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DESCRIPTION

Technical field

—

The present 1nventilion relates to the field of sollid oxide fuel

pre—— pr—

cells (SOFC) and that of high-temperature electrolysis of water
(HT.

L]

, Or else HTSE, acronym for High Temperature Steam

Flectrolysilis) also using solid oxides (SOEC, acronym for Solid

Ox1de Electrolysis Cell).

The 1nvention more particularly relates to novel methods for

operating a reactor for high-temperature co-electrolysis (HTE)

—

of SOEC type from carbon dioxide CO2 and steam H20 to produce a

—

synthesis gas (mixture of CO and H2), or an SOFC-type fuel cell,

pr—

containing a stack of individual electrochemical cells

containing solid oxildes.

It aims to propose a solution for promoting or not promoting the

_l —

methanation reaction within an HTE reactor or the reaction for

pre——

internal reforming of methane within an SOFC fuel cell.

Although 1t 1s described mainly with reference to the

pr— pr—

application of high-temperature co-electrolysis of carbon

dioxide CO2 and water H20, the 1nvention also applies to an SOFC

fuel cell supplied with Hz and/or with methane CHs as fuel and

wlth air or oxygen 0Oz as oxidlzer.

Prior art

pre——

The electrolysilis of water 1s an electrochemical reaction that

decomposes water 1nto gaseous dilioxygen and dihydrogen by means

pre——

of an electrical current according to the reaction:

HoO—H> + s Oo».

—

It 1s advantageous to carry out the electrolysis of water at

high temperature, typically between 600 and 950°C, as some of

the energy required for the reaction can be supplied by heat,
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which 1s less expenslive than electricity, and carrying out the

pr——

reaction 1s more e

"1clent at high temperature. For implementing

pr— pr——

high-temperature electrolysis, use of an electrolyzer of the

SOEC type (acronym for "solid oxide electrolysis cell") 1s

pr— pr—

known, sailid electrolyzer consisting of a stack of 1ndividual

units, cach comprising a solid oxide electrolysis cell,

pr—

consisting of three lavers, anode/electrolyte/cathode,

pre——

superposed on one another, and of 1nterconnection plates, for

pr—

example made of metal alloys, also referred to as bilipolar plates,

pre——

Oor 1nterconnectors. The function of the 1nterconnectors 1s to

—

provide both passage of the electrical current and circulation

pre—— pre——

of the gases 1n the wvicinity of each cell (i1njected steam,

L]

hvdrogen and oxygen extracted 1n an HTE electrolyzer; alr and

hydrogen and/or methane injected and water extracted in an SOFC
cell) and to separate the anode and cathode compartments, which

—

are the compartments for cilrculation of the gases on the anode

pr—

side and the cathode side of the cells, respectively. For

pr——

of steam, steam

L]

carrving out hiligh-—-temperature electrolysis HT:

HoO 1s 1njected i1into the cathode compartment. Under the action

pre—— pr—

of the current applied to the cell, dissociation of the water

—

molecules 1n the form of steam takes place at the 1nterface

between the hydrogen electrode (cathode) and the electrolyte:

this dissociation produces dihvdrogen gas Hz2 and oxygen 1ons.

The dihydrogen 1s collected and discharged at the outlet of the

hydrogen compartment. The oxygen 04 1ons miligrate through the

electrolyte and recomblne 1nto dioxygen at the interface between

the electrolyte and the oxygen electrode (anode).

As shown schematically 1n figure 1, each i1individual electrolysis

cell 1 1s formed from a cathode 2 and an anode 4, placed on

pr—

elther side of a solid electrolyte 3. The two electrodes (cathode

pre——

and anode) 2, 4 are conductors made of porous materilal, and the

electrolyte 3 1s gastight, an electron 1nsulator and an 1on

conductor. The electrolyte may 1n partilicular be an anion

—

conductor, more preclisely an anion conductor of the 02 1ons and

the electrolyzer 1s then referred to as an anion electrolyzer.

The electrochemical reactions take place at the 1nterface
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—

between each of the electron conductors and the i1on conductor.

At the cathode 2, the half-reaction 1s as follows:

D 2 HO + 4 e= -5 2 Hy + 2 04,

At the anode 4, the half-reaction 1s as follows:

2047 S Qo+ 4 e,
10
The electrolyte 3 1nserted between the two electrodes 2, 4 1s

— pr—

the site of migration of the 04 1ons under the effect of the

—

"erence 1n potentilal 1mposed

electrical field created by the d:
between the anode 4 and the cathode 2.

15

As 1llustrated 1n brackets 1n figure 1, the steam at the cathode
inlet may be accompanied by hyvdrogen Hz and the hydrogen produced
and recovered at the outlet may be accompanlied by steam.

Likewlise, as 1llustrated 1n dotted lines, a dralning gas, such

20 as alr, may additionally be 1njected at the i1nlet 1n order to

—

remove the oxygen produced. The 1njection of a dralning gas has

pre——

the additional role of acting as thermal regulator.

pr——

An 1ndividual electrolysis reactor consilists of an 1ndividual

25 cell as described above, with a cathode 2, an electrolyte 3 and

pre——

an anode 4, and of two monopolar connectors which provide the

electrical, hydraulic and thermal distribution functions.

—

In order to 1ncrease the flow rates of hyvdrogen and oxygen

30 produced, 1t 1s known to stack several i1ndividual electrolysis

pr—
—

cells on top of one another, separating them wlth

lnterconnection devices, usually known as bilpolar
lnterconnection plates or 1nterconnectors. The assembly 1s

poslitioned between two end 1nterconnection plates which bear the

35 electrical supplies and gas supplies of the electrolyzer

(electrolysis reactor).

An electrolysilis reactor or high-temperature water electrolyzer
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cells

stacked on

—
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p—

pre——

top o©of one another, each

—

individual cell being formed of an electrolyte, of a cathode and

pre——

of an anode,
and the cathode.

the electrolyte belng 1nserted between the anode

The fluidic and electrical 1nterconnection devices, which are

electron

conduc

COrs, are 1n el

ectrical contact with Che

—

electrodes and generally provide the functions of 1Introducing

and collecting

compartments

an 1nterconnector

—

thereo:

pre——

thereo:

Thus, a

electrical

current and delimlit one or more

pr—

for the circulation of the gases. More precilsely,

provides electrical contact wvlia one face

pr—

wlith the cathode of one cell, and via the other face

pre——

wlith the anode of the adjacent cell.

A\

cathode”

compartment has

che role of distributing the

pr—

electrical current and steam and also of recoveriling the hvyvdrogen

produced at the cathode 1n contact.

An Yanode”

compartment has the

—

pr—

role of distributing the

electrical current and also of recovering the oxygen produced

at the anode 1n contact,

gas.

—

optionally with the help of a draining

— pr—
e

F'igure 2 represents an exploded view of 1ndividual units of a

high-temperature steam electrolyzer according to the state of
the art.

This HT:

L]

co—electrolyze

1

B

r comprises a plurality of

individual co-electrolysilis cells C1, C2, ..., of solid oxide

(SOEC)

Cype,

cell C1, CZ,

anode 4.1,

4.

1s arranged.

stacked alternately with 1nterconnectors 5. Each

oy
The

pr——

consists of a cathode 2.1, 2.2, ... and an

between which

pre——

an electrolyte 3.1, 3.2,

assembly of the co-electrolysis cells 1s

generally supplied 1n series by the electrical current and 1n

parallel by the gases.

The i1nterconnector 5 1s a component made of metal alloy, which

provides the separation between the cathode compartment 50 and

anode compartment 51, which are de

"1ned by the volumes between
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the 1nterconnector 5 and the adjacent cathode 2.1 and between

the 1nterconnector 5 and the adjacent anode 4.2, respectively.

pr—

It also provides distribution of the gases to the cells.

pr— pr— pr—

Injection of a mixture of steam and of carbon dioxide 1nto each

individual unit takes place 1n the cathode compartment 50.

pr—

Collection of the hydrogen and the carbon monoxide produced and

of the residual steam at the cathode 2.1, 2.2, ... takes place

1n the cathode compartment 50 downstream of the cell Cl1, C2Z,

—

after dissociation of the steam and the carbon dioxide by

pre——

the latter. Collection of the oxvyvgen produced at the anode 4.2

takes place 1n the anode compartment 51 downstream of the cell

pre——

cl, Cc2, .... after dissociation of the steam and the carbon
dioxide by the latter.

pr—

The 1nterconnector 5 provides the passage of the current between

che cells Cl1 and C2Z2 Dby direct contact with the adjacent
electrodes, that 1s to say between the anode 4.2 and the cathode
2.1.

