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(57) Abstract: A bipolar electrochemical system comprises at least one bipolar stack (1) consisting of a plurality of cells (2) each
having an anode (3), a separator (4), a cathode (5), an electrolyte inlet (6) and an electrolyte outlet (7); at least one electrolyte supply
circuit (8) and a shunt current interrupter (16). The shunt current interrupter (16) comprises a perforated plate (17) having boreholes
(20) penetrating the perforated plate (17), wherein electrolyte is guided to an upper surface (24) of the perforated plate (17) to flow
through the boreholes (20). On a lower surface (25) of the perforated plate (17) facing a collecting section (19) grooves (21) are
provided between adjacent boreholes (21).
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BIPOLAR ELECTROCHEMICAL SYSTEM

The present invention is directed to a bipolar electrochemical system according
to the preamble of claim 1 comprising at least one bipolar stack consisting of a
plurality of cells each having an anode, a separator, a cathode, an electrically
conductive liquid as the electrolyte, an electrolyte inlet and an electrolyte outlet;

at least one electrolyte supply circuit and at least one shunt current interrupter.

Background of the Invention

Bipolar electrochemical systems like redox flow batteries or alkaline electrolyz-
ers usually comprise at least one bipolar stack with multiple single cells. As
schematically shown in Fig. 1, a bipolar stack 1 consists of multiple single cells
2 with anode 3, separator 4, cathode 5, electrolyte inlet 6 and outlet 7 for each
cell 2. A liquid electrolyte is supplied to the at least one bipolar stack through at
least one electrolyte supply circuit 8, including pipe connections, storage tanks 9
and active or passive fluid conveying systems 10 such as natural circulation or a
pump. The electrolyte is withdrawn from the cells through an electrolyte with-
drawal circuit (lines) 11 and recirculated to the storage tanks 9. In Fig. 1 a Va-
nadium Redox Flow Battery using two different liquid electrolytes is shown as an
example, but the invention applies to all bipolar electrochemical systems which

use at least one liquid electrolyte

State of the art concerning the electrical connection of the bipolar stacks is a
serial arrangement. The coupling of the regarded system to an electric energy

system or to the grid can be realized by a transformer and a rectifier,a converter
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or an inverter and a transformer, depending on the direction of the flow of the

electric energy.

The differences of potential lead to a current flow. Thereby the main current flow
direction 12 within a bipolar electrochemical system is orthogonally to the single
cells through the stack. The voltage of a bipolar stack is the sum of all cell volt-
ages. The electrolyte feed to every single cell is realized by a stack internal
distribution system whereby an electrical connection of each cell of the stack
across the electrolyte is given. The same is true for the electrolyte withdrawal
from the cells. If at least two stacks are used, there exist electrical connections
between the stacks via the electrolyte supply circuit and via the electrolyte
withdrawal circuit as well. Result is the formation of shunt currents 13a between
the single cells of each stack across the electrolyte and shunt currents 13b
between the stacks of the bipolar electrical system. Shunt currents in electro-
chemical systems reduce the efficiency factor significantly and thus its economic
feasibility. Preconditions for the formation of shunt currents are differences of
the electric potential and electrically conductive fluid phases (electrolyte solu-
tions). Both preconditions are given in a typical bipolar electrochemical system

using liquid electrolytes.

The different stack voltage levels cause shunt currents 13b across the electro-
lyte lines between at least two stacks via the electrolyte supply circuit. Fig. 1
shows the state of the art configuration of a Vanadium Redox Flow Battery,
which uses two different liquid electrolytes, without any measures to reduce
shunt currents as well as a schematic description of arising shunt currents within
the system. To facilitate the understanding, only some exemplary shunt currents
are shown in the figure. Other bipolar electrochemical systems need one liquid
electrolyte only, but the principle of shunt current remains the same.
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The magnitude of the shunt currents depends on the differences of the electric
potential as well as on conductivity properties of the electrolyte and on the geo-
metrical dimensions of the electrolyte lines. Characteristic is the ohmic re-
sistance that is dependent on cross section and length of the electrolyte chan-

nels.

