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(54) Title: DEVICE FOR STORING ELECTRICAL ENERGY, METHOD FOR ASSEMBLING AND STARTING UP SAID
DEVICE, AND METHOD FOR OPERATING SAID DEVICE

(54) Bezeichnung : VORRICHTUNG ZUR SPEICHERUNG ELEKTRISCHER ENERGIE SOWIE VERFAHREN ZU DEREN
MONTAGE UND INBETRIEBNAHME UND ZU DEREN BETRIEB

(57) Abstract: The invention relates to a device for storing electrical energy (1),

59

Anodenraum (57) zur
57

S

47

comprising an electrochemical cell (56) having a cathode chamber (65) for holding a
liquid cathode material and an anode chamber (57) for holding a liquid anode material,
wherein the cathode chamber (65) and the anode chamber (57) are separated by a solid
electrolyte (3), wherein the solid electrolyte (3) is surrounded by a planar construction
(51) having openings, through which the cathode material can flow, wherein the planar
construction is made of an electrically conductive material, and wherein the cathode
chamber (65) comprises at least one segment (63), wherein each segment (63) has a
jacket (53) composed of an electrically conductive material and the jacket (53) is
fastened to the planar construction (51) having openings in a fluid-tight and electrically
conductive manner and wherein each segment is filled with a porous felt (55) or a porous
material different from porous felt. The invention further relates to a method for
assembling and starting up the device and to a method for operating the device.

(57) Zusammenfassung: Die Erfindung betrifft eine Vorrichtung zur Speicherung
elektrischer Energie(1), umtassend eine -elektrochemische Zelle (56) mit einem
Kathodenraum (65) zur Aufnahme eines fliissigen Kathodenmaterials sowie einem

[Fortsetzung auf der ndchsten Seite]
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GH, GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, CM, GA, GN, GQ, GW, KM, ML, MR, NE, SN, TD,
SZ, TZ, UG, ZM, ZW), eurasisches (AM, AZ, BY, K@, TG).

KZ, RU, TJ, TM), europiisches (AL, AT, BE, BG, CH, o

CY, CZ, DE, DK, EE, ES, FI, FR, GB, GR, HR, HU, I, Yeroffentlicht:

IS, IT, LT, LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, —  mit internationalem Recherchenbericht (Artikel 21 Absatz
RS, SE, SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, (I, 3)

Aufnahme eines fliissigen Anodenmaterials, wo- bei der Kathodenraum (65) und der Anodenraum (57) durch einen
Festelektrolyten (3) getrennt sind, wobei der Festelektrolyt (3) von einem Flichengebilde(51) mit Offaungen, die von dem
Kathodenmaterial durchstrémbar sind, umschlossen ist, wobei das Fldchengebildeaus einem elektrisch leitenden Material gefertigt
ist, und wobei der Kathodenraum (65) mindestens ein Segment (63) umfasst, wobei jedes Segment (63) einen Mantel (53) aus
einem elektrisch leittdhigen Material aufweist und der Mantel (53) fluiddicht und elektrisch leitend am Flachengebilde(51) mit
Offoungen befestigt ist und wobei jedes Segment mit einem pordsen Filz (55) oder einem von pordsem Filz verschiedenen
pordsen Material gefiillt ist. Die Erfindung betriftt weiterhin ein Verfahren zur Montage und Inbetriebnahme der Vorrichtung und
ein Verfahren zum Betrieb der Vorrichtung.
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Apparatus for storing electric energy and method for the assembly and

start-up thereof and for operation thereof

Description

The invention relates to an apparatus for storing electric energy, which comprises
an electrochemical cell having a cathode space for accommodating a liquid cath-
ode material and an anode space for accommodating a liquid anode material,
where the cathode space and the anode space are separated by a solid electro-
lyte. The invention further relates to a method for the assembly and start-up of a
corresponding apparatus for storing electric energy and to a method for operation
of the apparatus.

Electrochemical cells which are used for storing electric energy are generally re-
ferred to as battery or accumulator. Other electrochemical devices are, for exam-
ple, electrolysis cells. These can, for example, be used for preparing alkali metals
from suitable salts comprising alkali metals.

The storage of large quantities of electric energy requires appropriately high-
performance rechargeable batteries. One approach here is to use batteries based
on molten sodium and sulfur. Such batteries which operate on the basis of a mol-
ten alkali metal as anode and a cathodic reaction participant, generally sulfur, are
known from, for example, DE-A 26 35 900 or DE-A 26 10 222. Here, the molten
alkali metal and the cathodic reaction participant are separated by a solid electro-
lyte which is permeable to cations. A reaction of the alkali metal with the cathodic
reaction participant occurs at the cathode. This is, for example when using sodium
as alkali metal and sulfur as cathodic reaction participant, the reaction of sodium
and sulfur to form sodium polysulfide. To charge the battery, the sodium polysul-
fide is dissociated again into sodium and sulfur at the electrode by introduction of
electric energy.
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To increase the storage capacity of batteries based on a molten alkali metal and a

cathodic reaction participant, batteries in which the amount of reactants used is
increased by means of additional stock containers are used. For discharging, the
liquid sodium is supplied to the solid electrolyte. The liquid sodium simultaneously
serves as anode and forms cations which are transported through the cation-
conducting solid electrolyte to the cathode. At the cathode, the sulfur flowing onto
the cathode is reduced to polysulfide, i.e. reacted with the sodium ions to form so-
dium polysulfide. The corresponding sodium polysulfide can be collected in a fur-
ther container. As an alternative, it is also possible to collect the sodium polysul-
fide together with the sulfur in the container around the cathode space. Owing to
the density difference, the sulfur rises and the sodium polysulfide settles at the
bottom. This density difference can also be utilized in order to bring about a flow
along the cathode. A battery design of this type is described, for example, in WO
2011/161072. A further design of an electrochemical cell which can be operated
with sodium and sulfur is described in WO 2013/186204. Here, the electrode is
enclosed with a jacket in which openings are formed through which cathode mate-
rial gets to the electrode, flows along the cathode and leaves through openings

following in direction of flow.

In batteries which operate using a redox system based on sodium and sulfur, elec-
tric energy can be obtained with a high efficiency of about 90% in the reaction of
sodium and sulfur to form sodium polysulfide. To charge the battery, the process
is reversed by introduction of electric current and the sodium polysulfide is disso-
ciated into sulfur and sodium. Since all electrochemical reactants are present in
molten form and the optimal conductivity range of the ion-conducting ceramic
membrane is reached only at relatively high temperatures, the operating tempera-

ture of such a battery is usually about 300°C.

Since the solid electrolyte used in the electrochemical cell is usually an ion-
conducting ceramic, fracture of the ceramic cannot be ruled out. Such a fracture

leads to undesirable contact of anode material, generally sodium, and cathode
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material, generally sulfur, and can lead to an uncontrolled reaction. In order to limit

the consequences of such a reaction, the proportion of sodium available for the
reaction can, as is known, be kept small. This is achieved, for example, by the use
of a displacement body which fills the space for anode material, so that only a
small gap in which the anode material is present remains. Such a displacement
body is known, for example, from W02013/186213 or from JP-A 10270073.

Since electrochemical cells based on an alkali metal as anode material and sulfur
as cathode material are operated at a temperature at which both the alkali metal
and sulfur are liquid, the cells are usually operated in an insulating container.
Heating elements can, as described in JP-A 2003-234132, be provided in the insu-
lating container in order to prevent the temperature of the cells dropping below a

minimum temperature required for operation.

Housing the insulating container and equipping the housing with lamellae is known
from US 8,597,813. The heat removal at the outside of the insulating container
can be regulated by opening or closing the lamellae. According to JP-A 05121092,
the insulating container has a double wall and a vacuum is applied between the
walls of the double wall. The heat removal can be adjusted by adjusting the sub-

atmospheric pressure.

