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Abstract: Alkaline water electrolysis (AWE) is the most mature
technology for hydrogen production by water electrolysi
Alkaline water electrolyzer consists of multiple electrolysis,
and a single cell consists of a diaphragm, electrodes, bi
plates and end plates, etc. The existing industrial b
channel is concave-convex structure, which is

electrolytic cell, further increasing in e
cost of AWE. Thereby, in this article, t
flow model of is firstly constr

plate, to study the current
distribution in the electrolysi
was verified by comparison
Among, the elecig

reaction. The result in8 e flow velocity near the

) ero, while the flow
surface is significantly higher.
Additionally, vortices are ob ed within the flow channel
structure, leading to an uneven€@istribution of electrolyte. Next,
modelling is used to optimize the bipolar plate structure of AWE
by simulating the electrochemistry and fluid flow performances
of four kinds of structures, namely concave and convex,
rhombus, wedge and expanded mesh, in the bipolar plate of
alkaline water electrolyzer. The results show that the expanded
mesh channel structure has the largest current density of 3330
A/m? and electrolyte flow velocity of 0.507 m/s in the electrolytic
cell. Under the same current density, the electrolytic cell with
expanded mesh runner structure has the smallest potential and
energy consumption. This work provides a useful guide for the
comprehensive understanding and optimization of channel
structures, and provides a theoretical basis for the design of
large-scale electrolyzer.

bottom of the concave B
velocity on the convex bS

simulati

®nergy integration, metallurgy, synthetic ammonia,
ogen-synthetic fuel, etc.®'% Among various hydrogen
tion methods, electrolytic water hydrogen is the cleanest
rogen production technology, and currently accounts for only
about 5%, but it is predicted that it has high potential market
valuel'-161,

Electrolytic water hydrogen production!'”?? is divided into:
alkaline water electrolysis (AWE)?326 proton exchange
membrane electrolysis (PEM)?- 28 solid oxide electrolysis
(SOEC) and anion exchange membrane electrolysis (AEM).
Among them, AWE is currently the most mature and lowest cost
electrolytic hydrogen production technology with a single cell
scale of 3000Nm?%h, has achieved a large-scale industrialized
hydrogen production!'®. However, the cost for the AWE is still far
higher than the conventional hydrogen production technology,
such as reforming fossil fuels (coals, natural gas, etc.).
Therefore, it is urgent to further lower the cost and increase
market competition of AWE.

Cost reduction can be achieved by reducing the cost of
electrolyzer equipment and improving the efficiency of the
electrolyzer. Alkaline water electrolyzer is mainly composed of
electrodes, diaphragm, bipolar plates and end plates, etc.
Traditionally, the bipolar plate of AWE has concave-convex
structure that is complicated and difficult to be fabricated by
mold punching with high manufacturing costs. Besides, AWE
has lower current density and high energy consumption
problems. Currently industrial concave-convex bipolar plates
exist the problem of uneven electrolyte flow. The uneven flow of
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electrolyte hinders the ion and heat transfer on the electrode
surface, and the bubbles without escape in time accumulate on
the electrode, reducing the active specific surface area of the
electrode and increasing the activation overpotentials and ohmic
drop, then increasing the energy consumption and cost of
AWEL"®. 29,30 Therefore, it is necessary to improve the uniformity
of the electrolyte distribution and bubble escape by optimizing
the bipolar plate channel structuref3-331,

Modeling is an essential tool for the rapid development of AWE,
which is benefit to channel structure . process parameters
optimization and analysis of large-scale electrolyzerl'® 36-38]
Regarding the modeling of AWE, modeling research firstly
focused on the 2D physical field analysis, such as
thermodynamics, flow, heat transfer, without involving in flow
field structure and experimental verification. For example,
Hammoudi et al.®”l proposed a 2D multi-physical model
describing the evolution of the operating voltage of an
electrolysis based on electrochemistry, thermodynamics and
two-phase flow. Olivier et al.*® reviewed the 2D electrochemical
and heat transfer (lumped heat capacity method) models of
AWE electrolysis, without considering the flow field structure and
mass transfer model of AWE. Hu et al.®®¥ made a detailed and
comprehensive review of the existing modeling work on 2D A\
thermodynamics, electrochemistry, heat and gas purity.
Recently, Huang et al.®® established a 3D
integrated channel structure model, considering
effect, the coupling equation of electrochemig,

mixture
how that
when the current density is higher than elati
error of the model's current-voltage (I-V;
less than 5%. Further, Zhang et al.*0
the spherical concave and conv
turbulence model, proving
structure could effectively a
distribution in the channel
concentration on the electro
straight channel, i
electrolytic efficie
3D laminar model {
concave-convex

