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HIGHLIGHTS

e PEMEC channel height influences the gas fraction, voltage, and pressure drop.

e The channel width has a stronger influence on voltage.

¢ GA was used to optimize PEMEC channel structure with two objectives.
e The optimized model was characterized by a decrease in pressure drop of 34.97%.
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The flow field dominates the process of mass transport and distribution inside the proton
exchange membrane water electrolysis cell (PEMEC). Initially, a three-dimensional and
non-isothermal PEMEC channel model was estimated to investigate the impact of channel
height and width. Based on these results, a complete PEMEC model with a parallel flow-
field pattern was developed, and the channel heights and widths of the model were opti-
mized using a genetic algorithm (GA). Compared to the original model, the optimized
model decreased the pressure drop by 34.97% at a lower voltage. In addition, because of the
optimized flow-field pattern, the optimized model improves the current density on the
proton exchange membrane as well as the gas holdup situation in a partial position in the
cathode gas diffusion layer.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

1. Introduction

In the last century, the global energy demand has continu-
ously increased [1]. Simultaneously, fossil fuel reserves have
decreased sharply due to high demand. As fossil fuel-based
energy sources promote environmental disruption, to defend
against environmental crisis, several types of renewable en-
ergy, such as wind, solar, and tidal energy, are used to replace
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traditional energy sources [2]. However, a significant short-
coming of most renewable energy sources is that the power
produced is periodic. Consequently, it is difficult to connect
these power sources to the grid [3]. One practical method to
address this problem is the combination of renewable energy
with hydrogen technology, i.e., establishing a hydrogen en-
ergy system and storing and using green power in the form of
hydrogen [4]. Nevertheless, to generate hydrogen, it is neces-
sary to develop a method for producing hydrogen efficiently
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Nomenclature

a specific surface area (m™?)

A current (A)

C molar concentration (mol m )
Cp specific heat capacity (J kg * K %)
d thickness (mm)

D mass diffusivity (m? s™%)

F faraday constant

H channel height (mm)

volumetric current density (A m2)
thermal conductivity (W m ' K%
permeability (m?)

molecular weight (mol kg%

mass flow rate (kg s~ %)

pressure (Pa)

power (W)

volumetric flowrate (ml min~?)
resistance ()

universal gas constant (J mol * K1)
source item

temperature (K)

velocity (m s~

voltage (V)

reversible voltage (V)

channel width (mm)
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Greek letters
o charge transfer coefficient
€ porosity

over potential (V)
efficiency (%)

covering coefficient
membrane water content
viscosity (Pa s~

density (kg m3)
conductivity (S m~?)
potential (V)

volume fraction

HV low heating value (J kg™

S 3
o
&)

HS € 9 > & >»

Subscripts and Superscripts

0 reference

a anode

act active

c cathode

diff diffusion

e electrolyte

eff effective

fm fluid mixtures

9 gas

i species “i”

ij species “i” to species “j”
in inlet

1 liquid

m membrane or mass
op operation

s electron

Y momentum

X component “x”

and stably. Considering the need to lower carbon emissions,
water electrolysis may be one of the most feasible methods for
hydrogen production in the future [5,6]. There are three main
water electrolysis technologies: alkaline, proton exchange
membrane, and solid oxide [7]. Among these methods, proton
exchange membrane water electrolysis is associated with a
higher current density, response speed, and efficiency [8], thus
showing outstanding adaptability to renewable energy [9].
Previously, models were developed to simulate the effect of
operation parameters on the proton exchange membrane
water electrolysis cell (PEMEC). Medina et al. [10] developed a
PEMEC model by analyzing water transported through a
membrane under different operating conditions. Zhang et al.
[11] established a PEMEC system and derived efficiency curves
that varied with the electric current density. Chandesris et al.
[12] built a one-dimensional PEMEC model to study the influ-
ence of temperature and current density on membrane
degradation. Ojong et al. [13] discussed mass transport pro-
cesses in terms of operation parameters using a PEMEC model.
A simplified PEMEC model was presented by Liso et al. [14] to
investigate the impact of current density on the performance.
Toghyani et al. [15] developed a thermodynamic model for
PEMEC and applied the Taguchi method to optimize operating
parameters. Correa et al. [16] developed a PEMEC model under
high pressure and analyzed the influence of pressure on the
cathodic activation overpotential term. Upadhyay et al. [17]
developed a single-channel-based computational field

dynamics (CFD) model to analyze the influence of operational
parameters. Xiao et al. [18] constructed a PEMEC model and
investigated the distribution of liquid saturation and gas
components inside the diffusion layer according to the oper-
ating conditions. Zhao et al. [19] established a high-
temperature PEMEC model to determine the impact of the
operational parameters on the performance. Salari et al. [20]
used a model of a coupled photovoltaic thermal-PEMEC sys-
tem to investigate the effect of various operating parameters.
A transient PEMEC stack model was developed by Zhang et al.
[21] to investigate the dynamic response of the performance.