To prevent the temperature rising during operation as a result of the heat liberat-
ed, it is known from KR-A 2011-054717 that a phase change material which un-
dergoes a phase change at operating temperature can be introduced between the
electrochemical cells. A temperature increase in the insulated region can be de-
layed in this way. As an alternative to the use of the phase change material, JP-A
04051472 discloses blowing exterior air through the insulating container in which
the electrochemical cells are accommodated in order to effect cooling and JP-A
2001-243993 discloses positioning heat tubes between the electrochemical cells
with the top thereof being located outside the insulating container.
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To conduct electric current all known electrochemical cells which are operated on

the basis of alkali metal and sulfur have the sulfur-filled space filled with an electri-
cally conductive felt, usually a graphite felt. The graphite felt firstly serves to pre-
vent phase separation of alkali metal polysulfide and sulfur and secondly serves
as electrode. This means that the entire space which in the fully charged state of
the battery is filled with sulfur acts as electrode. To obtain a high capacity of the
electrochemical cell, it is necessary to increase the amounts of sulfur and alkali
metal. The alkali metal is, for safety reasons, preferably stored outside the electro-
chemical cell, while the sulfur is stored in an enlarged space which surrounds the
solid electrolyte. The larger the space comprising the sulfur, the more graphite felt

is required for operation of the electrochemical cell.

Some embodiments of the present invention seek to provide an apparatus for stor-
ing electric energy, which can be operated using a smaller amount of graphite felt
or even completely without graphite felt and in which the total space filled with
cathode material does not necessarily act as electrode.

In one aspect, the present invention provides an apparatus for storing electric en-
ergy, which comprises an electrochemical cell having a cathode space for ac-
commodating a liquid cathode material and an anode space for accommodating a
liquid anode material, where the cathode space and the anode space are separat-
ed by a solid electrolyte, wherein the solid electrolyte is enclosed by a sheet-like
structure having openings through which the cathode material can flow, the sheet-
like structure is made of an electrically conductive material and the cathode space
comprises at least one segment, where each segment has an outer wall com-
posed of an electrically conductive material and the outer wall is fastened in a flu-
id-tight and electrically conductive manner to the sheet-like structure having open-
ings.

As a result of the division of the cathode space into individual segments which

each have an outer wall composed of an electrically conductive material, with the
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outer wall being fastened in a fluid-tight and electrically conductive manner to the

sheet-like structure having openings, the outer wall of the segment can also act as
electrode. This has the advantage that it is not necessary to accommodate a felt
composed of electrically conductive material in the cathode space. This allows
materials other than the graphite known from the prior art to be utilized for the felt.
A further advantage of the segments is that a simple alteration of the geometry, for
example a larger number of segments with a greater total diameter of the electro-
chemical cell, makes it possible to achieve a larger storage volume for the cathode
material and thus also a greater capacity of the electrochemical cell.

To be able to operate the electrochemical cell, it is necessary for the anode space
and the cathode space to be separated by an ion-conducting solid electrolyte.
Suitable solid electrolytes are dependent on the cathode material and anode ma-
terial used. In general, a ceramic is used as solid electrolyte. An alkali metal, in
particular sodium, is preferred as anode material and sulfur is preferred as cath-
ode material. B-Aluminum oxide or 3"-aluminum oxide is particularly useful as ma-
terial for the solid electrolyte in such an electrochemical cell. This aluminum oxide
is preferably stabilized, for example with magnesium oxide, lithium oxide or zirco-

nium oxide.

As an alternative to B-aluminum oxide or 3"-aluminum oxide, other ceramic mate-
rials can also be used as solid electrolyte. For example, the ceramic designated as
NASCION®, the composition of which is indicated in EP-A 0 553 400, can be used.
As an alternative to ceramics, it is also possible to use glasses or zeolites and
feldspars which conduct sodium ions. However, particular preference is given to
sodium B"-aluminum oxide, sodium 3-aluminum oxide, sodium (/B"-aluminum ox-
ide. The ceramic is particularly preferably a B/f"-aluminum oxide having a ratio of
B-aluminum oxide to "-aluminum oxide in the range from 5:95 to 0.5:99.5, in par-
ticular in the range from 3:97 to 1:99 and very particularly preferably in the range
from 2:98 to 1:99. The density of the ceramic of the solid electrolyte is preferably
from 95 to 99% of the theoretical density, in particular from 97 to 99% of the theo-
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retical density and very particularly preferably from 98 to 99% of the theoretical

density, where the theoretical density is given by the density of the ion-conducting
ceramic, in particular the B-aluminum oxide and/or "-aluminum oxide, in the ideal

crystal plus the density of the additives calculated over the proportion by volume.

The solid electrolyte is preferably configured as a thin-wall tube which is closed at
the bottom end and open at the top. In this case, the tube forming the solid elec-
trolyte more preferably has a diameter of from 20 to 80 mm and a length in the
range from 0.5 m to 2 m. The wall thickness is preferably in the range from

0.5 mm to 3 mm, in particular in the range from 1.5 mm to 2 mm. Here, the interior

of the solid electrolyte preferably forms the anode space.

The production of the solid electrolyte can, for example, be carried out by isostatic
pressing using the dry bag method or wet bag method. Furthermore, it is also pos-
sible to produce the solid electrolyte by ceramic extrusion or electrophoretic depo-
sition. If the solid electrolyte is shaped by near net shape pressing of ceramic
granules in a wet bag press or dry bag press, no green machining but only a hard
machining step after sintering in the upper region of the open end of the solid elec-
trolyte is necessary. In this region, the actual solid electrolyte is joined to a ceram-
ic ring which does not conduct ions, preferably an a-aluminum oxide ring (alpha

ring), by means of a glass seal.

In a preferred embodiment, the solid electrolyte is configured with a circular cross
section in the form of a tube closed at the bottom. This has a length in the range
from 0.5 to 2 m, preferably from 0.5 to 1.5 m and in particular from 0.5 to 1 m, an
external diameter in the range from 50 to 100 mm, in particular in the range from
55 to 70 mm, and a wall thickness in the range from 1 to 3 mm, preferably in the

range from 1.5 to 2 mm.

The solid electrolyte is, in one embodiment, enclosed by a porous electrode which

is made of a material which is inert in respect of the substances used in the elec-
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trochemical reaction. All chemically inert and electrically conductive materials

which can be wetted by the cathode material, for example carbon, in particular in

the form of graphite, are suitable as material for the electrode.

For the materials participating in the electrochemical reaction to be able to flow
through the electrode, the latter is, according to some embodiments of the inven-
tion, porous. This is, for example, achieved by the material of the porous elec-

trodes being present in the form of a felt or nonwoven.

To improve mass transfer in the porous electrode, it is possible to supplement the
chemically inert and electrically conductive material which can be wetted by the
cathode material by a second material which is readily wettable by the reaction
product of cathode material and anode material and does not necessarily have to
be electrically conductive. Suitable materials which are readily wettable by the re-
action product of cathode material and anode material are, in particular, oxide ce-
ramics or glasses such as aluminum oxide (Al203), silicon dioxide, for example
glass fibers, mixed oxides of aluminum with silicon, silicates and aluminosilicates
and also zirconium oxide and mixtures of these materials. When a material which
is readily wettable by the reaction product of anode material and cathode material
is additionally comprised, the proportion of the material which is readily wettable
by the reaction product of cathode material and anode material in the electrode is
preferably less than 50% by volume, particularly preferably less than 40% by vol-

ume, and at least 5% by volume.