In a solid oxide fuel cell SOFC according to the state of the

art, the cells Cl1, C2, ...., and 1nterconnectors 5 used are the

pre—— pr—

same components, but the operation 1s the reverse of that of an

HTE co-electrolyzer such as has just been explalned, wilith a

reversed current direction, with air which supplies what are now

cathode compartments 51 and hydrogen or methane as fuel which

supplies what are now anode compartments 50.

Satisfactory operation of an HTE (co-)electrolyzer or of an SOFC

fuel «cell requires, 1nter alia, the followlng essential
functions:
A/ good electrical insulation between CWO adjacent

interconnectors 1n the stack, otherwilise the 1ndividual
electrochemical cell 1nserted between tThe two 1nterconnectors

wlll be short-circuited,

B/ good leaktightness between the two separate compartments,

l1.e. anode and cathode compartments, otherwise the gases
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produced will recombiline, resulting i1in a fall 1n vyield and 1n

particular 1n the appearance of hot spots which damage the stack,

pre——

C/ good distribution of the gases both at the inlet and on

5 recovery of the gases produced, otherwilise there will be a loss

pre—— pre—— pr——

of vield, nonuniformity of pressure and nonuniformity of

temperature within the different 1ndividual cells, or even

pre——

unacceptable deterioration of the cells.

10 Moreover, the operating polnt retained for the electrolysis

reactor or the SOFC cell also sets the thermal conditions 1n the

stack. Indeed, for electrolyses carried out at high temperature,

pr—

the energy AH required for dissoclation of the i1nlet molecule

(H2O or CO2) may be provided in electrical and/or heat form. The

15 thermal energy provided Q 1s then defined as a function of the

voltage U at the terminals of each electrolysis cell by the
relationship:
QQ:—L—AHF—UFI
2F !
20
1n which U 1s the electrical voltage, I 1s the electric current

and F 1s the Faraday constant.

Thus, three operating regimes are defined for the electrolysis

p—

"erent thermal

25 or the co-electrolysis, corresponding to three di

pre——

modes for the stack of cells:

-the "autothermal” mode 1n which the 1mposed voltage Uimp 1S

equal to AH/2F. The heat consumed by the dissociation reaction

30 1s completely compensated for by the wvarious electrical

pr—
—

resistances of the electrolyzer (lrreversibillities). The

electrolyzer does not requlre any particular thermal management,

while at the same time remalning temperature-stable.

35 -the "endothermic" mode 1n which the i1imposed voltage Uigp 1s less
than AH/2F. The electrolyzer consumes more heat than the

electrical 1losses therein. Thilis requlired heat must thus Dbe
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supplled thereto by another means, otherwlse 1ts temperature

wlll drop 1rreparably.

-the "exothermic" mode 1n which the 1mposed voltage Uim 1S

greater than AH/ 2F. The electrolysis then consumes less heat

pr— P~

ect. Thilis release

than the electrical losses via the Joule e

—

of heat within the electrolyzer must then be discharged by

another means, otherwilse 1Ts Cemperature will lncrease

unacceptably.

—

The operation of a cell supplied with methane CHi, for 1ts part,

pre——

requlres some precautions. Indeed, the thermal management of

pr—

this type of cell 1s a compromilise. On the one hand, the i1nternal

pre——

reforming reaction of the electrode supplilied with CHs and wilith

steam, accordling to the equation CH4+H20-3H>+CO, catalysed by

pre——

cermet, 1n general made of nickel-zirconia since nickel has the

— —

advantage of belng a very good catalyst of the above reforming

pre——

reaction, 1s highly endothermic, whereas the reaction of

—

oxldation of hydrogen within the cell, with the aim of producing

electricity, 1s highly exothermic.

Thus, cell operation may also vary from an endothermlic mode tO

an exothermic mode depending on the ratio between the 1nternal

reforming reaction and the current density. Without particular

precautions, thls regulres managlng large thermal gradients

—

wilthin the stack, between the 1nlet and the outlet of the gases,

these large thermal gradients possibly beiling unacceptable since

—

theyv 1nduce high mechanical stresses. Moreover, operation of an

SOFC cell supplied solely with pure hydrogen rapidly leads to

pre——

heating of the stack, limiting the accessilible power and the

—

vield, 1f high flow rates are used for the cooling.

—

In addition, the transport, storage and use of the hydrogen or

pre——

of the synthesis gas produced regulre mlinimal pressure. Rather

than compressing the gas produced, which constitutes a

pr——

significant cost, especilally for hydrogen, this type of

electrolysis by SOEC may be performed directly from pressurized

steam, the water then being compressed 1n the liguid state.
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pre—— pre——

The 1nternal operation of an SOFC cell or of an HT!

L]

reactor

pr—

under pressure, typlcally a few bars to a few tens of bars,

tyvpically 30 bar, thus reguilires a solution to prevent the loss

—

of the leaktightness by the seals.

L]

A solution that consists 1n placing the HTE stack reactor or

pr——

SOFC cell 1n a leaktight enclosure that 1tself 1s pressurized

1s already known.

—

Mention willl be made here of patents or patent applilicatilions
WO02011/110674A1, US2002/0081471 and US 6689499 B2, which

—

disclose this type of solution. This known solution has the

pr—

advantage of making 1t possible to apply the same pressure 1nside

and outside the stack. Thilis therefore allows operation at a high

pre—— pre——

pressure, of a few Dbars to a few tens of bars, wilithout

mechanically stressing the glass or glass—-ceramlc seals.

With this solution of HTE reactor with operation under pressure,

pr—

1t 1s posslible to carry out the electrolysis of steam H20 to

produce hydrogen on the one hand and oxygen on the other, which

may be utilized 1ndependently. Thils same reactor may also make

1t possible to carry out the co-electrolysis of an H2O+CO»

pre——

mixXxture to form syngas, a mixture of Hx+CO 1n proportions that

are dependent on the targeted fuel.

In other words, 1t 1s possilible and advantageous to envilisadge the

pre—— pre——

production of a synthesis fuel gas by electrolysis of steam H2O

to produce hvydrogen Hz: and/or the co-electrolysis of HO0+CO2 at

pr——

high temperature within a reactor containing a stack of solid

oxXxlde cells 1n a pressurlzed chamber.

—

The electrolysis of steam (I) and co-electrolysis of H20+CO2 (II)

reactions proceed according to the followlng eqgquations:

B

FElectrolysis of steam: H2O —>Hz + 1/202 (I)

Co-electrolysis: COz2 + H2O0 - CO + Hz + Oz (LI).
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pre——

Thus, the electrolysilis of steam H20 enables production of the

— pr—
e

fuel gas by 1njection of a mixture of hydrogen H:; produced

pre——

according to the electrolysis (I) and of carbon dioxide CO2 1n

a catalyst external to the electrolvyzer.

The co-electrolysis of H20+CO2, on the other hand, enables

production of the fuel gas from the synthesis gas (Hz2 + CO)

produced according to the co-electrolysis (II).

The fuel gas produced 1n this way may be a hydrocarbon, and

pre——

especlally methane, the main component of natural Jgas.

Different methods for obtaining a fuel gas by heterogeneous

—

catalysls, elther directly from a mixture of Ho and carbon

dioxide CO2, or 1indirectly from a synthesilis gas (Hzx + CO), have

already been studied.

In particular, the hvdrogenation of CO2 to give methane 1s an

industrial process which has been studied at every energy

crisls, elther to produce synthetic methane from pure CO2 and

Ho, or 1n coal gasification plants with more complex gases and

condiltions (Fischer-Tropsch process).

Fach synthesis gas 1ntended to produce a fuel requlires a glven

H,/CO ratio depending on the targeted fuel.

Table 1 below thus 1llustrates the necessary ratios as a function

— —

of methods for synthesizing dai

"erent fuels:

TABLE 1
SYNTHESTIS METHOD FUE L CO- o 1THAM H>0
PRODUCT ELECTROLYSIS ELECTROLYSIS
OBTAINED H,/CO RATIO CO2/H2 RATIO
_REQU:RE:)  REQU:RED
Synthesis of | Natural gas |[1/3 1/4
methane
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Synthesis of | Methanol 1/2 1/3

methanol

pr—

Synthesis O DM!
dimethvyl ether
(DME ) | | |
Fischer-Tropsch Diesel 1/2 1/3

Ea

1/1 1/2

synthesis

For the methanation process, two routes are possilble and have

been more or less extensively studled 1n the prior art.

pr—

5 The first route 1s that of a single reaction according to the

following equation:

CO,+4H, ->CH,+2H,0

pre——

10 The second route 1s that of a two-step reaction according to the

followling equations:

CO, + H2—>CO+H,0
CO+3H2—>CH, +H,0

pre——

15 As demonstrated by the authors of the publication [1] (see

especlally figures 3 and 4), methanation reactlions are promoted

at high pressure and at low temperature according to Le

Chateliler’s law. Specifically, the thermodynamic calculations

pr—— pre——

indicated 1n [1] 1ndicate a theoretical conversion of 100% of
20 CO2 1nto CHs at less than 150°C as opposed to 83% at 400°C.