The flow field plays an important role in PEMEC, domi-
nating the processes of mass transport and distribution inside
the cell. Several researchers have used CFD simulations to
provide advice on design modifications and optimized pa-
rameters. Ruiz et al. [22] developed a high-temperature PEMEC
model to study the effects of different channel geometries.
Tijani et al. [23] evaluated the hydrodynamic properties of
three flow plate designs, and the results indicated that parallel
flow channel designs were the most encouraging. Toghyani
et al. [24] presented a comparison between 5 PEMEC models
with different flow-field patterns and concluded that the 2-
path pattern was the best flow-field pattern among the
simulated models. They also investigated a PEMEC model
using a metal foam flow distributor [25]. Nafchi et al. [26] used
a mathematical model to investigate the effects of structural
parameters on PEMEC performance and observed that
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reducing the height and width of the channel could decrease
the voltage. Olesen et al. [27] developed a full-scale PEM
electrolysis cell model with three different circular, interdig-
itated anode flow fields to study cells operating at high current
densities. Zhang et al. [28] created a PEMEC model and
discovered that a shallower, wider channel could improve
water transmission, whereas increasing the channel width
may cause incremental electrical losses. Jia et al. [29] investi-
gated oxygen production in a manifold PEMEC and showed
that increasing the number of channels leads to a more uni-
form pressure distribution inside the manifold. Chen et al. [30]
built a PEMEC model with a new interdigitated jet—hole flow
field and explored its operational modes and structural pa-
rameters. Wu et al. [31] integrated the detailed channel two-
phase flow into the PEMEC model and found that if the oxy-
gen in the anode channel was neglected, the simulation re-
sults of the parallel and serpentine flow fields would be almost
the same. Then, they proposed a novel structured mesh
channel to enhance the oxygen discharge capacity of PEMEC
[32].

For parameter optimization, the genetic algorithm (GA) has
been used for some time to improve fuel cells. Mert et al. [33]
conducted a multi-objective optimization of a vehicular
PEMFC system via a GA to maximize the power output, energy,
and exergy efficiencies, and minimize cost generation. Ohe-
noja et al. [34] proved that the GA is one of the best methods
for estimating the parameters in electrochemical models of
fuel cells. Chen et al. [35] realized a Function Neural Network-
GA metamodeling optimal approach to promote the perfor-
mance of the design factors of PEMFC. Curteanu et al. [36]
developed an optimization multi-objective strategy and
applied it to optimize a series of PEMFC parameters. Yanget al.
[37] used a GA to optimize the channel-to-rib ratio and sug-
gested that channel-to-rib widths of 2.8:0.5 and 4.2:0.3 are best
fitted. Zeng et al. [38] optimized the width of the bottom and
top edges of the PEMFC channel using a GA. Cai et al. [39]
designed a bioinspired wavelike structure and applied it to a
fuel cell channel. Subsequently, they performed the structure
using a GA. By setting the ratio of the pressure drop loss to the

_CBP
(Iltamum)\
C‘(‘H ———
B =~
ACH

ABP
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output power as the objective function, Huang et al. [40]
optimized the channel structure of a high-temperature PEMFC
using the GA. Zhou et al. [41] divided the flow channel of a
PEMFC into several segments and optimized the parameter
design using a GA. Yu et al. [42] presented a novel 3D fine-
mesh flow field of a PEMFC and used a GA and non-
dominated sorting genetic algorithm to optimize the geo-
metric parameters of the flow field.

Considering the aforementioned studies, research on the
flow field of PEMEC has mainly focused on comparing the
performances of different flow-field patterns or designing new
flow fields. However, the structural parameters of the flow
field still have significant potential for further study. For
PEMFC, the GA can also be a competitive method used to
optimize the geometric parameters of PEMEC. In this study, a
3D PEMEC channel model was developed using the COMSOL
Multiphysics software. Using the model, the influence of
channel height and width was assessed in preparation for
subsequent optimization. Furthermore, through the link be-
tween MATLAB and COMSOL, a complete PEMEC model with a
parallel flow-field pattern was created, and its channel heights
and widths were optimized using GA to obtain an optimized
flow-field pattern and lower energy consumption.

