density increases, generating more
water in the cathode reaction. The overall pressure drop is
ranked as Case A > D > C > E > B. Case A exhibits the largest
pressure drop, with an improvement of 23.8371 Pa compared to
the reference model. Case B has the least pressure drop. We
speculate that the least blocked volume and the least resistance
to flow reduce the pressure drop. Compared to 4.1.2, Case A has
a larger pressure drop but a higher local oxygen concentration,
while Case B has the smallest pressure drop and a lower local
oxygen concentration. The pressure drop in the remaining cases
also had an opposite trend to the local oxygen concentration.
Therefore, the evaluation of PEMFC is less reasonable if it
targets a single indicator. Moreover, the single-objective
evaluation may have contradictory results when different
indicators are selected. Therefore, when it comes to the

Table 4. Oxygen Concentration at the Cathode GDL and CL Interfaces

reference case A

concentration of O, (mol/m3) 1.3597 1.4843

case B case C case D case E

1.4718 1.4826 14835 1.4811
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Table S. Pressure Drop and Maximum Flow Rate in the cathode Flow Channel

reference case A case B case C case D case E
velocity of O, (m/s) 2.0145 3.4005 3.4224 3.4168 34522 3.4425

pressure drop (Pa) 21.4388 45.27593 41.17456 42.48926 43.47833 42.40838
50 A efficiency, and exergetic efficiency. However, they perform
- poorly in pressure drop and EDF. This suggests that while
e PEMFCs with blockages enhance output performance, they also
>::\’\o — o increase system entropy and lead to confusion. Among the
40 4 \1\:§: ’\:\‘\0—0—0—0 PEMEFCs with blockages, Case A outperforms the others in
5 N\fm:’::j terms of its highest power density, efficiency, and. exergy
4 : efficiency. Compared to the reference model, Case A is 3.24%
_*g more energy-efficient and 3.25% more exergetic-efficient.
e S GEICERECHoE] However, it also exhibits the largest pressure drop and EDF
2 30 - —e—case A SRR T EE ) largest p P )
2 case B indicating a significant irreversible energy loss. Compared to the
& case C reference model, Case A has a 100.6% higher pressure drop and
—@—case D 3.82% higher EDF. While the reference model may have the
. =S~ealE lowest energy performance, it compensates by having the least
20 - TRy e s m = m—u pressure drop loss and the highest environmentally friendly

performance.

: : - It is important to note that the subperformance of AAE is the
0.4 0.6 0.8 1.0 same across all cases, as the voltage of the PEMFC running at

Cell voltage(V) ‘

Figure 11. Pressure drop of different cases at 0.4 V.

evaluation in this study, we choose a multiobjective method to
complete the comparison among various cases.

4.1.5. Water Removal. The MLWS of the cathode has been
presented in Table 6. All PEMFCs with blockages showed a
reduction in MLWS when compared with the reference model.
Among them, Case D demonstrates the lowest MLWS with a
35.8% decrease at 0.6 V, indicating its superior capability to
remove liquid water. This is caused by the enhanced purging
effect of adding a blockage, thus increasing the liquid water
removal capacity. This leads to an increase in the cell’s capacity
to remove liquid water. Additionally, the current study assumes a
uniform mist flow through a short channel, which results in
minimal liquid water saturation. Under such conditions, the
introduction of streamlined blockages can have a positive impact
on liquid water removal from the cell.

4.2. Results of TOPSIS Analysis. 4.2.1. Scores. Table 7
displays the initial values of each index in the TOPSIS model. It
can be seen that the data exhibit a small difference between the
data; this is because we are studying a single cell. If the whole
battery stack is studied, then it will show a large difference.
Simulation results provide the values for power density and
pressure drop, while the remaining indicators require calculation
using eqs 19—24. The negative indicators include pressure drop,
ESF, MLWS, and TUI, whereas the positive indicators comprise
the rest.

Among the reference model and the conventional PEMFC,
PEMFCs with blockages exhibit superior performance in
output-related indicators, such as power density, energy

maximum power is 0.5 V. While this subperformance value
cannot differentiate between comparison cases, ignoring it
would result in an imperfect comprehensive evaluation.

4.2.2. Comprehensive Evaluation. The TOPSIS evaluation
method is used to calculate the distances between each solution
and the positive and negative ideal solutions. The relative
proximity is then computed for ranking purposes. The
calculation process is obtained through SPSSAU, and the
comprehensive scoring results are displayed in Table 8. The
overall performance rankings, from the best to worst, are Case A,
Case D, Case B, Case C, Reference model, and Case E. After a
thorough evaluation, it is determined that Case A demonstrated
the best overall performance, being the closest to the positive
ideal solution and furthest from the negative ideal solution. Case
D is deemed the second best.

The subperformance of the PEMFCs is plotted together for
visualization. All data have been converted to positive numbers,
and the range is 50—100. The subperformance based on the
radar plot is shown in Figure 12. The chart shows a large gap
between the index values of the reference model. The pressure
drop, ESF, and EDF are the best, while the other indexes are the
worst among all cases. The pressure drop and entropy increase
of areference model are better. This is because of less energy loss
in the flow channel without a blockage. Case A has the best
subperformance indicators such as energy density and energy
efficiency. Case A has the best overall rating scores, and
therefore, it is the best-optimized case. The trend of each
indicator of Case D is similar to that of Case A but lower than
that of Case A. The subperformance of Case B is relatively
uniform, and it has the best performance on TUIL Each
subperformance index of Case C and Case E is very close, mainly

for their highly similar shapes.