However, 1t 1s also 1ndicated that a minimum temperature and an

—

"1clent

optimum gas rate 1s to be adjusted 1n order to ensure su

kinetilics.

25 The catalysts used for methanation are generally based on nickel
supported on a zirconium oxilde (Zr0O2) or based on nickel (N1)

supported on an alumlnum oxide (Al203).

L]

An electrode commonly used 1n HTE (co-)electrolysilis reactors or

—

30 SOFC fuel cells 1s based on nickel, such as a cermet of nickel
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and vyttriated zirconia, denoted Ni1i-YSZ. Nickel especially has

the advantage of also being a very good catalyst of the reforming

— — — pr—

of methane and/or of the formation thereof by hydrogenation of

CO2 and CO.

These publications therefore allowed the i1nventors to conclude

that 1t was possible to envisage directly producing methane

—

within a co-electrolysls reactor 1tself, as a function of the

temperature and pressure levels and gas flow rate.

While thilis 1s the case, these methanation reactions are

pre——

exothermic. Thus, jJust like for the reforming reaction of an

pr—

SOFC cell supplilied with methane CHi, the heat balance o a

pressurized co-electrolysis reactor used to carry out a

pr—

methanatlion must take 1nto account the exothermicity of this

reaction.

Thus, the electrochemical reactions regqulred for the operation

— —

of this type of stack 1n a (co-)electrolysis reactor or SOFC

fuel cell may be carried out under varied electrical, thermal

and catalytic conditions, each with their own advantages and

dlisadvantages.

In particular, 1n the endothermic mode for electrolysilis, less

electricity 1s consumed but less hvyvdrogen 1s produced, and heat

pre—— pre——

must be supplied to the stack. The advantage of this point of

pr—
—

operation lies 1n the availlability of an 1nexpensive heat

source. Everything thus depends on the nature and the

pr— pr—

temperature of this heat source and on the design of the

interconnector making 1t possible to best utilize this heat.

In contrast, the exothermic mode for the electrolysis and for

p—

the cell leads to significant production either of the gases

—

formed or of electricity, but the stack must be cooled either

—

by the gases, which may be difficult to perform and energetically

expensive, or by the catalytlic reactilions 1nvolving entering

specles or specles formed by the reactions.
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A signilificant constralnt 1s managlng as well as possible these

pre—— pre——

thermal operating regimes of a fuel cell (SOFC) or of an

electrolyzer (HTE).

p— pr—

In addition, regardless of the design of 1nterconnector adopted

to date 1n a reactor contalning a solid oxide cell stack that

may operate under pressure elther as (co-)electrolysilis reactor

or as SOFC fuel cell, 1t 1s not possible to promote or not

promote, as deslred, catalytilic reactlions within the reactor

wlithout degrading the electrochemical operation, due to the fact

that the catalytic and electrochemical areas are the same and

pre——

correspond to the area of the cermet.

There 1s therefore a need to 1mprove electrolysis or co-

p—
-

electrolysis reactors and SOFC fuel cells contalning a stack of

solid oxide cells operating at high temperature, especially 1n
order to be able to promote or not promote, as desired, the
catalvtic reactions that are liable to occur within them, more

—

particularly the methanation reaction or the reaction for

reforming methane, without 1Impacting on the electrochemical

operation.

—

One alim of the 1nvention 1s to at least partially meet this

need.

pre——

Summary of the i1nvention

To this end, the i1nvention relates, 1n a first alternative, to

— pr—

a method for the co-electrolysis of steam H2O0 and of carbon

dioxide CO2, and where appropriliate methanation, 1mplemented 1n

—

a reactor comprising a stack of 1Individual electrolysilis cells

pre——

of solid oxide type, wilith a rectangular or sguare area, each

—

formed of a cathode comprising material(s) for catalyzling a

pr—— pr—

methanation reaction, of an anode and of an electrolyte 1nserted

pr—

between the cathode and the anode, a plurality of electrical and

fluid 1nterconnectors each arranged Dbetween two adjacent

—

individual cells with one face tThereof 1n electrical contact

pr—— pre——

wlth the anode of one of the two 1ndividual cells and the other
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—

the two 1ndividual cells, and a

contact and gas distributilion elements,

cathode and an interconnector.

- a first zone and a

pre——

second zone of

DK/EP 3516718 T3

pr—

pre——

face thereof 1n electrical contact with the cathode of the other

plurality of electrical

cach arranged between a

In the method according to the 1nvention:

cach 1nterconnector are

p— pr—

supplied 1ndependently with a mixture of steam H20 and of carbon
dioxide CO2 (EHZ2 (1) and EH2(Z)) and 1t 1s distributed to the

cathode o:

(m1

approprlate the addilitional mixture of

H>O produced by methanation are recovered

1ts

the

gas dilstribution element 1ntegrating a sealing bead
gas dilistributlon barrier separating a

comprilising the

—

pre——

- each 1ndividual cell,

xture of carbon monoxide CO and

elf, 1n a third zone and a

"1rst zone and the

—

, fourth zone o:
(SH2 (1) and (SH2(2)) 1n fluilid communi

then the synthesis gas produced

hyvdrogen Hz) and where

—

methane CHz and of

pr—

steam
wlthin the cathode

- each 1nterconnector

catlon respectively with

second zone; each electrical contact and

first gas

first and third zones

sector (T2Z2) comprilising the second and

and second sectors belng adjolined by the barrier,

area substantilially equal to that of

being arranged, such that the

Or decreases between the

SeC

decreases between tThe second and

SeC

four

—

h zones being dimensioned, and the gas cilrcula

pr—

flow section o

from a second Jdas

fourth zones, the

flow sector

forming a

(T1)

Tlow

first

forming an

cach cell; the first to

pr—

first and third zones within the

“10n barriler

Che gases 1ncreases

first

tor and the flow section of the gases also 1ncreases Or

tor;

— The first and second

such that the circula

SeC

tor (Tl) 1s 1n counter:

flow sector (T2).

—

fourth zones within the second

zones of each i1nterconnector are supplied

c1on Lo each ca

"hode 1n The first

fTlow

"low To the circulation 1n the second

According to one advantageous embodiment, the flow sectors are

—

OL

trapezoldal general

form.
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It 1s specified here that the 1ncreasing, 1n particular

pr— pr—

trapezoilidal, form of the sectors 1s of course to be considered

—

viewed from above the stack, and that the area of the cell 1s

that area which 1s active considered viewed from above.

According to one varlant, supply 1s carried out via the largest

base of the first and second trapezoidal sectors defined

respectively by the first and the third =zones, 1n order tO

minimlize the methanation reaction compared to the co-

electrolysis reaction within the stack, the catalytic area

—

decreasling along the path of the gases produced for the same

electrochemical aresa.

pre——

Alternatively, supply 1s carried out via the smallest base of

the first and second trapezoidal sectors defined respectively

by the first and the third zones, 1n order to maximlze the
methanation reaction compared to the co-electrolysilis reaction
wlthlin the stack, the catalytic area 1ncreasing along the path

—

of the gases produced for the same electrochemical area. This

—

makes 1t possible to envisage the 1n situ production of at least

pr—

part of the water requlred for the co-electrolysilis by this

methanation reaction rather than by vaporization.

Advantageously, the length ratio between small and large bases

—

of the trapezoidal sectors 1s determilined beforehand 1n order to

promote or not promote the methanation reaction compared to the

co—electrolysls reaction within the stack.

pr—— | pr——
b

Accordiling to one advantageous embodiment, a fifth zone of each

interconnector (E(02)) 1s supplied with draining gas, such as

—

alr, and 1t 1s distributed to the anode of each cell, then the

oxvgen 02 produced and, where appropriate, the dralnling gas are

—

recovered 1n a sixth zone of each i1interconnector (S(02)), so as

— pr—

to have a supply of dralning gas and a recovery of oxygen

produced that are common to the filrst and second trapezoildal

sectors.

Advantageously, the co-electrolysls 1s carried out at least 1n
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part with the steam H20 produced by methanation.