2. Model description
2.1.  Physical model

Attaching materials each components used, the physical
structure of the PEMEC channel model is shown in Fig. 1,
including an anode/cathode bipolar plate (ABP/CBP), an
anode/cathode channel (ACH/CCH), an anode/cathode porous
transport layer (APTL/CPTL), an anode/cathode catalyst layer
(ACL/CCL), and a proton exchange membrane (PEM). The
geometric and operational parameters are listed in Tables 1
and 2, respectively. In addition, the thermodynamic parame-
ters of the materials unlisted in Table 2 could obtained from
the COMSOL material database.

CPTL
(carbon)
CCL
(Pt/C)
PEM
(Nafion)
ACL
(Iridium)

APTL
(titanium)

Fig. 1 — Channel model.
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Table 1 — Geometrical parameters of the channel model
[43].

Geometrical Parameters Value

reaction area 100 mm? (50 mm x 2 mm)

BP height 1.5 mm
BP width 1.5 mm
PTL thickness 0.3 mm
CL thickness 0.02 mm
PEM thickness 0.178 mm

Table 2 — Operation parameters [24,44—47].

Parameters (symbol) Value
Anode charge transfer coefficient (o) 0.5
Cathode charge transfer coefficient () 0.5

Anode reference exchange current density (io, 2) 0.1 A/m?
Cathode reference exchange current density (ip, ) 10000 A/m?
Electron conductivity (o) 1000 S/m
Porosity of porous transport layer (eprr) 0.5
Porosity of catalyst layer (ecr) 0.25

Permeability of porous transport layer (Kprr) 1x 102 m?
Permeability of catalyst layer (Kc) 1x 107 m?
Operating pressure (Pop) 1 atm
Operating temperature (Top) 60 °C

Inlet volumetric flowrate (Qjin) 15 mL/min

2.2. Governing equations

To simplify the model, we made the following assumptions:
water was always in the liquid state, single-phase flow was
used to calculate the velocity and pressure distribution of the
fluid, hydrogen and oxygen produced were ideal incom-
pressible gases, the gas cross-permeation effect was negli-
gible, PTL and CL were isotropic, the flow pattern of the fluid
within channels was laminar, and the water content in the
membrane was always saturated.

Corresponding to the physical fields in COMSOL, the gov-
erning equations of the model were divided into three parts:
electrochemistry, fluid mechanics, and thermodynamics.

2.2.1. Electrochemistry
Electrochemistry (PEMEC) module simulates the electro-
chemical reaction process and provides the distributions of
potential, current density, and gas concentration for the
results.

Electrochemical reactions at the cathode and anode within
the PEMEC can be represented using the Butler—Volmer
equation [48]: Egs. (1) and (2), as follows:

__— Y Co, aaF1ge - —acF g
Tya=0ya(1—0)igg < Co.oz> {exp <7RT > exp <7RT (1)
s _ . CHZ aaFnact _ 7aanact
Tye=0yc(1—0)ioc ( CO,H2> {exp <—RT ) exp (—RT )] 2

where the active overpotential n, reflects the energy barrier
that must be overcome in the chemical reaction and was
defined as [49].

Nact = Ps — P — Vog = 95 — 9o — 1.229+ 9 x 104(T—298.15)  (3)

Two potentials ¢s and ¢, are defined by charge conserva-
tion equations [50]:

Ve (= 0sVp;) =S,s (4)

Ve (—omVe,) =S, (5)

The covering coefficient was introduced to represent the
impact of the bubbles covering the electrodes on the current
density, which could be defined as [51].

T T 2 } 0.3 1
= | = __ — x(__ J *
0 { 97.25+ 1825 84<T0>} <3ooooo) T (6)

where pg, is the saturated pressure of water.

Then, there was an ohmic overpotential in the PEMEC,
representing the electrically conductive resistance of each
component in the PEMEC:

d
Nohmic =1 (Rbp +Rerz +Rer + Aim) 7)
m Um

In addition, conductivity was originally a function of the water
content in the membrane and temperature. However, based
on the assumptions, the water content in the membrane was
assumed to be 14 [52]. Thus, the electrolyte conductivity could
be expressed using Eq. (8) [53].

1 1
o =6.94 exp [1268 (ﬁ - T)} ®)

Mass transport limitation in PEMEC led to concentration
overpotential (or diffusion overpotential) [54].

RuTa COz.m

Ndiff.a = 4F In o ©)
O,.m
RuTc CHzAm

Naiffc = a5~ N (10)
e ™"2F T Ch

The cell voltage could then be expressed using Eq. (11) [54]:
V' =Veq + Nact + Nohmic + Ndiff.a + Naifrc (11)

In contrast, the gas concentration in PEMEC was controlled by
the species transport equation [24].