The minimization or avoidance of shunt currents is essential for the efficiency
increase of the system. Higher ohmic resistances within the electrolyte channels
reduce the shunt currents and therefore increase the electrochemical efficien-
cy.On the other hand, smaller cross-sections and longer lengths of the electro-
lyte lines also increase the pressure drop in the electrolyte system and hence
the necessary pump power, which in turn decreases the overall energy efficien-

cy of the bipolar system.

Two main approaches are known to minimize or to avoid shunt currents: Manip-
ulation of the electrolyte flow through the electrochemical system to increase the
ohmic resistances and reducing the differences of potential by choice of an
alternative electrical connection. The reduction of shunt currents within a stack

13a and between several stacks 13b must be considered separately.

An effective possibility to reduce the shunt currents within a stack 13a is both
reducing the cross section and increasing the length of the electrolyte lines at
the same time. Fig. 2 shows the state of the art arrangement of such a system,
including measures to reduce shunt currents within a stack but without any
measures to reduce shunt currents between several stacks. As shown in Fig. 2

each electrolyte channel has a meander structure 14.

Concerning the reduction of shunt currents between two or more stacks 13D,
two approaches have been pursued. A simple but expensive way to reduce
shunt currents between two stacks is the choice of a parallel electrical connec-
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tion of each stack to avoid the high potential differences generated by an electric
series connection of the stacks. Figure 3 shows the principle of this alternative
electrical connection arrangement, which requires the usage of a transformer
and rectifier, a converter or an inverter and transformer 15 for each stack to
couple the bipolar electrochemical system to the electrical energy system or to
the grid. It sets all stacks of the system to the same defined electrical potential
level. This arrangement decreases shunt currents significantly due to a lack of
potential difference.

A second approach manipulates the electrolyte flow. A simple way to increase
the electric resistance is to extend the length of the ducts or to reduce the duct
diameter. These approaches are inefficient and lead to high material and pump-

ing costs.

The solutions described for example in DE 31 40 347 A1 or DE 699 16 869 T2
show adapted and shunt current reducing ducts integrated in the stack design. A
local interruption that means creating a discontinuous flow of the electrolyte to
extinct shunt currents is also shown in the documents US 679,050, CH 206 960,
US 2,673,232 or JP 62160664 A. All of these solutions are based on the same
principle shown in Fig. 4, where 16 depicts the fluid based shunt current inter-

rupters.

Both fundamental principles need additional equipment, e.g. shunt current inter-
rupters within the electrolyte channels or several transformers/ converters/
inverters to couple the bipolar electrochemical system to the electric energy
system or to the grid. Additional equipment implies additional costs (investment
as well as operational costs). It also is an additional source of error during oper-

ation.
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By generating a mathematical simulation model of such a bipolar electrochemi-
cal system, the advantages of using fluid interrupters (Fig. 4) or an electrical
parallel arrangement of the stacks (Fig. 3) have been shown. As results, the
calculated cumulative shunt current losses for the different arrangements as

function of the stack number are shown in Fig. 5.

If no shunt current reducing measures are taken, an exponential increase of
shunt current losses as a function of stack number can be demonstrated with
the simulation model. If a measure to reduce shunt currents is applied, the
losses are decreased. If the shunt currents 13b between the stacks can be
decreased to zero by interruption of the shunt currents, the losses become
independent of the number of stacks.

Both methods have disadvantages that have to be considered: To reduce shunt
currents sustainably by using electrolyte flow interrupters within the bipolar
electrochemical system as shown in Fig. 4, every stack needs 4 interruption
units. In other bipolar electrochemical systems which need one electrolyte only,
every stack needs 2 shunt current interruption units. The known interruption
units require a high amount of maintenance. An electrical parallel arrangement
of stacks needs expensive additional installation costs of transformers/ convert-

ers for every stack.

Summary of the Invention
It is the object of the present invention to reliably realize a minimization or even
avoidance of shunt currents in bipolar electrochemical systems based on an

efficient and cost effective concept.

The problem is solved by a bipolar electrochemical system comprising the fea-

tures of claim 1, wherein according to the invention the shunt current interrupter
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comprises a perforated plate having boreholes penetrating the perforated plate,
wherein electrolyte is guided to an upper surface of the perforated plate to flow
through the boreholes, and wherein on a lower surface of the perforated plate,
facing a collecting section, grooves are provided between adjacent boreholes.
There is a drop height hy between the lower surface of the perforated plate and
the electrolyte level within the collecting section.