According to a second alternative,

the 1nvention also relates

to a method for producing electricity at high temperature,

pre——

of 1ndividual electrochemical cells

— pr—

implemented 1n a solid oxide fuel cell (SOFC) comprising a

of a cathode, of an anode comprising material (s)

stack

of SOFC type, each

pre——

formed

for catalyzing

a reaction for reforming methane (CHi), and of an electrolyte

inserted between the cathode and the anode, a pluralil

—
-

ty of

electrical and fluid 1nterconnectors each arranged between two

adjacent 1ndividual cells wilth one

pre—— pr——

—

face thereof 1n electrical

contact with the anode of one of the two 1ndividual cells and

pr—

the other face tThereo

pre—— pr—

of the other of the two 1ndividual

electrical contact and gas distribution elements,

cells, and a plurality of

between an anode and an 1nterconnector.

In the method according to the 1nvention:

pre——

1n electrical contact with the cathode

pr——

ceach arranged

— a first zone and a second zone of each 1nterconnector are

supplled 1ndependently with a fuel and 1t 1s distributed to the

pre——

anode of each 1ndividual cell, then the surplus fuel (CHs and

—

where appropriate mixture of carbon monoxide CO and hydrogen Hp

—

third zone and a fourth zone of each 1nterconnector 1n

communication respectively wilith the

zone,; each electrical contact and gJgas

following reforming) and the water produced are recovered, 1n a

fluid

first zone and the second

distribution element

lntegrating a seallng bead forming a gas distrilibution barrier

separating a first gas flow sector (Tl) comprising the first and

third zones from a second gas flow

sector (T2) comprising the

second and fourth zones, the flirst and second sectors belng

adjolned by the barrier, formling an area substantially equal to

that of each cell; the first to fourth zones beling dimensioned,

and the gas circulation barrier belng arranged,

—

first and third zones within the

p—

first sector and the

such that the

flow section of the gases 1ncreases or decreases between the

Tlow

section of the gases also 1ncreases oOr decreases between the

second and fourth zones within the second sector;



10

15

20

29

30

39

DK/EP 3516718 T3

pre——

— Tthe first and second zones of each i1nterconnector are supplied

such that the cilrculation to each anode 1n the first flow sector

1s 1n counterflow to the circulation 1n the second flow sector.

The gas sealing barrier separates the electrical contact element

1nto two distinct flow sectors, and also the porous Hz electrode.

It may be a glass or glass-ceramlic bead or a solder which

advantageously 1nfiltrates the electrode when 1t 1s put 1n

pre——

place. Thus, the function of the barrilier 1s to obstruct the

pr—

passage of The Jases

leaktightness. It 1is

wlthout there belng a need for perfect

particularly advantageous to produce the

barrier according to the i1nvention from a glass—-ceramlc bead. A

—

glass—-ceramlc at room temperature 1s 1n the form of a paste

whilich 1s easy to cause to penetrate a porous metallic substrate

such as a nickel screen, and also the porous Hz electrode. A

—

rise 1n temperature of the seal to temperatures between 850 and

1000°C will make 1t possible to melt the glass-ceramic which

will fall into place while hot and conform to the shape of the

pre——

porous substrate of the electrical contact element by filling

—

1n porosities, such as the mesh of the nickel screen, according

to the continuous barrier profile that 1t 1s desired to give

thereto. Once 1n place, the barrier 1s crystallilized at the

operating temperatures of the reactor or the fuel cell,

tyvplically between 600

pre——

of the 1njected gases

and 850°C, and thus prevents any passage
(HoO, Ho, CO, CO2, CHs, etc.) from one flow

sector Tl to the other T2 which adjoins 1t.

According to one varlant, supply 1s carried out via the largest

pre——

base of the first and second trapezoidal sectors delimited

respectively by the

maximlze the reforming reaction compared to the production of

first and the third =zone, 1n order to

pre——

—

water within the stack by oxidation of the hydrogen.

Alternatively, supply 1s carried out via the smallest base of

—
-

the first and second trapezoldal sectors delimlited respectively

by the first and th

e Tthird zone, 1n order to mlinimize the

pre——

reforming reaction compared to the production of water wilithin
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the stack, which makes 1t possible to envisage the 1n situ

pr— pr—

production of at least part of the water required for the

reforming.

Advantageously, the length ratio between small and large bases

pre——

of the trapezoldal sectors 1s determined beforehand 1n order to

promote or not promote the reforming reactlion compared to the

—

reaction for produclng water by oxilidation of the hydrogen within
the cell.

pr—— | pr——

Accordiling to one advantageous embodiment, a fifth zone of each

lnterconnector 1s supplied with oxidlzer such as air, and 1t 1s

distributed to the cathode of each <cell, then the surplus

pre——

oxXldlizer remalnlng 1s recovered 1n a si1xth =zone of each

—

lnterconnector, so as to have a supply of oxidizing gas and a

pr—

recovery of remalning oxygen that are common to the first and

second trapezoldal sectors.

The fuel may advantageously be hydrogen or methane (CHi) or a

pre——

mixXxture of the two.

Advantageously, the reforming 1s carried out at least partly

wlth the water produced by oxidation.

Preferably, the first and the second trapezoidal sector are

pr——

supplied with 1dentical compositions and flow rates of gas 1n

nomlinal operation. On the contrary, 1n the event that 1t 1s

pre—— pre——

requlred to heat more, or cool more, one of the sectors of the

stack compared to the other, 1t may be envisaged to not supply

cach sector 1n an 1dentical manner.

pre——

This necessity may arise 1n the case of malfunction (leak,

heating chamber 1n which the defective stack 1s placed, problem

pre——

of thermal 1nsulation): 1n this case, not supplying one sector

compared to the other adjolning sector makes 1t possible to heat

more, oOr cool more, one adjolning sector relative to the other.

Thus, the 1nvention essentlally consists 1n proposing a novel
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p—

fuel cell architecture with an active section of the

pre——

catalytic material of the methanation or reforming reaction

integrated 1n the electrode which varies with the compositilion

pre——

electrochem1

of the gases, as they are distributed, which depends on the

—

stry of said electrode.

—

This wvarilation of the active catalytic section encountered by

the electro

che gases along their distribution 1s produced without modifying

chemical area of the «cells and therefore the

pre——

collectlion or convevying of current whilich remalns 1dentilical to

the prior ar

This wvariati

C.

pr—

on of the catalytic section 1s produced by dividing

pre——

the supply and the recovery of the gases 1nto two 1ndependent

clrcults w1l

thin each 1nterconnector and by the physical

—

separation of the flow surface of the gases on the electrode

pr—

(and catalyst) by means of a barriler 1integrated 1into each

electrical contact element, and also within the electrode, which

pr—

define two adjolning flow sectors of trapezoildal form, the sum

pre——

of the area

electrochem1

—

of which 1s that of the sguare or rectangular

cal area of the cells.

Thus, for the same electrochemical area, the reactions at the

electrodes comprising catalytic materilial(s) (cathodes 1n co-

electrolysis

reactor or anodes 1n fuel cell) may be promoted or

pr—

not promoted dependling on the change 1n the rate of the gases

distributed,

pr— pr——
—

determined by the location of the large bases of

the trapezoids; elther at the 1nlet of the gases or at the outlet

—

of the products resulting from the electrochemical reaction.

p—

By virtue o:
decoupling

activity, wh

- the 1nvention, withlin the same stack there 1s a

between electrochemical reaction and catalytic

1ch 1n part makes 1t possible to better control the

pre——

specles produced along the flow of the gases, but above all

makes 1t possible to control the heat of the stack by controlling

the catalytic reaction without changing the electrochemical

operatling po

int.
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Thus, 1n fuel cell mode, 1t 1s preferable to maximlze rapid

pr—

internal reforming so that the oxidation of the hydrogen can

take place quickly so as not to damage the cells.

In co-electrolysis of H20+CO2 mode, depending on the use

envisaged for the synthesis gas (H2+CO) on leaving the reactor,

which has to be converted 1nto methane or 1nto other products,

1t 1s possilble to promote 1n situ methanation within the reactor

or, on the contrary, to prevent 1it.

In other words, by 1ntroducing a varlation 1n the catalytic
section between the electrode 1nlet and outlet, the 1nventilion

makes 1t possible to decouple the catalytic methanation or

reforming reaction from the electrochemical reaction which takes

—

place within the stack of the reactor or, respectively, of the
SOFC cell.

In addition, by determining beforehand the ratios of the

dimensions between the 1nlet catalytic section and the outlet

sectlion, 1t 1s possible to define a precilse and determilined ratilo
as desired between catalytlic reaction and electrochemical

reaction.