V- (euC) =V (DFVC) +5 (12)

where Dy represents the effective diffusion coefficient of
specie “i” and specie “j”. According to Bruggeman's equation,
Dy could be expressed as Eq. (13) [55]:

T
oe-a(7) )

2.2.2.  Fluid mechanics
In this module, the velocity and pressure of the fluid are
calculated.

The fluid velocity and pressure distributions were
controlled by the continuity equation [56] and momentum
conservation equation [24], respectively.

V- (sxpfmufm) =Sm (14)

V. (expfmufmufm) = —&Vp+V- (exumeufm) + Sy (15)
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Table 3 — Source terms in governing equations [45].

Component Expression
BP _ &
~ owp
PTL 2 Kfm
Sy =—" = -2 u
T o Kpr, FTE0IM
PEM _&
“om
; 3 B
SALCL Sps = iy Spe = —iv Sy = 7K£’:egLuﬁn
iy M,
SimH,0 = SH,0 = (7\127;[70)
ivMo, . 2 12 av,
Sm,Oz e SoZ = U4F 2 Sr = Iy Ma.act +a'—us+i— T d;q
CCL i2

. . 1
Sps = —iy Spe = Iy Sp = 7K—Z':egLufm G, = B = (

iu MH;

2
P 1
oF ) Sr = TyNeqct + ;‘; +

v
Om

Even though the flow in the PEMEC was considered a
single-phase flow, the impact of the hydrogen and oxygen
volume fractions on the physical parameters of the flow could
not be ignored. Therefore, the density and viscosity of the flow
in Egs. (14) and (15) were affected by liquid and gas, as shown
in Egs. (16) and (17) as follows:

Pfm =Py (1 - ¢9) + Py

W = M (1 - ¢g) + Py

2.2.3. Thermodynamics
Thermodynamics calculates the temperature distribution of
PEMEC using the energy conservation equation [48].

v- <peff c ui>T: v- (keff VT) +Sr (18)

The PTL and CL in the PEMEC are porous media, and their
effective density, specific heat capacity, and thermal con-
ductivity were defined by Eq. (19)—(21) [45]:

Boundary 1

Adiabatic

Boundary 3

Temperature: 60 °C

Flow rate: 15mL/min

Boundary 4

- s 1
Flow rate: 15mL/min 1

Temperature: 60°C s e ccccccacca=

!
Electrochemistry - Thermodynamics - Fluid dynamics

-

pEff = (1 - Ex)psu + ExPfm (19)
CH = (1 - £x)Cpsa + &xCpm (20)
R = (1 — £ )ksa + £xRm (21)

Source terms in governing equations are shown in Table 3.

2.3. Boundary condition

The selected boundaries and corresponding boundary condi-
tions are illustrated in Fig. 2. The adiabatic boundary surfaces
1 and 2 were set to electrical grounding and constant current
density, respectively. Water flows in the PEMEC from bound-
ary surfaces 3 and 4 at a constant temperature and flow rate,
and exits through boundary surfaces 5 and 6 at a constant
pressure. Not mentioned boundaries include insulation and
adiabatic solid walls.

Boundary §

¥

N

Pressure: 1 atm

Boundary 6

Pressure: 1 atm

Boundary 2

Adiabatic

Fig. 2 — Boundary modifying and corresponding boundary conditions.


https://doi.org/10.1016/j.ijhydene.2023.08.026
https://doi.org/10.1016/j.ijhydene.2023.08.026

342

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 49 (2024) 337—352

2410 52
—a— Current density -
2409 - —=— Total pressure drop
7.48
= 2408 | 746 &
< 7.44 S
22407 aan O
E i a2 9
; . =
> 2406 - 0 g
5 738 &
= =
32405 | 736 ©
N~ —
7.34
2404 |-
2403 L L 7.30
0 50000 100000
Mesh number
Fig. 3 — Test of mesh independence.
2.8
- . . 87
—=a— Experimential data’®”)
26 F . .
~—e— Simulation data
24
~22F
-
=201
=
2 3
518}
[~
1.6 F
1.4 F

Fig. 4 — Comparison of polarization curves between

1 i 1 " L " L i 1 "

1

0 5000 10000 15000 20000

Current density (A/m?)

simulation and experiment.