An improvement in mass transfer in the electrode can be achieved by the porous
electrode being given a preferential direction by needling. The preferential direc-
tion preferably runs perpendicular to the solid electrolyte. Furthermore, an im-
provement in the mass transfer can be achieved by channel-like structures in the
electrode, preferably perpendicular to the solid electrolyte.
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To prevent an uncontrolled reaction from occurring in the case of fracture of the

solid electrolyte, a chemical barrier layer is preferably accommodated between the
electrode and the solid electrolyte. The chemical barrier layer is preferably perma-
nently impregnated by the reaction product of cathode material and anode materi-
al. This prevents the anode material and the cathode material from coming into
contact with one another in the event of a fracture of the solid electrolyte. To pre-
vent cathode material from penetrating into the chemical barrier layer, the latter is
preferably made of a material which has good wetting properties for the reaction
product and poor wetting properties for the cathode material. Furthermore, the
morphology of the chemical barrier layer is selected so that it is largely impermea-
ble to the cathode material or the anode material. For this purpose, the chemical
barrier layer has, for example, the morphology of impermeable paper.

In the case of use of alkali metal and sulfur as anode material and cathode mate-
rial and accordingly alkali metal polysulfide as reaction product of anode material
and cathode material, suitable materials for the chemical barrier layer are conven-
tional materials which do not conduct electrons. Suitable materials which do not
conduct electrons are, for example, oxide ceramics or glasses. Suitable oxide ce-
ramics and glasses are, in particular, aluminum oxide (Al203), silicon dioxide, for
example glass fibers, mixed oxides of aluminum with silicon, silicates and alumi-
nosilicates and also zirconium oxide and mixtures of these materials. These mate-
rials have virtually no electrical conductivity under normal conditions, for example
25°C and 1 bar.

The starting material for the chemical barrier layer is usually porous with an open
porosity in the range from 50 to 99.99%, preferably from 80 to 99%, particularly
preferably from 90 to 95%, where the open porosity is given by 1-(bulk density of
the test specimen/density of the material forming the test specimen) x 100, and
with an average pore diameter of usually from 1 to 10 um, measured by means of

optical microscopy.
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The base material of the chemical barrier layer is usually a sheet-like structure, for

example a woven fabric, a felt or a mat, composed of fibers selected from among
those described above, preferably fibers of aluminum oxide, for example commer-
cially available under the name Fiberfrax® from Unifrax, and/or silicon dioxide, for

example glass fibers.

The thickness of the chemical barrier layer is usually in the range from 0.25 to

5 mm, preferably in the range from 0.25 to 1 mm and in particular in the range
from 0.25 to 0.75 mm, and the weight per unit area is preferably in the range from
20 to 300 g/m?, more preferably in the range from 40 to 200 g/m? and in particular
in the range from 50 to 100 g/m?2.

In order to be able to accommodate the electrode when a separate porous elec-
trode is used, the cathode space is divided by the sheet-like structure having
openings into an inner region and an outer region and the porous electrode and, if
present, the chemical barrier layer composed of a material which does not conduct
electrons are accommodated in the inner region between the sheet-like structure
having openings and the solid electrolyte. The outer region comprises the seg-

ments.

To ensure the functionality of the electrochemical cell, the electrode has to have
electric contact with the sheet-like structure having openings on the one side and
ion-conducting contact with the solid electrolyte on the other side. In addition, it is
necessary for the electrode to be impregnated with cathode material or with the
reaction product of cathode material and anode material.

On the side opposite the solid electrolyte, the electrode adjoins the sheet-like
structure having openings, with the sheet-like structure being made of an electri-

cally conductive material.
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In an alternative embodiment, the sheet-like structure having openings is config-

ured in such a way that it is in direct contact with the solid electrolyte and is uti-
lized as electrode. To obtain a very large contact area of the sheet-like structure
with the solid electrolyte, it is preferably shapeable and configured, for example,

as mesh structure.

The openings in the sheet-like structure are necessary for, during discharging, the
cathode material to be able to be transported to the solid electrolyte and the reac-
tion product of cathode material and anode material to be transported away from
the solid electrolyte into the cathode space, or on charging for the reaction product
of cathode material and anode material being able to be transported to the solid
electrolyte and the cathode material to be transported away from the solid electro-
lyte. The shape of the openings can be chosen freely. The openings preferably
have the shape of circles, squares, ovals or polygons, in particular in the form of
circles or ovals. The free hole area of the sheet-like structure having openings is
preferably from 20 to 90%, in particular from 40 to 70% and very particularly pref-
erably from 50 to 60%.

The sheet-like structure having openings is, in a first embodiment, a metal sheet in
which the openings are configured as holes having any shape. As an alternative,
however, a mesh structure, for example, can also be used as sheet-like structure
having openings. Regardless of the type of sheet-like structure having openings,
this can be made up either in one part or a plurality of parts of a plurality of seg-
ments or of a plurality of layers which are joined to form a one-piece sheet-like

structure.

The openings can be distributed uniformly over the sheet-like structure or the

sheet-like structure has perforated and unperforated regions. In this case, particu-
lar preference is given to the unperforated regions to be in the positions where the
outer wall of the respective segments is fastened to the sheet-like structure having

openings.
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The thickness of the sheet-like structure having openings is preferably in the range

from 1 to 3 mm.

Suitable materials for the sheet-like structure having openings are steels, in par-
ticular stainless steel. Suitable stainless steels are, for example, those having the
material numbers 1.4404 or 1.4571.

According to an embodiment of the invention, the cathode space comprises at
least one segment, where each segment is enclosed by an outer wall which is
electrically connected to the sheet-like structure having openings. The attachment
of the outer wall is also fluid-tight so that no cathode material can exit to the out-
side from the segment. In the downward direction, the cathode space is closed by
a bottom. The bottom can be configured as a component which closes off all cath-
ode spaces at the lower end. Furthermore, the region within the sheet-like struc-
ture having openings in which the solid electrolyte is present can in this case also
be closed off at the lower end by the bottom. This ensures that no cathode materi-
al and no reaction product of cathode material and anode material can exit from
the electrochemical cell. Apart from the embodiment having only one bottom, it is
also possible, as an alternative, for each segment to be closed at the lower end by
a separate bottom. In this case, a further bottom element by means of which the
region within the sheet-like structure having openings in which the solid electrolyte

is present can be closed off at the lower end is required.

The solid electrolyte and the sheet-like structure having openings preferably each
have a circular cross section. As an alternative, however, the solid electrolyte and
the sheet-like structure having openings can also have any other cross-sectional
shape, in particular a cross-sectional shape without corners, for example an oval
or elliptical cross-sectional shape. Here, preference is given in particular, to cross-
sectional shapes in the case of which the solid electrolyte encloses a space which

is utilized as anode space. Accordingly, the sheet-like structure having openings
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also completely encloses the solid electrolyte, so that a circumferential gap be-

tween solid electrolyte and sheet-like structure having openings is formed. The
then likewise annular electrode and the chemical barrier layer are accommodated
in this gap.

The segments of the cathode space can be configured so that there is in each
case an intermediate wall which is fastened to the sheet-like structure having
openings and divides the two segments. As an alternative, it is also possible for an
outer wall to be provided for each segment, and this is then configured so that the
outer wall is joined on two sides to the sheet-like structure having openings so that
each segment has its own outer wall which is not joined to an outer wall of an ad-
jacent segment. Such an outer wall is, for example, U-shaped, V-shaped or con-
figured in the form of segment of a circle, with the ends of the U, the V or the seg-
ment of a circle being joined to the sheet-like structure having openings. In this
case, the sheet-like structure having openings is configured so that no openings
are present in the region between two segments or, as an alternative, the open-
ings are closed, for example by welding with additional material. In this way, fluid-
tight closure of the cathode space comprising at least one segment is achieved. In
order to connect the outer wall in a fluid-tight manner to the sheet-like structure
having openings, particular preference is given to welding the outer wall to the
sheet-like structure having openings. As material for the outer wall, preference is
given to utilizing the same material as for the sheet-like structure having openings,
preferably a steel, in particular stainless steel and very particularly preferably a
stainless steel having the material number 1.4404 or 1.4571.