Moreover, a subsequent advantage of the 1nvention 1s the

pr— pr—

possibility of reducing the amount of water to be vaporized at

— pr—

the 1nlet of the co-electrolysis reactor, by virtue of the

methanation reactlion which may be promoted 1n situ. Thilis 1s

because a methanation reaction also forms water.

pre——

Therefore, promoting the implementation of methanation wilthin a

co—electrolyslis reactor makes 1t possible to obtain water 1in

s1tu that 1s already 1n vapor form and therefore to already have

pr—

a part of the water required for the co-electrolysis, without

pre——

needing to vaporilize this amount of ligquld water upstreamn.

pr—

This may have a considerable 1mpact on the vyvield of an overall

plant, especilally since having water that 1s already 1n vapor

form makes 1t possible to avoid vaporizing by a separate source
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— pr—

of electricity, 1n the absence of an external source of heat,

and therefore makes 1t possible to decrease the operating energy

—

costs of the plant and thereby to obtailn a better vyield.

In addition, the novel architecture according to the 1nvention

pre——

has the advantage of 1mproving the overall thermal homogeneity

—

—

of each <cell 1n the case o0of electrochemical or catalytic

reactions that are generally exothermilic or endothermic.

pre——

Indeed, sources of heat which arise at specific locations of the

cell (typlcally either at the 1nlet or the outlet) can create

pr—

thermal gradients which may be prohibitive 1n terms of the

—

mechanical strength of this cell.

pr—

By virtue of the 1nvention, the thermal Jgradients are dJgreatly

pre——

reduced along the cell, since each of these edges comprises both

an 1nlet and an outlet (first and third zone, and also second

and fourth zone).

pre——

"erences wlithin each cell

The temperature di

pr— pr—

are therefore reduced by virtue of the design of the sectors

wlthin the stack.

pre——

The 1nterconnectors envisaged 1n the context of the 1nvention

pr—

make 1t possible to preserve a cross—-current circulation of the

gases over the cells between the fuel and the oxidilzer or

dralnling gas.

The methods according to the 1nvention do not modify the

pr—

pr——

reversibility of a stack of this type which may be used equally

well as a co-electrolysis SOEC reactor wilith optional 1n situ

methanation, or as an SOFC cell with, as fuel, hydrogen and/or

methane with 1nternal reforming.

According to the

first alternative, another subject of the

invention 1s an SOEC co-electrolysis reactor for carrying out

pr—

co—electrolysilis o:

pr—

steam H>O and of carbon dioxide C0O» and where

approprliate an 1n s1tu methanation reaction comprising a stack

—

—

of 1ndividual electrolysis cells of solid oxide type, wilith a

pre——

rectangular or square area, each formed of a cathode comprising
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p—

material (s) for catalyzing a methanation reaction, of an anode

pr—

and o

p—

a plurality of

electrical

an electrolyte 1nserted between the cathode and the anode,

and fluid 1nterconnectors each

arranged between two adjacent 1ndividual cells with one face

—

— pr—
-

thereof 1n electrical contact with the anode of one of the two

individual cells

contact with the cathode of

cells, and a

distribution elements,

interconnector,

element 1ntegrating a sealing bead

and the other face

—

plurality

barrier separating a first g

first and third

comprising the second and

the other

—

pre——

thereof 1n electrical

pr—

O the two 1ndividual

of electrical contact and gas

ado

zones from a second

sectors being adjolined by

substantially equal to that

zones beiling dimensioned,

arranged, such that the flow

decreases between the
sector (T1l) and the

cach arranged between a cathode and an
cach electrical contact and gas distribution
forming a gas distribution

flow sector (T1l) comprising the

gas Iflow sector (T2)

fourth zones, the first and second

the Dbarrier, forming an area

pre——

of each cell; the first to fourth

flow section of the

decreases between the second and fourth

sector (T2).

According to the second al

lnvention 1s a high-temperature

carrying out 1nternal reform

pr—

—

“ernative,

pr——

pre——

section of

and the gas circulation barrier belng

the gases 1ncreases or

first and third zones within the first

gases also 1ncreases or

zones within the second

another subject of the

fuel cell (SOFC) for optionally

ing of methane (CHs), comprising a

stack of 1ndividual cells of solid oxide type, with a rectangular

Or sguare area, each formed o:

pre——

- a cathode,

material (s) for catalyzing a reaction

pre——

of an anode comprising

for reforming methane

(CH4), and of an electrolyte 1nserted between the cathode and

pr—

the anode, a plurality of electrical and fluild 1nterconnectors

cach arranged be

p—

two 1ndividual cells and the other

contact with the cathode of

cells, and a

distribution elements,

interconnector,

—

the other

—

cween two adjacent 1ndividual cells with one

— —

face thereof 1n electrical contact with The anode of one of the

pr——

face tThereof 1n electrical

pr—

O the two 1ndividual

plurality of electrical contact and gas

cach arranged between a cathode and an

cach electrical contact and gas distribution
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first gas flow sector (T1l) comprising the

from a second gas flow sector (T2)

comprlising the second and fourth zones, the first and second

sSectors

belng

adjoined by the barrier, forming an area

—

substantilially equal to that of each cell; the first to fourth

zones pbelng dimensioned,

arranged,

decreases be

sector (T1l) and the

such

“ween The £

that tThe

and the gas circulation barrier beiling

—

flow section of the gases 1ncreases oOr

1rst and Tthird zones within the first

—

flow sectlon of the gases also 1ncreases oOr

decreases between the second and fourth zones within the second

sector (T2).

Within the context of

pr—

the 1nvention, each 1nterconnector 1s

—

advantageously a part consisting of three flat metal sheets,

—

elongated along two axes of symmetry X, Y orthogonal tTo one

another,

pr—

one oO.

- the end metal sheets being i1ntended to come 1nto

— —

mechanical contact with the plane of a cathode of an i1individual

—

electrochemical cell and the other of the end metal sheets being

intended

pr——

anode of

device:

— one

p—
-

to come 1nto mechanical contact with the plane of an

an adjacent i1ndividual electrochemical cell, 1n which

p—

of the end metal sheets, referred to as first end metal

sheet, comprises a plerced central part, while the other end

metal sheet,

central metal sheet,

— cach of

pre——

referred tTO

the three

as second end metal sheet, and also the

comprises a non-plerced central part,

flat metal sheets comprises a central

—

part, plerced at the periphery thereof, with si1x ports, the

first to

fourth ports o:

pre——

cach metal sheet being elongated over

pr— pr—

a length corresponding to a portion of the length of the central

pr—

—

part along one of the axes X o0of the metal sheets and belng

p—

distributed 1n palrs on eilther side of said axilis X, while the

fi1fth and

s1Xth ports

are each elongated over a length

—

correspondlng substantilially to the length of the central part

pre——

along the other of the axes Y,

— the

first end metal sheet also comprises a seventh and an
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elghth port arranged symmetrically on either side of

Y, 1nside 1ts first to fourth p
length corresponding substantial

part along the axis Y, whille the

p—

the axils

orts, and are elongated over a
ly to the length of the central

pr—

other of the end metal sheets,

referred to as second end metal sheet, also comprises a

seventh,

elghth, ninth and tenth port 1nside, respectively, 1ts first,

second, third and fourth ports,

ports being elongated over a len

p—

—

cach of these seventh

Lo tTenth

gth corresponding subs

cantially

to the length of the first to fourth ports along the axis X, and

pr—

— the first to si1xth ports of the central metal sheet are

wldened towards the 1nterior relative,

—

— the first and second ports

substantlally 1dentical dimensions to one another and

pr—

first to sixth ports of each end metal sheet,

pr—

respectively, to the

Of the Tthree metal sheets have

"he third

and fourth ports of the three metal sheets have substantially

ldentical dimensions to one another, the length of the

first and

second ports belng preferably greater than that of the third and

fourth ports,

- the seventh and eighth port

pre——

s Of the second end metal sheet

—

have substantilially 1dentical dimensions to those of the first

pre——

and second ports thereof, while the ninth and tenth por

cs of the

second end metal sheet have substantially 1dentical dimensions

pre——

to those of the third and fourth ports thereof,

—

pre——

— all the widened ports of the central metal sheet comprise,

pr—

1n their widened part, tongues o:

pre——

- metal sheets spaced apart from

one another, forming a comb, each of the slits deflined between

pr—
-

the edge of a widened slit

and a tongue or between two

pr—

consecutive tongues opening onto one of the 1nner ports,

— —

respectively of the first or of

the second end metal s

heet,

— the three metal sheets are lamlinated and assembled together

such that:

—

¢ the tongues of metal sheets

form spacers between

first and
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respectively between the fifth and

seventh ports of the first end metal sheet, between the si1xth

—

and eighth ports of the first end metal sheet, between the first

pre——

and seventh ports of the second end metal sheet, between the

second and eighth ports o:

—

pre——

- The second end metal sheet, between

the third and ninth ports of the second end metal sheet, and

between the fourth and tenth ports o:

pr—

® cach of the first to si1ixth ports o:

sheets 1s 1ndividually 1n

—

one of the corresponding

metal sheets,

® the fifth and seventh ports of

are 1n fluid communication via slits of

Of the central metal shee

i 4

while

the first end metal sheet are 1n

of the sixth widened port of

¢ the filrst and seventh ports o:

are 1n fluid communication via slits of

pre——

pre——

of the central metal sheeft,

—
e

pre——

- the second end metal sheet,

— —

- one of the three metal

flulid communication respectively with

p—

first to sixth ports of the two other

the first end metal sheet

—

che sixth and eighth ports of

the fifth widened port

pr——

fluid communication via slits

the central metal sheet,

—

the

—

second end metal sheet

the first wildened port

while the second and eighth ports

of the second end metal sheet are 1n

pr——

slits of the second widened por

pr—

. OL

pre——

fluid communication wvia

che central metal sheet, the

third and ninth ports of the second end metal sheet are 1n fluid

pre——

communication via slits o:

—

the third widened port of the central

—

metal sheet, and the fourth and tenth ports of the second end

—

metal sheet are 1n fluid communication via slits of the fourth

—

wldened port of the central metal sheet.