Subsequently, Wang et al*@compared the flow uniformity of
blank, CCBP, wedge, and nbus electrolyzer by using a
laminar flow model, and comp@ed with that of conventional
CCBP electrolyzer, the flow uniformity of wedge and CCBP
electrolyzer was respectively increased by 19% and 28%. Zhao
et al*3 44 design an industrial system-level AWE hydrogen
production equipment, comparing the concave-convex structure
and expanded mesh structure as bipolar plate by experiments.
There are some literatures concerning simulation models of 3D
alkaline water electrolyzer channel structures, but there are very
few studies of expanded mesh channel structures, and
especially, until now the research about comprehensive analysis
of the electrochemical and flow performances within the
electrolytic cells of expanded mesh channel structures have not

yet been comprehensively reported from the perspective of
theoretical studies.

In this paper, we firstly establish an electrochemical and RNG k-
€ phase transfer mixture model based on the industrial concave-
convex bipolar plate channel structure. The model is verified
with the experimental values in the literature, which ensures the
accuracy and reduces the calculation cost. Secondly, the
simulation and comparison of bipolar plate electrolytic cell with
concave-convex, rhombus, wedge and expanded mesh
structures were carried out to study the optimal bipolar plate
channel structure, analyze its internal electrochemistry and flow
field distribution, and achieve the goal of reducing energy
consumption and cost of

sists of multiple
is identical of each
y focuses on a single
cell structure is adopted to
f electrolyte and improve the
by reducing the distance between
m. As shown in Figure 1, The
rical model of a zero-gap alkaline water electrolytic cell
of a cathode, anode, diaphragm, and cathodic and
channel field (the flow channel between the bipolar
e electrode), and we focus on the effect of the

cathodic flow channel field
cathode electrode

diaphragm

anode electrode

anode flow channel field

Figure 1. filter-press type alkaline water electrolysis cell

Figure 2 (a-d) shows the geometrical models of the concave-
convex, rhombus, wedge and expanded mesh flow field
structures on the bipolar plate. The single unit of the rhombus
structure is a square with a height of 2 mm; the single unit of the
rhombus structure is a rhombus formed by the stacking of two
rectangles, with the length of the rectangles 2.5 mm, half the
width of the length and the height of the rhombuses 2.5 mm; and
the expanded mesh structure consists of a staggered structure
with a long intercept of 12 mm, a short intercept of about 8.5 mm,
and a total thickness of 2.33 mm, the model parameters are
shown in Table 1.
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1 Table 1 Four types of bipolar plate flow field structure dimensions

Single unit

concave-convex

rhombus

wedge

1&& and

geometric parameters value(mm) i : onzer cell

electrode radius 65
electrode height 2
diaphragm radius 65 reactions:

2H,0-2¢e - 20H +H,
diaphragm height

inlet length reaction: 40H-4e - 2H,0+0,

inlet width ainly three kinds of overpotential in a single cell:

i ver, ntial;
channel radius overpotential;

channel heigh‘

C\

sphere radius

ic overpotential;

sion overpotential;

ine water electrolytic cell has ignored concentration
overpotential due to low current densities and high OH
concentrations*®: 471, Thereby, only the activation overpotential
and ohmic overpotential are considered, and the equations are
as follows:

Concave/ co

vex spheres 12

Ecell=Erev+Eactano+Eactcat+Eohm

@)

Where E,, is the reversible voltage of a single cell, E,an0 and
E.ctcat are the activation overpotentials of the anode and cathode,
respectively, Eonm is an ohmic overpotential.

According the Nernst equationi8l:
R*T In Pr2y/Poz2

—E0
Erev_Erev+

2*F P20
(4)
channel height 3 Pho , Poo @and Py are the partial pressures of Ha. Oz and H20.
) Assuming that the concentration of each substance is the same
expanded mesh thickness 0.5 L .
everywhere, Coe=Cps, Cre=Cgs, the activation overpotential-current
height 233 relationship follows the Butler-Volmer equationl8l:
N ]
transverse distance 6
(3)
longitudinal distance 4.23 where means the current density at the electrode,  is the
exchange current density, , are the electrode electron

transfer factors, F is Faraday's constant, F=96485.33C/mol, R is
the molar gas constant, and T means the temperature.

(98]
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For both cathodic and anodic electrode reactions, when cathodic
and anodic polarization dominate  respectively, the
overpotentials conform to the Tafel equation as shown in
(6~7)18:

0,

(6)

o= InT
(7
The active specific surface area was determined by considering
a reduction in the active area for electrochemical reactions due
to bubble coverage:

= a-)
(8)

is the electrode reaction area, S is the specific surface area of
the electrocatalyst, calculated by surface area/volume in m?/ms3,
i.e. 1/m. 0 is the bubble volume fraction, calculated by flow
modelling.