The material for the outer wall preferably has a thickness in the range from 1 to

3 mm. To obtain a fluid-tight connection when a stainless steel is used, a welding
process using an additive is preferably utilized to connect the outer wall to the
sheet-like structure having openings. A suitable welding process is, for example,
MIG welding. Welding is preferably carried out from the outside, and care has to

be taken, depending on the position of the welding seam, that the interior contour
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of the sheet-like structure having openings is not changed by the welding. A suffi-

ciently large cross-sectional area to conduct away the electric current without large
losses from the electrode enclosing the solid electrolyte despite the relatively low
electrical conductivity of stainless steel compared to copper or aluminum is ob-
tained by selection of the material and the, in the case of a welded connection,
electrically conductive connection of the outer wall to the sheet-like structure hav-

ing openings.

Since both the sheet-like structure having openings and also the outer wall of the
segments of the cathode space serve as power outlet leads in the above-
described embodiment, it is necessary to protect the entire side facing the cathode
space against corrosion. Even the small rate of removal of material from stainless
steel could have an adverse effect on operation at the desired operating lives of
the electrochemical cell of more than ten years. When alkali metal and sulfur are
used as anode material and cathode material, it has been found that corrosion
protection layers based on chromium are particularly stable. For this purpose, it is
possible, for example, to encase the entire component made up of sheet-like
structure having openings and outer wall with hard chromium. As an alternative, it
is also possible to chromium plate the sides of the sheet-like structure having
openings and of the outer wall facing the cathode space. Here, chromium carbide
or ferrochrome layers which are likewise resistant to corrosion by alkali metal pol-
ysulfide, in particular sodium polysulfide, are formed.

According to an embodiment of the invention, each segment is filled with a porous
felt or with a material being different from a porous felt. The porous felt or the ma-
terial being different from the porous felt ensures that the cathode material and the
reaction product of cathode material and anode material which is formed in the
cathode space remain in a uniform mixture. Furthermore, the porous felt or the
material being different from the porous felt serves to bring about uniform transport
of cathode material and reaction product away from the electrode and to the elec-

trode. For this purpose, the porous felt or the porous material being different from
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the porous felt is made of a material which is readily wettable by the cathode ma-

terial and the reaction product of cathode material and anode material. To obtain
good wetting of the porous felt or the material being different from the porous felt
even in the case of different wetting properties of cathode material and reaction
product, it is advantageous to make the porous felt or the porous material being
different from the porous felt of different materials, with one part of the material
being readily wettable by the cathode material and one part being readily wettable
by the anode material. When a mixture of a plurality of different materials is used
for the porous felt or the material being different from the porous felt, these are
preferably used in equal proportions by volume. However, depending on the de-
sign of the electrochemical cell, other volume ratios can also be set. When an al-
kali metal is used as anode material and sulfur is used as cathode material, ther-
mally stabilized polymer fibers, fibers of oxide ceramics or glass fibers, preferably
thermally stabilized polymer fibers in mixture with fibers of oxide ceramics or glass
fibers, are also particularly suitable as material of which the porous felt or the po-
rous material being different from porous felt is made up. Suitable fibers of oxide
ceramics or glass fibers are, in particular, fibers of aluminum oxide (Al203), silicon
dioxide, for example glass fibers, mixed oxides of aluminum with silicon, silicates
or aluminosilicates, zirconium oxide or mixtures of these materials. Suitable ther-
mally stabilized polymer fibers are, for example, oxidized, thermally stabilized pol-
yacrylonitrile (PAN) fibers, which are, for example, commercially available under
the name PANOX®.

The porous material being different from porous felt can be for example a woven
fabric, a knitted fabric, a knotted fabric, a network, a non-woven, an open-cell

foam, or a three-dimensional netting.

When the segments are filled with a felt, an improvement in mass transfer in the
felt in the segments can be achieved by a preferential direction being imparted to
the felt by needling. The preferential direction preferably runs perpendicular to the

sheet-like structure having openings. Furthermore, an improvement in the mass
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transfer can be achieved by means of channel-like structures in the porous felt or

the porous material being different from the porous felt, preferably perpendicular to
the sheet-like structure having openings, independent from the used porous mate-

rial.

To obtain a sufficiently large capacity of the apparatus for storing electric energy, it
is necessary to provide a sufficiently large quantity of cathode material and anode
material in the charged state. The cathode material can be stored in the cathode
space, with the cathode space being configured so that the entire cathode material
can be accommodated therein. Furthermore, there has to be sufficient space
available in order to be able to accommodate the volume increase during dis-
charging caused by reaction of the cathode material with the anode material.

Particularly in the case of apparatuses for storing electric energy which operate
using an alkali metal, in particular sodium, as anode material and sulfur as cath-
ode material, it is advantageous for reasons of operational safety for only a small
amount of anode material to be comprised in the anode space of the electrochem-
ical cell. In order to achieve a large capacity, it is therefore necessary to provide a
container for anode material which is separate from the electrochemical cell and is
connected to the anode space. The separate container for anode material ensures
that, for example in the case of damage to the solid electrolyte, only a small
amount of anode material which can react in an uncontrolled manner is available.
During operation of the apparatus for storing electric energy, in particular in the
case of output of electric energy in the form of electric current, additional anode
material is continuously fed from the container for anode material into the anode
space. The transport is preferably pressure-driven as a result of the transport of
ions of the anode material through the solid electrolyte and reaction of the anode
material with the cathode material lowering the pressure in the anode space as a
result of anode material leaving the anode space and further anode material thus
being fed from the container for anode material into the anode space by the result-

ing pressure difference.
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In a particularly preferred embodiment, the container for anode material is posi-
tioned beneath the electrochemical cell and connected via a riser tube to the an-
ode space. The positioning of the container for anode material beneath the elec-
trochemical cell makes it possible to prevent anode material being fed in an un-
controlled manner into the anode space in the event of a malfunction. Transport is
effected purely pressure-driven through the riser tube. For this purpose, it is nec-
essary for the upper end of the riser tube which opens into the anode space al-
ways to dip into the anode material in the anode space, especially during dis-
charging of the apparatus for storing electric energy.

To be able to assemble the container for the anode material and the electrochemi-
cal cell in a simple manner and to obtain precise positioning of the container for
the anode material, preference is given to a centering rod being arranged beneath
the electrochemical cell and the container for anode material being located on the
centering rod. A potential separation of container for anode material and electro-
chemical cell by means of the centering rod is obtained by the centering rod being
enclosed by insulation or being made of an electrically nonconductive material. In
order to locate the container on the centering rod, the former preferably has an
annular structure, with a space whose internal diameter corresponds to the exter-
nal diameter of the centering rod with any insulation arranged thereon being
formed in the interior of the container for anode material. The precise positioning
of the container for anode material relative to the electrochemical cell allows sim-
ple assembly of a plurality of apparatuses for storing electric energy to give a
module by these being positioned simply next to one another.

As an alternative to the embodiment in which one container for anode material is
assigned to one electrochemical cell, it is also possible to provide a container for a
plurality of electrochemical cells or even only a single container for anode material
which is connected to all electrochemical cells of a module. However, preference

is given to providing a separate container for each individual electrochemical cell.
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This has, for example, the advantage that in the event of replacement of an indi-

vidual cell being necessary, it is not necessary to undertake a complicated separa-
tion of the electrochemical cell from the container for anode material but instead
the electrochemical cell can be switched off as a whole and replaced.

A suitable material for the container for anode material is likewise preferably a
steel, in particular stainless steel and very particularly preferably a stainless steel
having the material number 1.4404 or 1.4571.

Any necessary potential separation of container for anode material and electro-
chemical cell can be achieved by the electrochemical cell being provided with a
bottom plate composed of an electrically insulating material. The container for an-
ode material is then, when positioned beneath the electrochemical cell, arranged
with its upper side in contact with the bottom plate composed of electrically insulat-

ing material.