Advantageously, the reactor and the SOFC cell constitute the

same device 1ntended to opera

e reverslbly 1n co-electrolysis

mode, where appropriliate with 1n situ methanatilion, and 1n fuel

cell mode, where appropriate with internal methane reforming.

Preferably, the cathodes comprise material (s) for catalyzing a
methanation reaction, or the anodes comprise material (s) for
catalyzing a reaction for reforming methane (CHa) , cach
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preferably being based on nickel (N1) supported by =zirconia

pre——

(ZrO2), such as a cermet of nickel and vyttriated =zirconia,
denoted N1-YSZ.

5 According to an advantageous varlant embodiment, each electrical
contact and gas distribution element 1s a nickel (N1) screen

integrating, as sealing barrier, a bead based on glass and/or

glass—-ceramilc.

10 Preferably, this barrier also penetrates the porous electrode

(cathode for the HTE reactor, anode for cell), such as an

—

electrode made of Ni1-YSZ cermet. This thus creates complete

pr—

leaktightness between the two adjolning sectors of the same

clrculation compartment.

15
In summary, the methods and electrolyzer/fuel cell according to
the 1nvention have numerous characteristics and advantages,
among which mention may be made of:

20 - physical separation of the electrochemical area of the same
cell 1nto two adjoining and 1ndependent sectors of trapezoidal
form (1n a view facing the cell), the trapezoidal form deflining
a sectlion of catalytic material which varies gradually with the
composition of the gases along the flow 1n this section;

25

—

— the physical separation 1s produced by i1ntegration of a gas

sealing Dbarrier withlin the electrical contact and gas

distribution element, and also wilthilin the porous electrode for

—

clrculation of Hz. Preferably, the barriler 1s a glass or glass-

30 ceramlc bead 1ntegrated i1into a nickel screen, the glass or the

glass—-ceramlc penetratling both the screen and the electrode;

— pr—

- control of the predominance or non-predominance of the

catalytlic reactions compared to the electrochemilical reactions,

—

35 by determining beforehand the geometry of the two trapezoidal

sectors, especlally the length ratio between small and large

pr— pr—

base of each trapezoid. With the 1nlet of the gases vlia the

—

large base of the sectors, the catalytic sectilon decreases and
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_26_

the gas rate i1ncreases along their distribution over each cell,

which makes 1t possible to reduce the catalytic reactions

involved along the electrochemical distribution.

wlth the 1nlet of the gases via

—

Conversely,

the small base of the sectors,

the catalytic section 1ncreases and the gas rate decreases along

thelr distribution over each cell,

which makes 1t possible to

promote the catalytic reactions 1nvolving the gases produced by

electrochemistry along the distribution;

pre——

- an 1lmprovement 1n the thermal homogeneity of the cells of the

—

stack compared to those of an HTE reactor or SOFC electrolysis

cell at high temperature according to the prior art;

- possilble control of the methane

electrolysls reactor at high

operating under pressure, preferably be

pr——

Obtalned within

d CO—

temperature and preferably

“ween b and 30 bar;

- posslble control of the synthesis gas obtalned within an SOFC

cell by 1nternal reforming, thereby determining the thermal

behavior of the cell;

pre——

- posslble control of the steam

pr—

formed within an SOEC co-

electrolysis stack 1tself, by promoting the 1n situ methanation

reaction, which makes 1t possible to save some of the energy of

—
-

pr—

p—

pr——

vaporlization of water requlred upstream of the stack and thereby

enables a galn 1n the vield from a plant comprilising the co-

electrolysis reactor according to the i1invention.

“Cathode-supported cell” (CSC)

pre——

of the 1nvention according to the de:

the field of high-temperature electrolysis HT.

1s used here and 1n the context

—

L]

"1lnitlion already gilven 1n

of water, that

1s to say to mean a cell 1n which the electrolyte and the oxygen

electrode (anode) are arranged on the thicker hvyvdrogen or carbon

monoxide electrode (cathode) which thus serves as support.

pr——

1n electrolysis operating mode,

—

which 1s the reverse o:

In the context of the 1nvention, Y“reversible” 1s 1ntended to

mean that the SOFC fuel cell may be used as SOEC electrolyzer

that of
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the anode(s) of the SOFC cell then serving as

pre——

cathode(s) of the electrolyzer.

Detalled description

pre——

Other advantages and features of the i1nvention will become more

clearly apparent on readiling the detailed nonlimiting and

pre——

11llustrative description of exemplary embodiments of the

lnvention g

which:

— figure

1ven with reference to the following figures, 1n

1 1s a schematic view showing the operating

—

principle o:

— figure

Cemperature

- a high-temperature water electrolyzer,

— —

2 1s a schematic exploded view of a part of a high-

steam co-electrolyzer comprilsing 1nterconnectors

according to the state of the art,

— figure

—

3 1s a schematic sectional view of a co—-electrolysis

reactor 1mplementing the method for high-temperature co-

—

electrolysls according to one mode of the i1nvention,

— figure

—
e

4 1s a schematic top view of a co-electrolysis

reactor 1mplementing the method for high-temperature co-

—

electrolysls according to one mode of the i1nvention,

— figure

—
e

5 1s a schematic top view of a co-electrolysis

reactor 1mplementing the method for high-temperature co-

—

electrolysls according to another mode of the 1nvention which

pre——

1s alternative to that of figure 4,

— figure

pre—— pre——

oA 1s an exploded view from beneath of a part of a

co—-electrolysls reactor accordling to the 1nvention with

lnterconnectors and an electrical contact and gas distribution

element enabling i1ndependent supply and circulation for cathode

gases (H20,

trapezoldal

pre——

pre——

CO2, H,, CO, CHi) 1n counterflow from one sector of

—

form to another which 1s adjoilning, the sum of the

pre——

areas of which 1s equal to that of a co-electrolysis cell,
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pre——

— figure 6B 1s an exploded top view of the part of the reactor

—

shown in figure 6A, the supply/recovery of the draining gas and

pre——

of the oxygen produced being common to the two trapezoidal

sectors,

— —

— figure 7 1s an exploded view of an i1nterconnector of a co-

electrolysis reactor according to one embodiment of the

—
-

invention, which enables 1ndependent supply and circulation of

pre——

cathode gases (H20, CO2, Hz, CO, CHs) from one sector of

—

trapezoldal form to another which 1s adjolning, the sum of the

pre—— pre——

areas of which 1s equal to that of a co-electrolysis cell,

pre——

— figure 7TA 1s a view of a detail of figure 7,

B

— figure /B 1s a perspective view of a detailil of figure 7,

pr——

— figures B8A and 8B are front views respectively of elther

— —

side of an 1nterconnector of a co-electrolysis reactor according

pre——

to the 1nvention, more speclfically showing the arrangement of

the sealing Dbeads 1ncluding the Dbarrier delimiting the

trapezolidal sectors 1n accordance wilith the i1nvention, and also

pr— pr—

the path of the gases, the circulation of the oxygen produced

occurring 1n a single compartment over the whole area of the

anode;

— figures 9A and 9B correspond respectively to figures 8A and

pre——

8B, more specifically showlng the arrangement of the weld seams

—

of the three flat metal sheets forming an 1nterconnector

according to the invention,

—

— figures 10A and 10B are front views respectively of either

— —

side of an i1nterconnector of a co-electrolysls reactor accordiling

pre——

to the 1nvention, more speclfically showing the arrangement of

the sealing Dbeads 1ncluding the barrier delilmiting the

trapezolidal sectors 1n accordance wilith the i1nvention, and also

p—

the path of the gases with the circulation of the oxygen produced

occurring 1n two distinct trapezoidal sectors.
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—

It 1s specified here that, 1n all of figures 1 to 10B, the

— — —

syvmbols and arrows of supply firstly of steam H2O and of carbon

pre—— pre——

dioxi1ide CO2, of distribution and recovery of the products of

5 the co-electrolysis with, where appropriate, the 1n situ

pre—— pre——

methanation reaction, and of oxygen 02 and of the current are

p—

shown for the purposes of clarity and precision, to 1llustrate

che operation of a steam and CO2 co—-electrolysis reactor

pr— pr—

according to the state of the art and of a steam co-electrolysis

10 reactor accordiling to the 1nvention.