)
The ohmic overpotential is the loss caused by the resistance of
the electrodes, electrolyte and diaphragm. The total ohmic
overpotential consists of the electrolyte, electrode and
diaphragm overpotentials and is expressed as follows:

ohm = ( + o+ + )

(10)

Where R, and R, represent the anode and cath
resistance, Ry, represents the electro

considering the effect of bubbles, and
diaphragm resistance, and the conductivj
was set. The resistance calculation form

(11)
= = =60000000 - 27965
(12)
=2041 - 00028
0.001043 3 - 0.0000003

mass fraction, and thé
The effective conduc

according to the Brugge
= 15

(15)

where s the effective volu action of the electrolyte, and

the electrode substrate is a 60-m€sh Ni mesh with a porosity of

0.2695, = 0.2695 %], taking into account the effect of bubbles:
=, @@-)

(16)

There is a difference between the current conservation equation

and the potential equation at the electrode-electrolyte interface

due to the presence of overpotential, as shown in Eq. (17-18):

(7

(18)
where (A/m?)and (A/m?) denote current density vectors, (V)
represents the potentials in the metal conductor and electrolyte,

4

and the subscripts s and | represent the electrodes and
electrolyte, respectively.

RNG k-€ phase transfer mixture model

This article focusses on the uniformity of the electrolyte flow,
which is the basis of the overall gas-liquid flow uniformity during
the electrolysis process; therefore, the electrolyte flow in an
alkaline water electrolyzer can be calculated by solving the
single-phase steady-state continuity equations and the Navier-
Stokes equations. Water vapor and H./O2 gas crossover are not
considered, and the volume change that exists is between liquid
water and H2/O2 gas, ap of the volume fractions of the

in alkaline water
501 Therefore, this
model, which is a
that requires only
be calculated. In
odel convergence
€ to the equations.

ulent flow is modeled using the k-¢ model to solve for
urbulent kinetic energy k and turbulent dissipation €, which
are calculated as follows:

o () o

(21)

s () e
(22)

= == ) (23)
Where p means the density of the mixture, p , is the density of
the bubble phase, means the velocity vector of the mixture, P
is the fluid pressure, y is the mixture viscosity, 7 is the turbulent
viscosity, F is the external force, g means the acceleration of
gravity, is the slip velocity, = =0.44; the empirical
coefficients ;=142and ,=1.68.

The mass sources of Hz and Oz are calculated by Faraday's law
as following®":

— 2

- )

2 2
(24)
2= 4 2
(25)
Where (A/m?) means volume current density, ,, , (g/mol)

means the relative molecular mass of Hz and O..
Mass transfer between liquid water and gas phase in the
electrode domain:
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(26)
S p—
(27)

(kg/m®.s) means the mass transfer to other term, where

is equal to , which means electrolyte transport through the
diaphragm due to electrochemical reactions, positive on the
hydrogen electrode domain and negative on the oxygen
electrode domain; 2 is equal to , on the H: electrode
domainand , on the O2 electrode domain.
The electrochemical current density affects the bubble yield, on
the other hand, the generated bubbles cover the electrode
surface, affecting the active specific surface area, which in turn
affects the electrochemical reaction, achieving a bidirectional
coupling between electrochemistry and flow, as showing in
Figure 3.

i~My,~ My,

Electrochemical

phid~i

Figure 3 Electrochemical and flow multi-physics field coupling relationships

Boundary condition

The hydrogen side of the electron-conducting p
be electrically grounded, and the potentia the
was constant to the electrolytic cell volta ‘

a b

structure mes

g

Figure 4. Mesh delineation of filter

The flow boundary conditions use velocity inlets and pressure
outlets. At the inlet boundary, the electrolyte flows at 0.22 m/s
and the gas phase have no flow. All external boundaries have
no-slip boundary conditions.

At the inlet boundary, the gas phase volume fraction is zero. The
gas-liquid phase flows out of the outlet boundary.