25000

0.256

100

—=— Mole fraction of oxygen
—=— Pressure drop in anode

0.254
0252
5 0.250 -

=0
> 0.248 |
*

C
o
&
(=}

T

0.244 |
0.242
0.240
0.238 -
0.236
0.234 |

0232

Mole fraction of o

0.230 1 x

0.7 0.9 1.1

Channel height (mm)

(a)

Pressure drop in anode (Pa)

2.4. Numerical implementation

The commercial software COMSOL Multiphysics was used to
calculate the governing equations using the finite element
method. To test mesh independence, four different numbers
of structured grids were adopted, including 23040, 42400,
76800, and 118560 elements. The test results are shown in
Fig. 3. For an operating voltage of 1.8 V, the relative errors of
the current density and the sum of the pressure drops in the
anode and cathode of the grid systems with 76800 and 118560
elements were approximately 0.02% and 0.35%, respectively,
indicating that the 76800 elements model meets the re-
quirements for calculation accuracy.

2.5. Model validation

To ensure the accuracy of the channel model, its polarization
curve was compared with the experimental data from Maja-
san et al. [57]. The results are illustrated in Fig. 4, where the
average deviation rate between the two curves was 0.92%.
Therefore, the model was considered sufficiently reliable for
reflecting the experimental results.

3. Results and discussion
3.1. Relationship between channel height and PEMEC
performance

To explore the impact of channel height changes on the
voltage, pressure drop, and the ability to discharge gas,
channel width was fixed to 1 mm and channel height was
changed using a series of values (from 0.3 mm to 1.5 mm) in
the operating condition where the current density was 10000
A/m?, the volumetric flowrate was 15 mL/min, and the oper-
ation temperature, i.e. the temperature of water at the
entrance of the cathode and anode channels, was 60 °C.

As shown in Fig. 5, decreasing the channel height might
increase the flow velocity within the channel. Furthermore, a

100
. —=— Mole fraction of hydrogen i
L —=a— Pressure drop in cathode 7 =
i
| 480 &
9
o 170 =
=
i 160 =
L 2
{50 £
‘ o
L {40 £
@
2 i 130 5
S 0236 12 ﬁ
0.234 - -9
0232} 710
0.230 L— L L ! ! 0

0.3 0.5 0.7 0.9 1.1

Channel height (mm)

(b)

Fig. 5 — Effect of channel height on the gas mole fraction and pressure drop: (a) anode, (b) cathode.
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Fig. 6 — Polarization curves and velocity in channel at different channel heights: (a) polarization curves, (b) velocity.

higher flow velocity could promote gas discharge within the
anode and cathode channels, which was conducive to the
efficient and stable operation of PEMEC. However, the pres-
sure drop increased with decreasing channel height, particu-
larly when the channel height was small.

For the next phase of optimization, the lower limit for
the channel height was set to 0.5 mm to prevent an
excessive pressure drop and improve the efficiency of the
algorithm.

The polarization curves and flow velocities at different
channel heights are shown in Fig. 6. An increase in channel
height led to a gradual increase in voltage. Nafchi et al. [26]
observed similar results. These phenomena can be inter-
preted as changes in channel height, which mainly affect the
cell voltage by changing the concentration overpotential. As
described above, a higher channel height mightlead to a lower
flow velocity and decreased gas discharge ability. Hence, the
gases accumulated in the APTL/CPTL increase the mass-
transfer resistance, which meant that the PEMEC has a
higher concentration overpotential.
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3.2 Relationship between channel width and PEMEC
performance

Under the same operating conditions, the impact of channel
width changes was investigated on the premise of a 1 mm
channel height. Under constant flow rate conditions, a nar-
rower channel width corresponded to a higher flow velocity, as
shown in Fig. 7. However, in this case, the mole fractions of
oxygen and hydrogen within the anode and cathode exhibited
the same trend as the flow velocity, which was completely
opposite to the effects of channel height change. A graphical
representation of this phenomenon is shown in Fig. 8. Under
the channel and ribs, the difference in the hydrogen mole
fraction within the CPTL was evident, and the boundaries of the
mole fraction mutation were closely related to the boundaries
between the channel and ribs. This was explained by the fact
that gases under ribs have a longer distance to diffuse into the
channel and the negative influence of a longer diffusion dis-
tanceis greater than the positive influence of the increased flow
velocity, leading to an impaired ability to discharge gas.

—=— Mole fraction of hydrogen |
—=— Flow velocity of cathode

s
'S
T

40.8

hydroge
bt
]
-

—40.7

I

4 0.6
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o
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-
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Fig. 7 — Effect of channel width on the gas mole fraction and flow velocity: (a) anode, (b) cathode.
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Based on the relationship between the channel width and
the PEMEC performance, the lower limit for the width in the
next stage of optimization was set to 0.7 mm to avoid gas
discharging deterioration.