Thereby, droplets are formed directly on the lower surface of the perforated
plate wherein the grooves prevent the formation of a fluid film on the lower plate
surface and a liquid flow down the wall of the cell. The individual droplets fall
from the lower surface of the perforated plate to the electrolyte level in the col-
lecting section of the apparatus. The invention shows a very simple shunt cur-
rent interrupter apparatus that is able to reliably create discontinuous electrolyte
flows. The shunt current across the apparatus is totally avoided, because the
space between the droplets is filled with an non-conductive gas which does not

allow the shunt current to flow.

According to a preferred embodiment of the invention, the cross section of said
grooves is rectangular, triangular, trapezoidal or circular. This design has proven
to be particularly effective in forming droplets and preventing the formation of a
fluid film.

Preferably, the angle between the inner edge of the groove and the lower sur-
face of the perforated plate is between 30° and 120°, more preferably between

45° and 90° and most preferably between 45° and 75°.

Particularly good results are achieved if a width of a wall between the borehole
and the adjacent groove fulfills the following equation

dn + 2wy < dg
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where
d, = diameter of the borehole, see Fig. 7 and Fig. 9
wy, = wall width, see Fig. 7 and Fig. 9

dg = maximum droplet diameter.

In a specific embodiment, the width w,, of the wall between the borehole and the
adjacent groove is between 0.0 and 3.0 mm, preferably between 0.1 and 1.0

mm.

In order to avoid the formation of a fluid film flowing down the wall of the cell the
invention preferably provides a circumventing groove between the outermost

boreholes and the outer circumference of the perforated plate.

The perforated plate may have a circular or rectangular shape when viewed

from above.

If below the perforated plate a collecting section is formed for collecting the
electrolyte liquid flowing through the perforated plate, then forming droplets and
then dropping onto the fluid level F, it is preferred within the invention that the
drop height hy between the lower surface of the perforated plate and the fluid
level F within the collecting section is between 5 and 400 mm, more preferably

between 12 and 200 mm.

The invention also is directed to a method for operating a bipolar electrochemi-
cal system as described above, wherein the following relation is fulfilled

0.001 =We < 2.0,

where
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We = Weber number, %

g = gas phase (around the droplets) density (kg/m?)

Us = fluid velocity in the borehole (m/s)

Of = fluidal surface tension (N/m)

dn = borehole diameter (m)

The Weber number (We) is a dimensionless number in fluid mechanics that

describes the ratio between inertia and surface forces.

Fig. 4 shows the arrangement of the shunt current interrupters 16 in the electro-
lyte supply lines 8 and the electrolyte withdrawal lines 11 to and from each stack
of a Vanadium Redox Flow Battery as an example of a bipolar electrochemical
system, whereby the shunt currents 13b between stacks are avoided.

It is within this invention to also apply the shunt current interrupters within a
stack. In this case the shunt current interrupters are applied in the electrolyte
inlets 6 and electrolyte outlets 7 to of each cell and replace the meander struc-
tures 14. This avoids the shunt currents 13a within the stack.

By arranging the shunt current interrupters both in the electrolyte supply and
withdrawal circuits to the stacks, 8 and 11, and in the electrolyte inlets and
outlets of the cells, 6 and 7, both kinds of shunt currents, 13a and 13b, are
avoided.

The invention will now be explained in detail with reference to preferred embod-
iments and the drawings. All features described and/or illustrated form the sub-
ject-matter of the invention per se or in any combination, independent of their

inclusion in the claims or their back-reference.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Brief Description of the Drawings

schematically depicts a bipolar electrochemical system wherein shunt

currents are formed,

shows a state of the art arrangement of the bipolar electrochemical

system,

schematically shows the reduction of shunt currents by choice of an

alternative electrical connection,

schematically shows shunt current reduction by fluid interruption,

shows cumulative shunt currents as function of stack number,

schematically depicts a shunt current interrupter according to the

present invention,

shows alternative embodiments of the cross section of the grooves in

the shunt current interrupter according to the present invention,

shows a shunt current interrupter plate from below, and

shows a cross section of the shunt current interrupter plate along line
A-Ain Fig. 8.
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Detailed description of the preferred embodiments

The bipolar electrochemical system according to the present invention includes
a shunt current interrupter 16 as schematically shown in Fig. 6. The shunt cur-
rent interrupter 16 consists of a perforated plate 17, a drum section 18 and a
collecting section 19. The system interrupts the continuous electrolyte flow by
creating droplets with the maximum droplet diameter dy under the perforated
plate 17. This causes a significant reduction of the shunt currents. If the drop
height hy between the lower surface of the perforated plate and the liquid level F
in the collecting section is sufficiently high, the shunt current across the shunt
current interrupter is decreased to zero and thereby completely avoided.