Mesh independency test

The entire geometric model is assembled using a combine,
where adjacent domain boundaries share the same mesh and
boundary conditions. Mesh types are divided into structured and
unstructured mesh. As jgure 4(a-b), the diaphragm
domain, inlet and o o structured hexahedral
mesh due to regular 8 reducing the number
al convex-concave
unstructured free

are divide
metry, significa

0.02%, 0.31%, 0.32%
Table 2, and it can be

unstructured mesh

s electrolyzer with concave-convex structure (a) main view (b) top view

Average flow velocity 0.00882 0.00900 0.00904  0.00922

Relative change rate 4.39% 2.39% 2.05% Baseline

Table 2 Mesh-independence validation calculations

Mesh type Mesh1 Mesh2 Mesh3 Mesh4
Number of domain cells 14100 29466 102702 926090
Average cell mass 0.47 0.65 0.68 0.65

O2 current density 2449.5 2457.5 2459.8 2460.3
O2 Relative rate of change 0.44% 0.11% 0.02% Baseline

Solving method

Firstly, the study step was initialized using the current density
distribution to obtain good initial values which are used to
improve the convergence of the model. Next, the solution is
solved using a steady state solver with fully coupled calculations,
using an iterative approach step by step rather than through a
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single computationally intensive step with a relative tolerance of
less than 104,

Model verification

The reliability of the model was verified by comparing with the
voltage-current density curves of large electrolyzer operation in
the Guo et al literature*®], which is an important indicator for
evaluating the performance of electrolyzer, and the model
parameters are shown in Table 3.

Table 3 Physical field parameters®2 45 521

Physical Field Parameter Unit Value
Electrolyte concentration mol/L 6.72
Electrolyte conductivity S/m 138
H2 side exchange current density A/m? 23.4
02 side exchange current density Alm? 9.3
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Figure 5 (a) Typical pola
of alkaline water electrolyze

Results and discuss

Electrolytic cell performance

Electrochemical performance

Figure 6 (a-b) shows the current density distribution of the
electrolyte in the electrolytic cell at Q=0.6 m3/h and E=2.0 V. It

——FZ Jiilich HPEL

Metkon Alyzer
— — = Stuart fnergy
il 70 —— FZiilich [Phoebus) 80 °C,
wessees Casale Chemicals  70°C, 20 har

——HT-Hydrotechnik  80°C,  atm.

exchange currentdensity ( , ) 0.5
electrolytic cell voltage \% 2
Diaphragm conductivity S/m 20.44
Electrolyte inlet flow velocity m/s 0.22
Electrolyzer pressure MPa 2
Operating temperature °C 90

Figure 5(a) shows the current status of alkaline electrolyzer
energy consumption up to 2018, from which it can be seen that
the electrolytic cell vol 1.6V and 2.2V under real
working conditions. ph of this paper with the
experimental daja i the model results is
be seen that the I-

It reported in the
e range, thus the

—=a— simulation value

BO°C, 5hbar —e— experimental value
22
80°C, 30 bar
90°C, 32ba
20
80°C, 30bar
P ) S
80°C, 8bar T
21
75°C, 18han, £
S
7 har} =

65°C, 25 bar

na, na.

. ‘ 12 . . .
130°C,30 bar 0 1000 2000 3000 4000

Current density(A/m?)

ed (black line) and experimental values (red line) of current density-voltage polarization curves

can be seen that, the closer to the separator center (Hz=0.35
mm), the higher the current density of the electrolyte, with the
maximum value of the current density up to 3050 A/m?; And the
closer to the bipolar plate flow channel interface (Hz=2.7 mm),
the lower the current density of the electrolyte. In addition, a
significant decrease in current density in the electrode and
diaphragm domains is clearly seen, with a very small current
density gradient and a small voltage drop in the channel domain.
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Figure 6. (a) Side view and main view of the curr ensity distributiol electrolyte insi electrolytic cell (b) Main view of the current density distribution

of the electrolyte at different height

Figure 7(a-b) shows the
electrode within the electrol

he diaphragm, the ionic conduction is dominant, the closer to
the bipolar plate channel interface, electronic conduction is

density distribution of the elect dominant, the electrolyte current is converted into electrode
6, the closer to § current, and the current density of electrolyte decreases.
current density on\gh8 Therefore, the interface where the bipolar plate is in contact with
diaphragm (Hz=0.7 i the electrode (Hz=2.7 mm) has the highest current density on
electrode, which is d i electronic  the electrode.

and ionic conduction wif ic cell, and when close
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Figure 7. (a) Side view of the current density distribution 0 electrodes insid ectrolytic cell (b) Main view of the current density distribution on the

electrodes at different height interfaces

As can be seen from Figure 8,_the el current dens
gradually decreases along of the outlet,
considering the reason is

igure 9(a), it can be seen that the electrolyte current
near the inlet is maximum, and shows a decreasing
d along the outflow x direction. Combined with Figure 9(b), it
can be seen that the concave sphere close to the inlet has the
highest current density at the edge, which is considered to be
due to the increase in the flow cross-sectional area of the
electrolyte when it enters the concave sphere, resulting in a