It 1s also specified that, throughout the application, the terms
“above”, “below”, “vertically 1n 1line with”, ‘“vertical”,

“lower”, Tupper”, “bottom”, “top”, “below” and “above” should

15 be understood with reference to an SOEC electrolysis reactor or

an SOFC cell 1n the vertical configuration 1n operation, that

pr—

1s Tto say with the planes of interconnectors and electrochemical

cells being horizontal, the 02 electrode below the Hz electrode.

It 1s finally specified that all the electrolyzers described are

20 of solid oxide type (SOEC, acronym for Solid Oxide Electrolysis

Cell) operating at high temperature. The high operating

—

temperature of an electrolyzer (electrolysis reactor) 1S

typically between 600°C and 950°C.

pr—
-

25 Typically, the characterilistics Of an individual SOEC

—

electrolysis cell suitable for the invention, of the cathode (Ho

electrode) —supported type (CSC), may be those 1ndicated as

follows 1n table 2 below.

30 TABLE 2

Electrolysis cell Unit Value
Cathode 2 |

Material Crom N1-YSZ
which 1t 1s made

Thickness m 315
Thermal W mt K 13.1

conductivity




D

DK/EP 3516718 T3

Figures 1 and 2 have already been described 1n

preamble.

By convention,

pr—
-

clrculations of

— EHZ2 (1)
the stack of

They are there:

and 1n order to

denotes the 1nlet of

the mixture of

- 30 -

Electrical Q1 m! 10>

conductivity

Porosity 0.37

Permeability m 2 10-13

Tortuosity E

Current density A.m 2 5300

Anode 4

Material Crom LSM

which 1t 1s made

Thickness m 20

Therma. W m1i K1 9.6

conductivity

Electrical Q1 m! 1x104

conductivity

Porosity 0.37

Permeabllity m 2 1013

Tortuosity /-

Current density A.m“ 2000

Electrolyte 3

Material Crom YSZ

which 1t 1s made

Thickness m 90 pum 1n support
electrolyte and o
m 1n support
electrode

Resistivity Q2 m 0.42

Tyvplcally, the area of a cell 1s of the order of 100 cm=.

facilitate the reading of

the gases 1n the

following symbols are used:

pr—

pr—

different

pr——

steam and oO:

"ore not described hereafter.

detall 1n the
- the
figures, the

the gases circulating through

- carbon dioxide supplyving
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—

a Ttrapezoidal sector Tl of the co-electrolysis cells Cl, C2..;

—

— SH2 (1) : denotes the outlet of the gases circulating

pr—

through the stack and containing the products of the co-

pr—
-

electrolysls reactlon and, where appropriate, of 1n situ

pre——

methanation, recovered at the outlet of a trapezoidal sector Tl

—

of the co-electrolysis cells Cl, C2Z;

pr—

— FH2 (2) : denotes the i1nlet of the gases circulating through
the stack of

a Ttrapezoidal sector T2 of the co-electrolysis cells Cl, C2..;

pr— pr—

the mixture of steam and of carbon dioxilide supplying

—

— SH2 (2): denotes the outlet of the gases circulating

pr—

through the stack and containing the products of the co-

pr—
-

electrolysls reactlon and, where appropriate, of 1n situ

pre——

methanation, recovered at the outlet of a trapezoidal sector TZ

—
e

of the co-electrolysis cells Cl, C2Z;

pr—

— E(O2): denotes the 1nlet of the oxidizing gas circulating

through the stack and supplying all the co-electrolysis cells
cl, C2;

—

— S(0O2): denotes the outlet of the oxidizing gas clrculating

chrough the stack and containing the oxygen produced at the co-

electrolysis cells Cl1, C2.

The 1nventors were able to analyze that 1t was possible to

envisage directly producing methane wilithlin a co-electrolysis

pr— pr—

reactor 1tself, depending on typlical conditions of temperature

and pressure.

Armed with this observation, the 1nventors also highlighted

p—
-

that, despilte the numerous developments 1n the architectures of

solid oxide cell stack reactors, and more particularly the
lnterconnectors, 1t 1s not possilible to promote or not promote,
as desired, the catalytic reactions wilithilin the existing reactors

pr—

1ndependently of the electrochemical operation, due to the fact

that the catalytic and electrochemilical areas are the same and
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varlies wlith the composition of the gases along the distribution.

pr—

overcome Thilis di

—

pre——

"1culty, they conceived of

DK/EP 3516718 T3

—
-

pre——

fining a reactor with a catalytic section of the cathode which

They then conceived of dividing the active area of the cathode

into two adjolning trapezoidal sectors, the

which corresponds

pre——

CO the total area of an el

—

pr— —
-

sum Oof the areas otf

ectrochemical cell,

pr—

and 1n which the circulation of the gases 1n one of the sectors

1s 1n counterflow

Thus,

the two trapezoids),

to the other.

pre——

for the same electrochemical area of the cell (the sum of

pre——

the catalytic methanation reaction may be

—

promoted or not promoted by the change 1n the rate of the gases

wlithin these sectors, and also by the catal

pre——

—
e

The prior determination of the form o

pre——

especlally the 1length ratio of the bases

vtlc section passed

pr—

chrough by a given mixture of gas along the path of the cell.

p—

f the trapezoids,

pre——

thereof, makes 1t

possible to control thilis ratio between methanation reaction and

electrochemical co-electrolysis reaction.

The method o:

pre——

- co-electrolysis o:

pre——

—

pre——

- steam H»>O and of carbon dioxide

CO2 and, where appropriate, of 1n situ methanation, accordiling to

O

O

material (s)
4,1, 4.2.. and ot

"he 1nven

—
e

pre——

individual ele

rectangular or

Fach cell C1, CZ2..

catalyzing the methanation reaction, of an anode

c1on 1s carrilied out 1n a reactor 1

ctrolysis cells Cl, C2.. O

square surface.

pr——

1s formed of a cathode 72

an electrolyte 3.1, 3.2.. 1

cathode and the anode.

—

comprlsing a stack

p—

f solid oxide type,

.1, 2.2.. comprising

pr—

nserted between the

The stack also comprises a plurality of electrical and fluid

lnterconnectors 5 each arranged between two adjacent i1individual

—

cells Cl, C2 with one face thereof 1n electrical contact with

the anode 4.1 of

other face tThereo

O

pre——

pre——

one Cl1 of the two 1ndividual cells and the

pr—

pr——

the other CZ 01

- the two 1ndividual cells,

f 1n electrical contact with the cathode 2.2

pre——

and a plurality of
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electrical contact and gas distribution elements 9, each

arranged between a cathode and an interconnector.

In accordance with the 1nvention, each electrical contact and

gas dilstribution element 9 1ntegrates a sealing bead 10 as

schematically 1llustrated 1in figures 4 and 5. Preferably 1n

order to produce these beads, a glass or glass—-ceramlc bead 1s

pre——

deposlited on each of the nickel screens, which penetrates both

the nickel screen and the porous cathode, and a 1leaktight

separation 1s thus produced between the two adjolning sectors

—

Tl, T2 of the the cathode compartments.

In addition, as 1llustrated 1n figures 3 to 5, a first zone

(Inlet EH2 (1) on the left of figure 3 and at the top of figure

pr—
—

4) and a second zone (inlet EH2(2) on the right of figure 3 and

pr—— pre——

at the bottom of figure 4) of each 1i1nterconnector 5, 1s

p— pr—

1ndependently supplled with a mixture of steam H20 and of carbon
dioxide CO»; and 1t 1s distributed to the cathode 2.1, 2.2 of
ceach 1ndividual cell C1, CZ2Z.. then the synthesis gas produced

pre——

(mixture of carbon monoxlide CO and hydrogen Hz) and where

pr— pr—

approprlate the additional mixture of methane CHs and of steam

H>O produced by methanation are recovered 1n a third zone (outlet

SH2 (1) at the bottom of figure 4) and a fourth zone (outlet

pre——

SH2 (Z2) at the top of figure 4) of each 1nterconnector in fluid

communication respectively with the first zone and the second

zone, the sealing bead 10 forming a gas distribution barrier 10

separating the first trapezoidal sector (Tl) comprising the

first and third =zones from a second trapezoidal sector (T2)

comprlising the second and fourth zones, the first and second

sectors belng adjoined by the Dbarrier, forming an area

—

substantilially equal to that of each cell; the first to fourth

zones belng dimensioned, and the gas cilrculation barriler being

—

arranged, such that the flow section of the gases 1ncreases or

decreases between the first and third zones within the sector

(T1l) and the flow sectlion of the gases also 1ncreases Or

decreases between the second and fourth zones within the second

sector (T2).
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All tThe first to fourth zones of the 1nterconnectors 5 are

situated 1ndividually vertilically 1n llne respectively with the

—

first to fourth zones of the other 1interconnectors 5 of the

stack.