Although the gas mole fractions and the concentration
overpotential decrease with an increase in channel width, the
voltage had a clear increase associated with this change, and
the increasing rates were more obvious than those associated
with changes in channel height (Fig. 9), in accordance with the
research by Zhang et al. [28]. The increase in the channel
width reduced the contact area between the BP and PTL,
which in turn led to an increase in the transfer resistance of
electrons (i.e., the ohmic overpotential). Subsequently, the
increase in the ohmic overpotential offsets the decrease in the
concentration overpotential, enhancing the cell voltage.

3.3. Optimization of PEMEC with parallel flow field
pattern

In this section, we established a complete PEMEC model and
optimized its height and width using a GA to improve its

performance. MATLAB was chosen as the platform for the GA
operation, and COMSOL was used to model the computations
and provide the fitness degree to the GA. The software was
integrated using the COMSOL software interface. Fig. 10 il-
lustrates the optimization process in detail. The loop between
COMSOL and MATLAB can generate new variables, update
the numerical simulation, and search for optimization auto-
matically. The initial population, which included several
PEMEC models with different structural parameters, was
created using the GA in MATLAB and sent to COMSOL through
the software interface to calculate the fitness. Subsequently,
the fitness was returned to MTALAB as the criterion for
screening superior individuals in the population. The
selected individuals generated the next population after a
series of operations, including heredity, crossover, and vari-
ation, and the new population was sent to COMSOL to begin
the next circle.

3.3.1. Model establishing and validation

Fig. 11illustrates the structure of the model, and Table 4 lists its
geometrical parameters. We chose a parallel flow field as the
optimization object because it was one of the most common
flow-field patterns in electrolysis cells. The complete model has
identical thicknesses of the PTL, CL, and PEM as the single-
channel model, and we controlled both to have close reaction
areas. Fig. 12illustrates the mesh independence test results and
a comparison of the polarization curves to demonstrate the
reliability of the model. The relative errors of the current den-
sity and pressure drop between grid systems with 251563 and
504497 elements were approximately 0.18% and 0.006%,
respectively; therefore, we considered 251563 as the appro-
priate mesh number. Similar to the channel model, the average
deviation rate between the two curves was approximately
0.90%.

3.3.2. Configuring of optimization

There were two main sources of energy consumption for
PEMEC. One was the power consumption by electrolytic re-
actions, and the other was associated with a pump that


https://doi.org/10.1016/j.ijhydene.2023.08.026
https://doi.org/10.1016/j.ijhydene.2023.08.026

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 49 (2024) 337—352 345

Start

Yes l
End

Fig. 10 — Flow chart of the optimization process.
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Fig. 11 — Complete PEMEC model with parallel flow field pattern: (a) cathode, (b) anode.

pumps water into the anode and cathode. These were defined

Table 4 — Geometrical parameters of the complete model as follows:
43].
[ ] PT = VceHI (22)

Geometrical Parameters Value

reaction area 121 mm? (11 mm x 11 mm) P, =ApaQq + ApcQ; = Qin (Apa + Apc) (23)
inlet channel length 10 mm

outlet channel length 10 mm In Egs. (22) and (23), Ve is the operational voltage of the
parallel channel length 8 mm PEMEC, and I is the operational current, i.e., the product of the
ETL Lol 0.3 mm current density and activated area. 4p and Q represent the
CL thickness OUOZ v pressure drop and flow rate, respectively. Because of the
PEM thickness 0.178 mm

constants I and Qy, in this case, P, and P, are determined by
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Fig. 12 — Model validation of the complete model: (a) test of mesh independence, (b) comparison of polarization curves

between experiment and simulation.

Veen, 4pa, and 4p.. To improve the feasibility of the solution, 4p
was defined as the sum of 4p, and 4p.. Therefore, the purpose
of the GA was expressed as:

min [P, P,] = min [Vear, Ap] (24)

As described in sections 3.1 and 3.2, if the PEMEC achieves a
low voltage, the pressure drop in the anode and cathode will be
high, and vice versa. Hence, there was a tradeoff between Ve
and 4p.

Furthermore, the widths of the five channels of the PEMEC
and the heights of the anode and cathode were considered as
variables. The following constraints were imposed on the
variables:

07mm<W,; =W, <19mm (i=1,2,3,4,5)

05mm<H; H. <14mm

The lower limits of all variables are given in sections 3.1
and 3.2 and their upper limits are constrained by the ge-
ometry of the model. To prevent low-quality meshes,
channels with the same serial numbers for the anode and
cathode had equal widths (i.e., W,; = W;). In this study, to
maintain calculation accuracy, we used seven variables, two
optimization objectives, a population of 40, and a generation
number of 40 for the GA. In addition, the operating current
density and pressure were respectively set at 10000 A/m?
and 1 atm, with a flow rate of 15 mL/min and temperature of
60 °C (333.15 K).