To achieve a further minimization of the amount of anode material in the anode
space, preference is also given to a displacement body being accommodated in
the anode space. The displacement body is in this case preferably configured so
that it is not in contact with the solid electrolyte and a gap is formed between solid
electrolyte and displacement body, with the gap being filled with anode material.
The use of the displacement body preferably limits the volume of anode material in
the interior of the solid electrolyte to less than 20%, in particular to less than 10%,
of the total interior volume of the solid electrolyte.

A further task to be performed by the displacement body is to conduct away the
electric current on the anode side. When an alkali metal is used as anode materi-
al, the anode material acts as electrode. However, the electrical conductivity of the
alkali metal, in particular sodium, is not sufficiently high over the length of the sol-
id-state electrolyte to assume the function of conducting away the electric current

because of the thin gap between displacement body and solid electrolyte. For this
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reason, the displacement body is preferably made of a material which is inert rela-

tive to the anode material and has good electrical conductivity, in particular alumi-

num or an aluminum-comprising alloy.

Since the anode space is usually located in the interior of the solid electrolyte, the
displacement body is preferably configured so that its outer contour corresponds
to the inner contour of the solid electrolyte, so that only a small gap remains be-
tween displacement body and solid electrolyte when the displacement body is in-
stalled. The displacement body therefore usually has the shape of a tube closed at
one end. A tube of this type which is composed of aluminum or an aluminum-
comprising alloy and is closed at one end is usually produced by flow molding or
extrusion. In the case of flow molding, pressure is exerted by means of a punch on
an aluminum slug which has been laid in a mold which forms the outer contour of
the displacement body. Under applied pressure, the aluminum softens and begins
to flow in the gap between external mold and punch. The head of the displace-
ment body, which serves not only to conduct away the electric power but, in the
case of a container for the anode material positioned beneath the electrochemical
cell, preferably also serves for connection of the riser tube, can likewise be pro-
duced by the flow molding process. It is also possible, for example, to introduce an
insert composed of stainless steel with tube ports in such a way that aluminum
flows around it during the flow molding operation and is thus integrated into the
future component geometry. In this way, an aluminum-stainless steel transition
which allows simple welding-on of the riser conduit can be produced in a simple
manner. To effect sealing, it can be necessary to introduce additional sealing ele-
ments during the flow molding process.

The displacement body can, for example, be welded to the displacement head.
The flow molding process makes it possible to manufacture displacement bodies
advantageously and with short cycle times. Furthermore, it is possible to achieve a
sufficiently good surface quality for the displacement body to require no further

machining. To prevent a reaction of the aluminum with the cathode material or the
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reaction product formed from anode material and cathode material in the event of

fracture of the solid electrolyte, preference is given to additionally installing a stain-
less steel foil in the gap between displacement body and solid electrolyte. As an
alternative, it is also possible to provide the displacement body with a stainless
steel coating. In order to stabilize the displacement body mechanically, it is possi-
ble to fill the hollow space in the interior with a material which is inert toward the
anode material, cathode material and reaction product of anode material and
cathode material. A suitable inert material is, for example, sand.

In another aspect, the invention further provides a method for the assembly and
start-up of the apparatus for storing electric energy, which comprises the following

steps:

(a) mounting of the outer wall of the segments of the cathode space on the

sheet-like structure having openings,

(b) impregnation of the porous felt or the porous material being different
from the porous felt and the porous electrode with alkali metal polysul-
fide,

(c) introduction of porous felt impregnated with alkali metal polysulfide or of
porous material being different from porous felt impregnated with alkali
metal polysulfide into each segment and insertion of the porous elec-
trode impregnated with alkali metal polysulfide,

(d) positioning of the solid electrolyte within the sheet-like structure having
openings so that the electrode is positioned between sheet-like struc-
ture having openings and solid electrolyte and connection of the com-

ponents to form an electrochemical cell,
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(e) connection of the electrochemical cell with the container for anode ma-

terial,

(f) heating of the electrochemical cell to operating temperature,

(g) application of an electric voltage in order to charge the apparatus, with
the alkali metal polysulfide being dissociated into alkali metal and sulfur,
the alkali metal going over into the anode space and being conducted
into the container for alkali metal and the sulfur remaining in the cath-

ode space.

To produce the electrochemical cell, the solid electrolyte is firstly introduced to-
gether with the necessary sealing elements into the lid of a cell container. Fur-
thermore, the displacement body is likewise inserted together with the necessary
sealing rings into the solid electrolyte. To connect solid electrolyte and displace-
ment body, it is possible, for example, to provide a flange at the upper end via
which the solid electrolyte and the displacement body can be bolted together. As
an alternative, known processes such as thermocompression bonding (TCB) or
reactive soldering (brazing) can be used for connecting solid electrolyte and cell
container or displacement body. For this purpose, the solid electrolyte preferably
has a head composed of a ceramic which does not conduct ions, for example al-

pha-aluminum oxide.

To produce a cell container, the outer walls of the individual segments of the cath-
ode space are fastened in an electrically conductive and fluid-tight manner to the
sheet-like structure having openings. Fluid-tight fastening is achieved, in particu-
lar, by the outer walls of the individual segments being welded to the sheet-like
structure having openings. Finally, the bottom is attached to the cell container.
When a chromium-based corrosion layer is to be applied, this is particularly pref-
erably carried out after assembly of the cell container. Finally, when the container
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for anode material is positioned beneath the electrochemical cell, the centering rod

is fastened to the bottom of the cell container.

Next, the porous felts which are to be placed in the segments of the cathode
space or the porous material being different from porous felt which is to be placed
in the segments of the cathode space are impregnated with alkali metal polysul-
fide, in particular sodium polysulfide, and cooled. The porous felts impregnated
with alkali metal polysulfide or the porous material being different from porous felt
impregnated with alkali metal polysulfide are then placed in the segments of the
cathode space so that each segment is filled with a porous felt or with the porous
material being different from porous felt. In order for the porous felts or the porous
material being different from porous felt to be able to be introduced into the seg-
ments, it is advantageous for these to be compressed after impregnation or during
impregnation and before insertion, so that they have a somewhat smaller cross
section than the segments and the porous felts or the porous material being differ-
ent from porous felt can be inserted without remaining hanging. For this purpose,
the porous felts or the porous material being different from porous felt are, for ex-
ample, compressed to such an extent that the cross section of the porous felt or
the porous material being different from the porous felt after cooling of the alkali
metal polysulfide corresponds in shape to the cross section of the segment into
which it is to be introduced but the cross-sectional area is smaller, so that a gap
of, for example, from 0.2 to 2 mm is formed between the wall of the segment and

the porous felt or the porous material being different from the porous felt.

The porous electrode which has likewise been impregnated with alkali metal poly-
sulfide, in particular sodium polysulfide, is placed in the interior of the sheet-like
structure having openings in such a way that the assembly of solid electrolyte and
displacement body can subsequently be inserted. When a chemical barrier layer is
additionally provided, this is likewise impregnated with alkali metal polysulfide and
positioned in the interior on the electrode on the side facing away from the sheet-

like structure having openings. However, the porous electrode and the chemical
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barrier layer are in this case preferably adjoined to one another before insertion,

impregnated jointly with alkali metal polysulfide and then inserted in such a way
that the chemical barrier layer faces away from the sheet-like structure having
openings and, after installation of the solid electrolyte, is in contact with the solid
electrolyte.

As an alternative, it is of course also possible to place the porous electrode and
optionally the chemical barrier layer after impregnation around the solid electrolyte
and insert them together with the solid electrolyte into the space enclosed by the
sheet-like structure having openings.