Centerpiece of the invented shunt current interrupter 16 is the perforated plate
17. It can have either an angled or a circular base. As shown in Fig. 6 to 9, the
plate 17 contains penetrating boreholes 20 with the diameter d;, and grooves or
slots 21 with the groove or slot width ws. As shown in Fig. 8, an additional cir-
cumventing groove 23 is provided between the outermost boreholes 20 and the
outer circumference of the perforated plate 17. The grooves 21, 23 are provided
on the lower surface 25 of the perforated plate 17. The cross section of the
grooves 21, 23 can be rectangular as well as triangular, trapezoidal or circular
as shown in Fig. 7. It is within the invention to provide other suitable shapes,
such as polygonal forms. The angle as between the inner edge 21i of groove 21,
23 and the lower surface 25 of the perforated plate 17 is between 30° and 120°,
preferably between 45° and 90° and most preferably between 45° and 75°.

A further characteristic of the perforated shunt current interrupter plate 17 is the
web width w, between the boreholes 20 and the grooves 21 corresponding to
the width of the walls 22 between the boreholes 20 and the grooves 21. The

web works as tearing edge for the droplets and avoids the formation of a current
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conductive fluid coat due to agglomerating droplets as well as the formation of a
fluid jet. If the equation

dh+2'WW<dd (01)

is fulfilled, the web width between the borehole 20 and the groove 21 is primarily
decisive for the droplet size and not the physical properties of the fluid. Further-
more, the drop height of the droplets hy is decisive for the shunt current inter-
rupting properties. As shown as an example in Fig 8, the perforated shunt cur-
rent interrupter plate 17 has a circular base. Other shapes, such as a rectangu-
lar or polygonal base are also possible within the invention.

In operation and similar to the arrangement shown in Fig. 4, electrolyte will be
introduced via the electrolyte supply circuit 8 into the shunt current interrupter 16
and is collected above the upper surface 24 of the perforated plate 17 forming
an upper fluid level F, above said plate 17 (see Fig. 6). The electrolyte then
flows through the boreholes 20 wherein on the lower surface 25 of the plate 17
droplets 26 are generated and drip into the collecting section 19 without the
formation of a fluid film on the lower surface 25 of the plate 17. Thereby electri-
cal shunt currents are reliably avoided.

The dimensioning of such a droplet based shunt current interrupter is strongly
dependent on the physical properties of the electrolyte. The Weber number

2
_pg-uf-dh
o

s (0.2)

We

as a function of gas phase (around the droplets!) density pg, fluid velocity in the
borehole vy, fluidal surface tension or and borehole diameter dj. describes the
ratio of inertial and surface forces. The Weber number for the operation range of
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the shunt current interrupter according to the invention preferably is between
0.001 and 2.0, more preferably between 0.002 and 1.0.

In a preferred embodiment of the invention, the minimal web width w,, between
the boreholes 20 and the grooves 21 is between 0.0 mm and 3.0 mm, preferably
between 0.0 mm and 1.0 mm. The drop height of the droplets h,; between the
lower surface 25 of the interrupter plate 17 and the fluid level F, within the col-
lecting section 19 is between 5 mm and 400 mm, preferably between 12 mm
and 200 mm.

According to the invention the local interruption of the electrolyte flow preferably
is controlled and adjusted to the working flow rate. Additionally, the invention
leads to minor efficiency losses so that the electrochemical system can run
within the designed and defined working range. This ensures the efficient mini-
mization of the shunt currents at the design point as well as in defined part-load
or overload operation points.