‘ifg;wi decrease in the flow velocity and a decrease in the current
2.92 density. At the bottom of the convex sphere in contact with the
2.9 electrode, the flow cross-sectional area decreases, the flow
2.88 velocity increases and the current density is the maximum.
2.86 Along the outlet x-direction, the current density inside the convex
2.84 spheres decreases accordingly, and it is considered possible
282 that the part of the convex spheres in contact with the electrodes
56 is also affected by the bubbles, which leads to a decrease in the

, current density.
W 2.79x10

Figure 8. Main view of electrode current density at Hz= 2.7 mm (electrode-
bipolar plate contact interface)
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Flow distribution ' pined with Figure
> putlet x direction,

The electrolyte flow velocity distribution inside the electrolysis sphere tends to

cell is shown in Figure 10. From Figure 10 (a), (b), (c) and (d), it flow velocity is on

can be seen that the concave-convex structure of the flow i . Fi 10 (f) confirms there

channel leads to the uneven flow of the electrolyte, and on th i i insi onvex structure.

same cross-section the flow velocity distribution is more unj
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As shown in Figure 11(a*
is nearly twice as large as @&t on the O: side, with maximum
volume fractions of 11.3% a .05%, respectively, due to the
fact that the rate of generation > is twice that of Oz. As the

bubbles are influenced by buoyancy and thrust, they are
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ine for study (x-y plane, z = !.7 mm) (b) Velocity profile on the transversal line at different y positions on the reference

tion flow velocity map (e) Electrolyte flow velocity distribution inside the electrolytic cell (f) Flow

continuously aggregated upwards. The non-uniformity of bubble
distribution originates from the non-uniform distribution of
electrolyte flow, which leads to the uneven distribution of current
density, increased local resistance, reduced active reaction area,
increased voltage, and limited electrochemical reaction.
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Effect of different bipolar plate flow field structures

In the electrolytic cell of the concave-convex structure bipolar
plate, the electrolyte flow is unevenly distributed. Secondly,
industrial concave-convex structure bipolar plates are sha
mold punching with high processing accuracy
Therefore, it is proposed to simulate and compar
plate electrolytic cells with rhombus .
mesh structures to study the internal electric
velocity distribution of the four bipolar pl
with the same computational model, b

polarization curves for the co
and expanded mesh are sho
be seen that the bipolar pla
mesh has the lowest voltage)
higher electrochemical perfor
structures at the

L L L L L L L

12 L L
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Current density(AIm?)

Four types of channel structure |-V curve

As can be seen in Figure 13(a-d), the expanded mesh structure
has the greatest current density. The reason is that as described
above, the current conduction is divided into electron conduction
and ion conduction. With the increase of contact sites between
the expanded mesh and the electrode, the enhancement of
electron conduction leads to a significant increase in current
density. Besides, the other three structures show a large current
density at the inlet, decreasing along the x outlet direction, while
along the x-exit direction, the current densities are significantly
reduced due to the effect of bubble blocking.
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From Figure 14(a-e), it can be seen that the fl ly enhances the lateral flow of electrolyte
distribution of the four bipolar plate channel struc niformity in the x-direction, but also
as follows: expanded mesh structure > wed alleviates the existence of low-speed tailing area of
rhombus structure > concave-convex struc structure through the staggered structure, which
structure is the most uniform bipolar i he uniformity of flow velocity in the y-direction, and
among the four structures, with a mal i proves the overall flow uniformity significantly.
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Conclusion

In this paper, the electrochemical performance and electrolyte  [8]
flow velocity distribution of electrolytic cell with four different
bipolar plate channel structures, namely, concave-convex,
rhombus. wedge and expanded mesh, were simulated, and the  [9]
following conclusions can be made:

In the electrolysis cell of the concave-convex structure, the flow
velocity on the surface of the convex sphere decreases and then
increases along the x-direction of the outlet, with a minimum flow
velocity on the x = -24 mm cross-section. The presence of
vortices in the flow channel domain of the concave-convex
structured electrolytic cells has also been confirmed.

The current density-voltage polarization curves of four bipolar
plate structures, concave-convex, rhombus, wedge and
expanded mesh, were compared, and at the same current
density, the expanded mesh structure had the lowest voltage
and the lowest energy consumption.

Expanded mesh structure is the most uniform bipolar plate
channel structure among the above four structures, with a
maximum flow velocity of 0.507 m/s,

This work provides useful guidance for the optimization desj
of electrolytic cell structure. In the future research, the selg
of expanded mesh structure and local structure optimizatio
carried out to improve the performance of the ele
supplemented by experimental observation and

[10]
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