As in the case of the porous felts introduced into the segments or the porous ma-
terial being different from the porous felt introduced into the segments, it is also
advantageous here to compress the porous electrode and optionally the chemical
barrier layer after impregnation or during impregnation with the alkali metal poly-
sulfide in order to be able to insert these more easily. Furthermore, sufficient ionic
contact with the ceramic solid electrolyte and sufficient electrical contact with the
sheet-like structure having openings is in this way established after remelting as a
result of recovery of the porous felt or the porous material being different from po-
rous felt.

The electrochemical cell which has been produced in this way is then closed by
means of a lid. In order to prevent anode material or cathode material getting out
or going over through a leak from the anode space into the cathode space or from
the cathode space into the anode space, appropriate sealing elements are insert-
ed and the individual components are joined to one another, for example by
means of bolts. The lid of the electrochemical cell is preferably welded on in order
to obtain a hermetic seal. To compensate for tolerances of the assembly of solid
electrolyte and displacement body and also the cell housing, the welding-on of the
lid can be effected using additional material.
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Finally, the container for anode material is connected by means of appropriate

conduits to the electrochemical cell. When the container for anode material is posi-
tioned beneath the electrochemical cell, the centering rod is inserted into a corre-
sponding opening in the container for anode material. The container for anode
material can then be connected to the electrochemical cell. The riser tube for
transport of the anode material is preferably installed on the container for anode
material before the container for anode material is connected to the electrochemi-
cal cell and, after positioning of the container, merely has to be connected by
means of a suitable connection at the top of the electrochemical cell. To obtain a
secure connection, the riser tube is preferably welded to the connection at the top

of the electrochemical cell.

For safety reasons, the electrochemical cell is preferably operated in such a way
that the pressure in the cathode space is higher than the pressure in the anode
space and in the container for anode material. In order to be able to set the pres-
sure, a further conduit is preferably installed on the container for anode material.
The pressure in the container for anode material and in the anode space can then
be set via this conduit. After setting of the pressure, the conduit is closed, for ex-
ample blanked off by welding. As an alternative, it is of course also possible to set
the pressure not via the anode space and the container for anode material but in-
stead in the cathode space.

After assembly of the apparatus for storing electric energy, it is heated to operat-
ing temperature. As a result, the alkali metal polysulfide with which the porous felt
or the porous material being different from porous felt in the segments of the cath-
ode space and the porous electrode are impregnated melts. An electric current is
subsequently supplied to the electrochemical cell in order to charge the cell. As a
result of the supply of electric current, the alkali metal polysulfide is dissociated
into alkali metal and sulfur. The alkali metal ions formed pass through the solid
electrolyte and are neutralized by uptake of electrons at the electrode in the anode

space. The molten alkali metal formed in this way collects in the anode space. As
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soon as the latter is completely filled, the alkali metal formed flows through the

connecting conduit, in particular the riser conduit, into the container for anode ma-
terial and is stored there. The sulfur formed remains in the cathode space. After
charging is complete, the apparatus for storing electric energy can be utilized for
the first time as battery for supplying electric current.

The impregnation of the porous felt or the porous material being different from po-
rous felt and the porous electrode with alkali metal polysulfide makes very much
safer, compared to the prior art, filling of the electrochemical cell possible since no
highly reactive alkali metal has to be handled.

To be able to operate the apparatus for storing electric energy safely not only dur-
ing start-up but also later on, the apparatus is operated in such a way that the
pressure in the cathode space is always higher than the pressure in the anode
space regardless of the operating state. The pressure difference between anode
space and cathode space depends, for example, on the pressure preset in the
anode space and the free volume which remains in the anode space and in the
cathode space. The pressure difference is dependent on the state of charge of the
cell and is preferably in the range from 0.1 to 5 bar, in particular from 1 to 3 bar.
The lower pressure in the anode space ensures that in the event of damage to the
solid electrolyte, no anode material can enter the cathode space and lead to an

uncontrolled reaction.

In another aspect, there is provided an apparatus for storing electric energy, which
comprises an electrochemical cell having a cathode space for accommodating a
liquid cathode material and an anode space for accommodating a liquid anode
material, where the cathode space and the anode space are separated by a solid
electrolyte, wherein the solid electrolyte is enclosed by a sheet-like structure hav-
ing openings through which the cathode material can flow, the sheet-like structure
is made of an electrically conductive material and the cathode space comprises at

least one segment, where each segment has an outer wall composed of an elec-
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trically conductive material and the outer wall is fastened in a fluid-tight and elec-

trically conductive manner to the sheet-like structure having openings, wherein
each segment is filled with a porous felt or a porous material being different from
porous felt and the cathode space is divided by the sheet-like structure having
openings into an inner region and an outer region and a porous electrode and a
chemical barrier layer composed of a material which does not conduct electrons
are accommodated in the inner region between the sheet-like structure having

openings and the solid electrolyte and the outer region comprises the segments.

Examples of the invention are shown in the figures and are explained in more de-

tail in the following description.

The figures show:

Figure 1 an exploded view of an apparatus according to an embodiment of
the invention for storing electric energy,

Figure 2 a longitudinal section through an apparatus according to an em-

bodiment of the invention,

Figure 3 a longitudinal section through a displacement body,

Figures 4 to 6 sectional views of a cathode space having one segment,

Figures 7 and 8 sectional views of a cathode space having three segments,

Figures 9 to 11 sectional views of a cathode space having four segments,

Figure 12 a sectional view of a cathode space having six segments.
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Figure 1 depicts an exploded view of an apparatus according to an embodiment of

the invention for storing electric energy. From this, it is possible to see the compo-

nents which are required for assembly of an apparatus for storing electric energy.

An apparatus for storing electric energy comprises a solid electrolyte 3 which con-
ducts ions. A ceramic is usually used as material for the solid electrolyte 3. In the
case of an alkali metal, in particular sodium, as anode material and sulfur as cath-
ode material, preference is given to using B-aluminum oxide or "-aluminum oxide
which is optionally stabilized with magnesium oxide, lithium oxide or zirconium
oxide. The solid electrolyte 3 is configured as a tube closed at the lower end in the
embodiment depicted here. After assembly, the anode space of the electrochemi-
cal cell is located in the interior of the solid electrolyte 3. In order to seal the anode
space of the electrochemical cell, a first sealing ring 5, which is mounted at the top
of the solid electrolyte 3, is provided. The solid electrolyte 3 is pushed into a lid 7
for the cell container with a second sealing ring 9. The first sealing ring 5 and the
second sealing ring 9 are preferably made of graphite in this case. This is stable
toward the materials used in the electrochemical cell and resistant to the tempera-

tures required during operation.

To decrease the volume of the anode space, a displacement body 11 is intro-
duced into the solid electrolyte 3. The outer contour of the displacement body 11
has such a shape that, after installation of the displacement body, merely a gap
remains between the interior wall of the solid electrolyte 3 and the outer contour of
the displacement body 11. In the embodiment depicted here, the displacement
body 11 is made up of two parts and comprises an upper part 13 with the dis-
placement head 17 and a lower part 15. The upper part 13 and the lower part 15
of the displacement body are joined to form a single component, for example by
welding.

To install the displacement body 11 in the solid electrolyte 3, a flange 19 is used in

the embodiment depicted here. The flange 19 is placed together with a third seal-
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ing ring 21, preferably likewise composed of graphite, on the displacement head

17 and attached to the lid 7 of the cell container using fastening means 23, for ex-
ample nuts. For this purpose, threads 18 are preferably installed on the lid 7 and
are conducted through openings in the flange 19 and fastened by means of the
nuts used as fastening means 23.

To be able to attach the transport conduit for the anode material to the displace-
ment head 17, a connection element 25 is preferably inserted into the displace-
ment head 17. The connection element 25 is preferably composed of stainless
steel in order to ensure good weldability to the transport conduit for the anode ma-
terial. When a container 27 for anode material is positioned beneath the electro-
chemical cell and transport of the anode material is effected through a riser tube
29, a connecting tube 31, for example, which is fastened at one end to the con-
nection element 25 and at the other end to the riser tube 29 is utilized.