3.4. Optimization results

Table 5 lists the geometrical parameters of the original and
optimized models. The channel widths decreased to different
degrees, and the heights of the anode and cathode increased.
The reason for this phenomenon happened can be found in
Figs. 6 and 9. Owing to the respective characteristics of the
concentration overvoltage and ohmic overvoltage, the effect
of the channel width on the cell voltage was more remarkable
than that of the channel height; thus, the GA tended to reduce
the voltage by reducing the width of the channels while

Table 5 — Geometrical parameters of original and
optimized models.

Original model Optimized model

W, 1 mm 0.8465 mm
W, 1mm 0.7388 mm
W3 1mm 0.8904 mm
W, 1mm 0.8315 mm
Ws 1mm 0.7938 mm
H, 1mm 1.2477 mm
H. 1mm 1.3979 mm

increasing the channel heights to control the pressure drops
in the anode and cathode.

As shown in Fig. 13, the optimized model has a lower
voltage than the original model because the width of all the
channels decreases, which means that the optimized model
can run more efficiently. Meanwhile, the voltage change rate
increased as the current density increased, and the maximum
value in the figure appeared at the 35000 A/m? current density
of 0.26%. In addition, as BPs are made of titanium, an element
with relatively high electrical conductivity, changing the
widths to reduce the ohmic resistance only has a limited role,

2.60

. . L T T T T 4
—=— Optimized model | s!
A 1
555 —* Original model E :
{ i
% d——
=250 / I
L
cn
<}
Soast -
2 24
-
240 |- ‘
235 . L . L

I
25000 27500 30000 32500 35000 37500

Current density (A/m?)

Fig. 13 — Partial polarization curves of the optimized and
original models.
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Fig. 14 — Pressure drop and flow rate in each cathode channel of the original and optimized models: (a) pressure drop
distribution (standard deviations of original and optimized models are 0.08 and 0.05, respectively); (b) flow rate distribution
(standard deviations of original and optimized models are 0.01 and 0.008, respectively).

and the voltage difference between the original and optimized
models is not obvious, especially for low current densities.
Under the premise of narrowing channels, one method to
obtain a lower pressure dropis to increase the channel heights,
whereas the other is to adjust the channel widths to make
them more consistent with the flow characteristics and reduce
the flow resistance. Fig. 14 illustrates the pressure drop and
flow rate in each channel of the optimized and original models.
Compared with the original model, the pressure drops of each
channel in the optimized model are decreased at different

degrees while Ap decreases by 34.97% (from 1.82 Pa to 1.18 Pa).
The flow rate in each channel also decreases. In contrast to
Table 5 and Fig. 14, it is worth noting that a channel with lower
pressure drop and flow rate had a lighter width reduction (e.g.,
channels 3 and 4). As a result, the decreasing range of the
pressure drop or flow rate within it is relatively small, and the
optimized model was characterized by more uniform pressure
drop and flow rate distributions, which means that the opti-
mized flow field pattern was more appropriate for PEMEC. The
optimization result can be observed in Fig. 15 more intuitively.
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Fig. 15 — Pressure and flow flux in sections of the cathode channel: (a) original model, (b) optimized model.
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Fig. 16 — Pressure drop of each cathode channels at different flow rates: (a) original model, (b) optimized model.

Through optimization, both the pressure difference between
the inlet and outlet of each channel (i.e., the pressure drop in
the channel) and the pressure difference between channels
were reduced. Furthermore, the final channel with the highest
flow flux among the original model was almost the same as the
other channels in the optimized model.

Moreover, the optimization impact became more evident
as the flow rate increased (Fig. 16). For different flow rates, the
optimized model exhibited an improved pressure drop
compared with that of the original model. In addition, for the
optimization model, the pressure drop exhibited a lighter
overshoot when the flow rate changed, particularly for the
final channel. However, it could not be ignored that the final
channel always exhibited the highest value and increased rate
of pressure drop among all channels in every situation. Thus,
in future studies, the constraints of the height and width of
the final channel could be considered separately from those of

the other channels, considering computational efficiency and
optimization results.

As a benefit of the optimized flow-field pattern, the current
density distribution in the proton exchange membrane
improved and became more uniform owing to a more uniform
flow rate (Fig. 17). The edge and corner areas of the membrane
exhibit lower current densities in the optimized model. Similar
changes were observed below the ribs. Alternatively, the area
with undersized current density under the channels was
reduced. These changes indicated that each point on the CLs of
the optimized model had a more similar reaction speed. Thus,
compared with the original model, the high gas holdup for a
partial position in the PTLs could be ameliorated, especially at
the corners and locations under the ribs, which could not be
covered by channels and have a lower ability to discharge gas.