The present invention ensures a controlled and defined fluid flow interruption. It
also enables tailor made droplet generation adapted to the regarded electro-
chemical system and working parameters. This ensures a firm and wideband
shunt current interruption in a given and defined operating range. This operation
range is dependent on the borehole diameter d}, the web width w,, between the
boreholes 20 and the grooves 21 and the angle as between the groove edge 21i
and the plate 17. It can be predefined and adapted to the requirements of the
system. The defined web width w,, between the boreholes 20 and the grooves
21 provides an immediate droplet break-off and consequently ensures a mini-
mum size of the drop height of the droplets hy and consequently of the shunt

current interruption apparatus.
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List of reference numbers

bipolar stack
cell

anode
separator
cathode
electrolyte inlet

electrolyte outlet

0 ~N O 0o B~ W N -

electrolyte supply circuit

9 storage tank

10  fluid conveying system

11 electrolyte withdrawal circuit
12 main current flow direction
13 shunt current

13a shunt current between cells
13b  shunt current between stacks
14 meander structure

15 converter

16 shunt current interrupter

17 perforated plate

18  drum section

19  collecting section

20 borehole

21 groove

21i  inner edge of groove 21

22 wall

23 circumventing groove

24 upper surface of plate 17
25 lower surface of plate 17

PCT/EP2015/052860
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droplet

upper/ lower fluid level

angle between the groove edge and the plate
borehole diameter

drop height of the droplets

groove or slot width

web width

gas phase density (around the droplets)

fluid velocity in the borehole

fluidal surface tension
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Claims:

1.

Bipolar electrochemical system comprising

at least one bipolar stack (1) consisting of a plurality of cells (2) each having
an anode (3), a separator (4), a cathode (5), an electrolyte inlet (6) and an
electrolyte outlet (7);

at least one electrolyte supply circuit (8) and a shunt current interrupter (16),

characterized in that the shunt current interrupter (16) comprises a perfo-
rated plate (17) having boreholes (20) penetrating the perforated plate (17),
wherein electrolyte is guided to an upper surface (24) of the perforated plate
(17) to flow through the boreholes (20), and

that on a lower surface (25) of the perforated plate (17) facing a collecting

section (19) grooves (21) are provided between adjacent boreholes (21).

. Bipolar electrochemical system according to claim 1, characterized in that

the cross section of said grooves (21) is rectangular, triangular, trapezoidal

or circular.

. Bipolar electrochemical system according to claim 1 or 2, characterized in

that an angle (as) between an inner edge (21i) of the groove (21) and the
lower surface (25) of the perforated plate (17) is between 30° and 120°, pref-
erably between 45° and 90° and most preferably between 45° and 75°.

. Bipolar electrochemical system according to any of the preceding claims,

characterized in that a width (wy) of a wall (22) between the borehole (20)

and the adjacent groove (21) fulfills the following equation
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dn + 2%wy, < dyg

wherein
dn, = diameter of the borehole (20)
wy = width of wall (22)

dg = maximum droplet diameter.

. Bipolar electrochemical system according to any of the preceding claims,

characterized in that the width (wy) of a wall (22) between the borehole (20)
and the adjacent groove (21) is between 0.0 mm and 3.0 mm, preferably be-

tween 0.1 and 1.0 mm.

. Bipolar electrochemical system according to any of the preceding claims,

characterized in that between the outermost boreholes (20) and the outer
circumference of the perforated plate (17) a circumventing groove (23) is

provided.

. Bipolar electrochemical system according to any of the preceding claims,

characterized in that the perforated plate (17) has a circular or rectangular

shape when viewed from above.

. Bipolar electrochemical system according to any of the preceding claims,

characterized in that below the perforated plate (17) a collecting section
(19) is formed for collecting the electrolyte liquid flowing through the perfo-
rated plate (17) and then dripping from the lower surface (25) of the perforat-
ed plate (17) and that the drop height ( hy) between the lower surface (25) of
the perforated plate (17) and the fluid level (F) within the collecting section
(19) is between 5 and 400 mm, preferably between 12 and 200 mm.
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9. Method for operating a bipolar electrochemical system according to any of
the preceding claims, characterized in that the following relation is fulfilled

0.001 =We < 2.0,

wherein

We = Weber number

g = gas phase (around the droplets) density
Us = fluid velocity in the borehole

Of = fluidal surface tension

dn

borehole diameter
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