Table 6. Mean Liquid Water Saturation of the Cathode at 0.6 V

reference case A case B case C case D case E
095V 1.072 X 107° 1.064 X 1076 1.069 X 10~° 1.063 X 10~¢ 1.060 x 107° 1.064 X 107°
0.80 V 6.766 X 107¢ 5731 x 1076 5735 %1076 5.729 x 107¢ 5.724 x 107¢ 5.731 % 107¢
0.60 V 1.562 X 107° 1.008 X 107° 1.010 X 107° 1.007 X 107° 1.003 X 107° 1.008 X 10~°
040V 8.024 X 107° 3.442 % 107° 3452 % 107° 3429 x 107° 3.420 X 107° 3.440 X 107°
1691 https://doi.org/10.1021/acsomega.3c08298
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Table 7. Original Data of PEMFCs

reference case A case B case C case D case E
power power density (W/cm?) 0.4893 0.5051 0.4945 0.4950 0.4975 0.4948
pressure drop (Pa) 20.81 43.83 39.63 40.90 41.88 40.83
energy efficiency 0.2804 0.2895 0.2834 0.2837 0.2851 0.2836
exergy exergetic efficiency 0.1568 0.1619 0.1585 0.1586 0.1594 0.1586
economy annualized electricity 2.143 2.212 2.167 2.168 2.179 2.167
generation (kWh)
average annual fuel cell 0.3374 0.3374 0.3374 0.3374 0.3374 0.3374
efficiency
environment environmental benign index 0.3344 0.3470 0.3383 0.3387 0.3408 0.3386
(EBI)
exergetic stability factor (ESF)  0.0964 0.0960 0.0940 0.0942 0.0945 0.0941
exergy destruction factor 0.6548 0.6798 0.6823 0.6815 0.6820 0.6822
(EDF)
water and thermal MLWS 1.562x107°  1.008x 10~  1.010x 107  1.007 X 10~  1.003 x 10~  1.008 X 10~
management TUI 0.9860 0.9838 0.9825 0.9838 0.9836 0.9838
Table 8. Results of TOPSIS Analysis also increased the absolute value of the overpotential,
positive ideal negative ideal relative leading to a faster reaction rate.
solution distance  solution distance ~ proximity ranking
reference 2.646 1732 0.396 5 2. The study shows that PEMFC with blockage has a better
model water and thermal management performance. The
case A 1.416 2.654 0.652 1 blockage helps remove liquid water by increasing the
case B 2217 1.598 0419 3 flow rate and reducing the average liquid water saturation.
case C 2.178 1.431 0.397 4 Among all of the cases studied, Case D has the best liquid
case D 1.926 1.690 0467 2 water removal with a 35.8% average saturation reduction
case E 2231 1.409 0.387 6 compared to the reference model. This indicates that
' adding blockages has a positive effect on PEMFC water
Power density management. Additionally, the increased flow rate leads
TUI A~ Pressure drop to more uniform heat transfer and lower TUI values in the
PEMFC, demonstrating a better thermal management
performance. Therefore, blockages can ensure a more
MLWS Energy efficiency uniform temperature distribution along the PEMFC
\ membrane and enhance its thermal management
capabilities.
S 3. The analysis of the indexes of PEMFC reveals that the
EDF Exergetic efficiency index with blockage exhibits improved performance and
higher entropy increases. However, this also suggests that
[ Reference the PEMFC with blockage becomes le‘ss eco-friendly. It %s
Case A noteworthy that the cost of enhancing performance is
AEG Case B higher than energy loss.
Case C
Case D . .
EBI AAE Case E 4. In this study, the TOPSIS method is used to evaluate the
) ) variability of PEMFC’s overall performance, economy,
Figure 12. Radar chart-based subperformance evaluation. and other indicators. The results show that adding
blockages to the flow channel can significantly enhance
the overall performance of PEMFCs. Based on the
5. CONCLUSIONS AND DISCUSSION comprehensive scoring results, Case A is identified as the
This study focuses on designing five PEMFCs with different most optimal configuration. Furthermore, the overall
streamlined blockages and analyzing the effects of these performance of the four cases proposed in this study
blockages on the PEMFC’s output performance. To compre- (cases A-D) is found to be better than that of the
hensively evaluate the overall performance, the study utilizes conventional PEMFC.
TOPSIS. The conclusions drawn from the study are as follows:
1. The introduction of five different blockages in PEMFC > Th? §tudy reveals Fhat PEMFC designs can result in both
positive and negative changes. For example, Case A leads
channels has been found to enhance the output . ;
. - to improved performance but also results in an elevated
performance. Among the various blockages, elliptical- : -
.. . pressure drop and entropy increase. It is important to note
shaped ones have shown the most significant improve- : - ) .
o o ; . that different cases show varying levels of improvement in
ment, resulting in a 3.42% increase in electrochemical o
. . o . . subperformance changes within the PEMFC. Therefore,
conversion efficiency and a 3.24% boost in maximum L . .
. - . combining different PEMFC design cases to enhance
power density. The inclusion of blockages has not only .
: . o subperformance generally is a key research focus.
improved the transmission quality within the channel but
1692 https://doi.org/10.1021/acsomega.3c08298
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