As shown in Fig. 18 (a) and (b), as a result of using narrower
and taller channels, the hydrogen mole fractions within the

Current density A/m?
x10*

1.03

1.02

11.01

1

0.99
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0.97

0.96

Original model
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Fig. 17 — Current density distribution in proton exchange membranes: (a) original model, (b) optimized model.

Optimized model
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Fig. 18 — Hydrogen fraction in the cathode: (a) vertical view of original model, (b) vertical view of optimized model,
(c) sectional view of original model, (d) sectional view of optimized model.

channels and CPTL were increased, especially in the part
proximal to the channel exits. However, owing to the
constraint on the lower width limit and the optimized flow-
field pattern, the magnitude of the increase in the hydrogen
mole fraction is acceptable. In addition, it was noteworthy
that in the upper left corner of the optimized model, unlike
other positions, the hydrogen fraction exhibited a small
decline, which might be explained by the uniform current
density distribution. A similar conclusion could be drawn
from the sectional views as Fig. 18 (c) and (d).

Fig. 19 shows the molar fraction of oxygen in the anode.
Unlike the situation in the cathode, the oxygen mole fraction
was significantly higher than that of the hydrogen in the
cathode, and no region in the anode had a lower mole fraction
following optimization, even though the number of moles of
hydrogen produced per second was theoretically twice that of
oxygen. This indicated that changes in the channel height and
width have a marked effect on the oxygen mole fraction but
not on the hydrogen mole fraction. This conclusion was
corroborated by a comparison of Fig. 5 as well as Fig. 7. The

Mole fraction

0.7
0.6
0.5
0.4
0.3
0.2
0.1

(d)

Fig. 19 — Oxygen fraction in anode: (a) vertical view of original model, (b) vertical view of optimized model, (c) sectional view

of original model, (d) sectional view of optimized model.
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basic cause of this difference was that the diffusivity of
hydrogen was approximately 3.4 times that of oxygen, making
hydrogen more easily discharged from channels of different
sizes than oxygen. Therefore, in future studies, to ensure the
ability of the gas to be discharged within the anode, it would
be necessary to consider different optimization configurations
for the anode and cathode.
Then, the efficiency of PEMEC can be defined as [58]:

Nou*LHVyy,  Noy*LHVy,
- - 25
en =P 1P, V+Qp @3)

Because of the constant flow rate and temperature of the
feed water, the hydrogen production and water consumption
rates of the original and optimized models were very close.
However, the optimized channel structure restricts the ability
to discharge gas, leading to a lower hydrogen mass flow rate at
the cathode outlet (Noy) in the optimized model. Although the
cell voltage and pressure drop decreased after optimization, the
efficiency of the optimized system decreased at low amplitudes
(from 65.50% to 64.26%). Thus, the impact of the channel
structure on PEMEC performance has further research value.

4, Conclusion

In this study, a 3D non-isothermal PEMEC channel model was
developed using COMSOL Multiphysics to study the impact of
channel height and width on the performance of PEMEC. By
linking COMSOL Multiphysics with MATLAB, a complete
PEMEC model with a parallel flow-field pattern was obtained
and optimized via a GA. The optimized model was then
compared with the original model. Based on our simulation
results, we reached the following conclusions.

1. Increasing the channel height can lead to a simultaneous
increase in the gas fraction and voltage within the PEMEC
but a decrease in the pressure drop. Conversely, increasing
the channel width can lead to a higher voltage and lower
pressure drop, while the gas fraction increases. In addition,
the effect of channel width on voltage was more significant
than that of channel height.

2. Through optimization, the optimized model decreased the
pressure drop by 34.97% at a lower voltage. Because the
effect of the channel width on the voltage was more sig-
nificant than that of the channel height, the GA preferred
to reduce the voltage by reducing the width of the chan-
nels, whereas the channel heights were increased to con-
trol the pressure drop within the anode and cathode.

3. By making the flow-field pattern more consistent with the
flow characteristics, the pressure drop and flow rate in
each channel become more uniform. Furthermore, the
optimized flow field pattern led to a more homogeneous
current density distribution on the proton exchange
membrane and reduced the gas holdup for a partial posi-
tion in the cathode; however, the gas fraction in the whole
anode was increased. Hence, it is necessary to consider
different optimization configurations for the anode and
cathode.

4. Owing to its poor gas discharge ability, the hydrogen mass
flow rate in the optimized cathode outlet decreased, lead-
ing to a lower efficiency after optimization, even though
the power consumption of the PEMEC improved. The
impact of the channel structure on PEMEC performance
has further research value.
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