The container for anode material 27 comprises a container wall 33, a lower lid 35
and an upper lid 37 to close the container and also an insulating bottom plate 39
and an insulating cover plate 41. To be able to connect the container for anode
material flush with the electrochemical cell, the container is preferably, as shown
here, ring-shaped with a central hollow space 43 for a centering rod 45. For poten-
tial separation, the centering rod 45 is preferably enveloped in insulation 47.

Furthermore, a pressure conduit 49 is provided in order to set the pressure in the
anode space and the container 27 for anode material. After assembly, the pres-
sure in the anode space and the container for anode material 27 is preferably set
via the pressure conduit 49. The pressure conduit 49 is subsequently closed.

The electrochemical cell further comprises a cell container which is made up of a
sheet-like structure 51 having openings. The sheet-like structure 51 having open-
ings is made of an electrically conductive material which is chemically inert toward

the materials used in the electrochemical cell, preferably stainless steel. The
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sheet-like structure 51 having openings is configured so that it completely covers

the solid electrolyte 3 on the side of the cathode space. In the case of ring-shaped
solid electrolytes 3 as shown in the embodiment depicted here, the sheet-like
structure 51 also has a ring shape in the form of a tube. A porous electrode is lo-
cated in the interior of the tubular sheet-like structure 51 having openings; this po-
rous electrode preferably additionally has a chemical barrier layer on the side
which is opposite the sheet-like structure 51 and in the assembled state faces the
solid electrolyte 3.

To form the cathode space, outer walls 53 are mounted on the sheet-like structure
51 having openings, for example by welding. In the embodiment depicted here,
four outer walls 53, which after assembly form a cathode space having four seg-
ments, are provided. Finally, a porous felt 55 which has preferably been impreg-
nated with alkali metal polysulfide for assembly is placed in each of the segments.
At the lower end, the segments of the cathode space are closed by a bottom plate
54.

An assembled apparatus for storing electric energy is shown in a sectional view in

figure 2.

In a preferred embodiment, the container 27 for anode material is located beneath
the electrochemical cell 56 of an apparatus 1 for storing electric energy. For pre-
cise positioning, the container 27 has an annular shape with a hollow space 43 for
accommodating the centering rod 45. In the fully assembled apparatus 1, the con-
tainer 27 for anode material encloses the centering rod 45 enveloped in insulation
47. The container 27 for anode material is closed by means of a lower lid 35 and
an insulating bottom plate 39 and also an upper lid 37 and an insulating cover
plate 41.

The container 27 for anode material is connected to the electrochemical cell 56 by

the riser tube 29. When the electrochemical cell 56 is discharged, anode material,



16 Mar 2022

2016374142

29
in particular liquid sodium, flows from the container 27 for anode material through

the riser tube 29 into an anode space 57 of the electrochemical cell 56. For this
purpose, a connection for the riser conduit 39 which is connected to the connect-
ing tube 31 is provided on the displacement head 17. The connection is effected
via the connection element 25. The anode material can then flow through the dis-
placement head 17 into the anode space 57. The anode space 57 is located in the
interior of the solid electrolyte 3 and its volume is reduced by the displacement
body 11 inserted into the solid electrolyte 3. A gap 59 which is filled with anode
material is formed between the displacement body 11 and the solid electrolyte 3.

The solid electrolyte 3 is enclosed by the porous electrode 61 which is optionally
provided with a chemical barrier layer. If a chemical barrier layer is present, this is
on the side facing the solid electrolyte 3.

The sheet-like structure 51 having openings adjoins the porous electrode 61. The
outer walls 53 are installed on the sheet-like structure 51 having openings. The
outer walls 53 each enclose individual segments 63, with all the segments 63 to-
gether forming the cathode space 65 of the electrochemical cell 56. The outer
walls 53 bounding the segments 63 close off the electrochemical cell 56 from the
outside and form the cell container. The porous felt 55 is present in the interior of
each segment 63.

For production engineering reasons, the displacement body is preferably config-
ured as a hollow body. To prevent the walls from being deformed, for example
during charging and discharging operation, it is possible to fill the hollow space
with an inert material in order to stabilize this mechanically. For this purpose, the

hollow space can be filled with an inert material, for example sand.

Figure 3 shows a sectional view of a displacement body.
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For the anode material to be able to flow from the container for anode material into

the anode space, the displacement head is provided with a channel 67 which is
connected at one end via the connection element 25 to the connecting tube 31
and at the other end opens into the anode space. For this purpose, a groove 69
can be, as shown here, provided on the displacement head 17, in which groove
the cross-sectional area of the anode space is increased compared to the gap be-
tween solid electrolyte and displacement body 11. Here too, a hollow space 71 is
formed in the interior of the displacement body 11 and is filled with an inert materi-
al.

Figures 4 to 6 depict embodiments of a cathode space having only one segment.

The cathode space 65 comprises the sheet-like structure 51 having openings and
the outer wall 53 which closes off the cathode space 65 on the outside. The cath-
ode material, for example sulfur, is present in the cathode space in the charged
state, and the reaction product of cathode material and anode material, for exam-
ple alkali metal polysulfide, in particular sodium polysulfide, is present in the dis-
charged state. To equalize flow and to prevent cathode material and reaction

product from demixing, the cathode space is preferably filled with a porous felt.

In the apparatus of an embodiment of the invention for storing electric energy, the
sheet-like structure 51 and the outer wall 53 serve as power outlet leads for the
porous electrode 61 which is not shown here. For both sheet-like structure 51 and
outer wall 53 to be able to act as power outlet leads, it is necessary for these to be
electrically conductively connected to one another. For this purpose, for example
in the case of a cathode space 65 having only one segment 63, it is possible to
utilize an outer wall element 73 by means of which the outer wall 53 is fastened to
the sheet-like structure 51 having openings. Fastening is preferably effected by
welding.
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The cross-sectional shape of the cell can be chosen freely. Thus, it is possible, for

example, to have a triangular cross section, as shown in figure 4, by giving the
outer wall 53 a triangular shape. Correspondingly, the outer wall 53 can be given a

square cross section as in figure 5 or a circular cross section as in figure 6.

Apart from the shapes depicted here, any other shape is also conceivable for the
outer wall. Instead of an outer wall element 73 by means of which the outer wall
53 is connected to the sheet-like structure 51 having openings, it is also possible
to configure the outer wall with two side walls which are fastened next to one an-
other to the sheet-like structure 51 having openings. The outer walls 53 of the em-
bodiments shown in figures 7 to 11, for example, are fastened in a corresponding

way.

In figures 7 and 8, the cathode space 65 in each case comprises three segments,
with each segment having a separate outer wall 53 which is in each case joined
on two sides to the sheet-like structure 51 and thus completely closes off the seg-
ment 63 from the outside.

As an alternative to the variants depicted here, in which the outer walls 53 of two
adjacent segments 63 are in contact with the sheet-like structure 51 in the region
of the connection, it is also possible to provide a greater spacing here. In this
case, it is necessary for there to be no openings in the sheet-like structure 51 in
the region between two segments 63 so that no cathode material can exit between
the segments 63.

Furthermore, it is also possible to form a common outer wall instead of a separate
outer wall 53 for each segment 63 and to separate the individual segment 63 by
outer wall elements 73, as depicted in figures 4 to 6 in the case of one segment 63
and in figure 12 for an embodiment having six segments 63.
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In a configuration having three segments 63, too, the outer contour of the cathode

space 65 can assume any shape. Thus, for example, a triangular cross section, as
shown in figure 7, or a circular cross section, as shown in figure 8, is possible. Any
other cross-sectional shape is also conceivable.

Different variants for a configuration having four segments 63 are shown in figures
9 to 11. Here too, it is possible either to provide a spacing between two outer walls
53 enclosing the segments 63 or, as an alternative, to effect separation by means
of an outer wall element 73, with the outer wall element 73 separating two seg-

ments 63 from one another.

As a particular embodiment, figure 9 shows outer walls which are made up of
sheet metal strips having unperforated regions for the outer wall 53 and perforated
regions for the sheet-like structure 51 having openings. The four segments 63
shown and also the sheet-like structure 51 having openings can thus be made of
only four sheet metal strips. These are joined in a fluid-tight manner, for example
by welded seams, at the indicated points. Such an embodiment, too, can be uti-
lized for producing any further geometry of the outer wall 53 and of the sheet-like

structure 51 having openings.

Furthermore, it is also possible in the case of an embodiment having four seg-
ments 63 to configure the cathode space 65 with any cross section. Thus, the
cross section can, for example, be circular, as shown in figure 9, or essentially
square, as shown in figures 10 and 11. In the case of an essentially square cross
section, the segments 63 can, for example, in each case extend from the middle of
one side via the corner to the middle of the adjacent side, as shown in figure 10.
As an alternative, it is also possible, as shown in figure 11, for the segments 63 to

extend along one edge of the square.

An embodiment having six segments 63 is shown in figure 12. Here, the segments

63 are in each case separated from one another by an outer wall element 73. The
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walls on the outside of the individual segments 63 are straight, so that a hexago-

nal cross section is obtained. However, any other cross section would also be
possible here. It is also possible to provide each of the segments 63 with a dedi-
cated outer wall 53 as in the variants shown in figures 7 to 11. To produce a cath-
ode space 65 which has a plurality of segments 63 and in which the segments 63
are in each case separated by an outer wall element 73, it is possible, for exam-
ple, to use outer wall parts which each comprise the outer wall element 73 and the
wall on the outside and subsequently position these next to one another around
the sheet-like structure 51 having openings. The individual outer wall parts are
then joined to one another in a fluid-tight manner, for example by welding, and

thus form the outer wall 53 of the electrochemical cell.

Apart from the embodiments depicted here, any further cross section and any oth-
er number of segments 63 are conceivable. However, preference is given here to
the cross sections of all segments 63 of an electrochemical cell being identical.
Furthermore, instead of the porous felt a porous material being different from po-
rous felt can be introduced into the segments 63. Such a porous material being
different from porous felt for example is a woven fabric, a knitted fabric, a knotted

fabric, a network, a non-woven, an open-cell foam, or a three-dimensional netting.

In the claims which follow and in the preceding description of the invention, except
where the context requires otherwise due to express language or necessary impli-
cation, the word “comprise” or variations such as “comprises” or “comprising” is
used in an inclusive sense, i.e. to specify the presence of the stated features in

various embodiments of the invention.

Modifications and variations as would be apparent to a skilled addressee are de-
termined to be within the scope of the present invention.
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It is also to be understood that, if any prior art publication is referred to herein,

such reference does not constitute an admission that the publication forms a part

of the common general knowledge in the art, in Australia or any other country.
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List of reference numerals

Apparatus for storing electric energy
Solid electrolyte

First sealing ring

Lid

Second sealing ring

Displacement body

Upper part of the displacement body 11
Lower part of the displacement body 11
Displacement head

Thread

Flange

Third sealing ring

Fastening means

Connection element

Container for anode material

Riser tube

Connecting tube

Container wall

Lower lid

Upper lid

Insulating bottom plate

Insulating cover plate

Hollow space for accommodating a centering rod
Centering rod

Insulation

Pressure conduit

Sheet-like structure having openings
Outer wall

Bottom plate
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Porous felt
Electrochemical cell
Anode space

Gap

Porous electrode
Segment

Cathode space
Channel

Groove

Hollow space

Outer wall element
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Claims

An apparatus for storing electric energy, which comprises an electrochemical
cell having a cathode space for accommodating a liquid cathode material
and an anode space for accommodating a liquid anode material, where the
cathode space and the anode space are separated by a solid electrolyte,
wherein the solid electrolyte is enclosed by a sheet-like structure having
openings through which the cathode material can flow, the sheet-like struc-
ture is made of an electrically conductive material and the cathode space
comprises at least one segment, where each segment has an outer wall
composed of an electrically conductive material and the outer wall is fas-
tened in a fluid-tight and electrically conductive manner to the sheet-like
structure having openings, wherein each segment is filled with a porous felt
or a porous material being different from porous felt and the cathode space is
divided by the sheet-like structure having openings into an inner region and
an outer region and a porous electrode and a chemical barrier layer com-
posed of a material which does not conduct electrons are accommodated in
the inner region between the sheet-like structure having openings and the

solid electrolyte and the outer region comprises the segments.

The apparatus according to claim 1, wherein the porous material being dif-
ferent from porous felt is a woven fabric, a knitted fabric, a knotted fabric, a

network, a non-woven, an open-cell foam, or a three-dimensional netting.

The apparatus according to either claim 1 or 2, wherein the porous felt or the
porous material being different from porous felt is made up of oxidized ther-
mally stabilized polymer fibers, fibers composed of oxide ceramic or glass fi-
bers or of oxidized thermally stabilized polymer fibers in mixture with fibers of
oxide ceramics or glass fibers.
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The apparatus according to any of claims 1 to 3, wherein the material which

does not conduct electrons is selected from among aluminum oxide, silicon

dioxide, mixed oxides of aluminum with silicon, silicates and aluminosilicates.

The apparatus according to any of claims 1 to 4, wherein a container for an-
ode material is comprised and is connected to the anode space, where the
container for anode material is preferably positioned beneath the electro-
chemical cell and connected via a riser tube to the anode space.

The apparatus according to claim 5, wherein a centering rod is arranged be-
neath the electrochemical cell and the container for anode material is guided

on the centering rod.

The apparatus according to any of claims 1 to 6, wherein a displacement
body is accommodated in the anode space.

The apparatus according to any of claims 1 to 7, wherein the anode material
is an alkali metal and the cathode material is sulfur.

A method for the assembly and start-up of an apparatus for storing electric
energy according to any of claims 1 to 8, which comprises the following
steps:

(a) mounting of the outer wall of the segments of the cathode space on the
sheet-like structure having openings,

(b) impregnation of the porous felt or the porous material being different from
the porous felt and the porous electrode with alkali metal polysulfide,

(c) introduction of porous felt impregnated with alkali metal polysulfide or of

porous material being different from porous felt impregnated with alkali
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metal polysulfide into each segment and insertion of the porous electrode

impregnated with alkali metal polysulfide,

(d) positioning of the solid electrolyte within the sheet-like structure having
openings so that the electrode is positioned between sheet-like structure
having openings and solid electrolyte and connection of the components

to form an electrochemical cell,

(e) connection of the electrochemical cell with the container for anode mate-

rial,

(f) heating of the electrochemical cell to operating temperature,

(g) application of an electric voltage in order to charge the apparatus, with
the alkali metal polysulfide being dissociated into alkali metal and sulfur,
the alkali metal going over into the anode space and being conducted into
the container for anode material and the sulfur remaining in the cathode

space.

The method according to claim 9, wherein the porous felts or the porous ma-
terial being different from porous felt and/or the electrode are compressed af-

ter impregnation or during impregnation in step (b).
The method according to claim 9 or 10, wherein the alkali metal is sodium.
The method according to any of claims 9 to 11, wherein the alkali metal is

conducted via a riser tube into the container for alkali metal positioned be-
neath the electrochemical cell.
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The method according to any of claims 9 to 12, wherein the pressure in the

cathode space is higher than the pressure in the anode space and in the

container for anode material.

A method for operation of an apparatus according to any of claims 1 to 8,
wherein the pressure in the cathode space is always higher than the pres-

sure in the anode space regardless of the operating state.

The method according to claim 14, wherein the pressure difference between
anode space and cathode space is in the range from 0.1 to 5 bar.
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