In addition, as can be seen 1n figures 4 and 5, the first and

pr—
—

second zones of each 1nterconnector are supplled such that the

clrculation to each cathode 1n the first trapezoidal sector T1

1s 1n counterflow to the cilrculation 1n the second trapezoidal

sector T2Z.

pr——

In the configuration according to figur 4, the mixture of steam

—

and carbon dioxide 1s supplilied via the largest base of the

trapezoidal sectors Tl and T2, 1n order to minimize the 1n situ

methanation reaction compared to the co-electrolysilis reaction

wlthlin the stack, the catalytic area decreasing along the path

—
e

of the gases produced for the same electrochemical area.

—
-

In the configuration according to figure 5, the mixture of

pre——

steam and carbon dioxide 1s supplled via the smallest base of

the trapezoidal sectors Tl and T2, 1n order to maximlize the
methanation reaction compared to the co-electrolysis reaction
wlithin the stack, the catalytic area 1ncreasing along the path

pre——

of the gases produced for the same electrochemical area.

The 1nterconnectors b5 may also be produced to arrange the

—

different zones for supply and recovery of the dralning gas and

pre——

of the oxvyvgen produced such that thelr circulation at the cells

Cl 1s 1n co-current to the circulation at the cells C2, or 1n

counter—-current thereto.

pr—— pr——

Figures ©A and ©B show a schematic representation of a part of

a high-temperature solid oxide co-electrolyzer (SOEC) according

to Tthe 1nvention.

pr——

This co-electrolyslis reactor comprises a stack of 1ndividual

pr—— pr——
h—

electrolyslis cells of SOEC type (Cl, C2), each formed of a

cathode 2.1, 2.2, of an anode 4.1, 4.2, and of an electrolyte
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3.1, 3.2, 1nserted between the cathode and the anode.

A fluid and electrical i1nterconnector 5 1s arranged between two

pr—

adjacent 1ndividual cells Cl, C2, with one face thereof 1n

pr— pr——

electrical contact with Tthe anode of one of the two 1ndividual

pre——

cells and the other face thereof 1n electrical contact with the

cathode of the other of the two 1ndividual cells.

As shown 1n figures ©6A and 6B, 1nsulation and leaktightness

frames 11 are also provided, making 1t possible to provide

electrical 1nsulation between two adjacent 1nterconnectors 5.

Fach frame 11 1s pierced with ports O, sultable for accommodating

p—

rods for fixing the stack, and also seals 12 provided to produce

leaktightness around the ports for supplying the gases 1n co-

pr—

electrolysis, H20, CO2, air, and for recovering the gases

produced, Hz, CO, 0Oz with air, and also around the cell.

The same electrical current passes through all the electrolysis
cells Cl and CZ2.

In the reactor according to the 1nvention, all the cathode

compartments 50 of the cells Cl, CZ of the same trapezoidal

p— —
-

sector Tl or TZ, 1n which the supply mixture of steam H20 and of

CO2 and the hydrogen produced Hz with optional syngas clrculate,

communicate with one another. On the other hand, the circulation

of the gases within each cathode compartment 50 of the

— —

trapezoldal sector Tl 1s 1ndependent of that of the sector TZ2.

The co-electrolysils reaction produces oxygen which 1s collected
by all the anode compartments 51 which communicate with one

another.

Accordiling to the 1nvention, each electrical contact and gas

distribution element 9 i1ntegrating a sealling bead 10 forms a gas

distribution barrier between on the one hand a first 61, 71, 81

and a third 63, 73, 83 1nterconnector zone 5 and on the other

hand a second 62, 72, 82 and a fourth o4, 74, 84 1nterconnector

Z0Olle .
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The first to fourth 1nterconnector zones 5 are dimensioned, and

the gas circulation barrier 10 1s arranged, such that the

pre——

distribution of the gases between the first ©l, 71, 81 and the

—
e

third 63, 73, 83 zone 1s carriled out 1n a filirst sector T1 of

pre——

trapezoldal form. The distribution of the Jgases between the

second 62, 72, 82 and the fourth zone 64, 74, 84 1s carrled out

pre——

1n a second sector T2 of trapezoidal form.

As can be seen 1n figure 6B, the two trapezoidal sectors Tl and

T2 are adjolned by the barrier 10, forming an area substantially

pre——

equal to the rectangular or sguare area of each cell.

In addition, as shown 1n figures 8A and 8B, a seal 12 ensures

—

leaktightness at the periphery of the cathode compartment 50.

The barriler 10 also adjoins this seal 12.

pre——

Figure 7 shows an exploded view of an l1nterconnector 5 according

—

to the 1nvention, makling 1t possible to provide the supply of

steam H;O and COz, the counteflow circulation 1n the two

pr— —

trapezoldal sectors of the mixture of steam, of CO2 and of the

pre——

syngas produced at the cells Cl, C2, and also the recovery of

the oxygen 02 produced wilithin the stack.

—

The 1nterconnector 5 consists of three flat metal sheets o6, 7,

3, elongated along two axes of symmetry (X, Y) orthogonal to one

another, the flat metal sheets being laminated and assembled

together by welding. A central metal sheet 7 1s 1nserted between

a first 6 and a second 8 end metal sheet.

The second 8 end metal sheet 1s 1ntended to come i1nto mechanical

pre—— pr—

contact with the plane of a cathode 2.1 of an 1i1ndividual

electrolysis cell Cl and the central metal sheet 7 1s 1ntended

pr——

to come 1nto mechanical contact with the plane of an anode 4.1

—

of an adjacent 1ndividual electrolysis cell, each of the two

adjacent 1ndividual electrolysis cells (Cl, C2) of SOEC type

being formed from a cathode 2.1, 2.2, from an anode 4.1, 4.2,

and from an electrolyte 3.1, 3.2, 1nserted between the cathode
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and the anode.

pr—

Fach of the three flat metal sheets o6, 7, 8 comprilises a central
part o0, /0, 80.

The first end metal sheet © comprises a plerced central part 00,

while the second end metal sheet 8, and also the central metal

sheet 7, comprises a non-plerced central part, respectively 80
and /0.

Fach metal sheet 6, 7, 8 1s pilerced, at the periphery of the
central part thereof, with six ports 61, 062, ©3, 064, o5, o66; 71,
12, 713, 74, 75, Teo; 81, 82, 83, 84, 85, 860.

The first 61, 71, 81 to fourth 64, 74, 84 ports of each metal

pre——

sheet are elongated over a length corresponding to a portion of

pr— pr—

the length of the central part o0, 70, 80 along one of the axes

X of the metal sheets, and are distributed palrwlse on elther

—

sl1de of said axis X.

The fifth 05, 75, 35 port 1s elongated over a lendgth

pre——

corresponding substantilially to the length of the central part
o0, /0, 80 along the other of the axes Y.

The sixth ©6, 76, 86 port 1s elongated over a length

pre——

corresponding substantilially to the length of the central part
o0, /0, 80 along the other of the axes Y.

The first 6 end metal sheet also comprises a seventh 67 and an

—

elghth 68 port arranged symmetrically on elther side of the axis

Y, 1nside 1ts first to fourth ports 61 to 64, and are elongated

pre——

over a length correspondlng substantially to the length of the

central part along the axis Y.

The second 8 end metal sheet also comprises a seventh 87, eighth

38, ninth 89 and tenth 800 port i1nside, respectively, 1ts first
31, second 82, third 83 and fourth 84 ports, each of these

seventh to tenth ports being elongated over a length
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correspondlng substantially respectively to the length of the

first to fourth ports along the axis X.

pre——

As can be seen 1n figure 7, the first 71 to sixth 76 ports of

the central metal sheet are widened tTowards the 1nterior

relative, respectively, to the first 61, 81 to sixth 66, 86

—

ports of each end metal sheet o, 6.

The first o1, 71, 71 and second 062, 72, 82 ports of the three

pre——

metal sheets 6, 7, 8 are of substantilially 1dentical dimensions

to one another.

The third 63, 73, 83 and fourth o064, 74, 84 ports of the three

pre——

metal sheets o6, 7, 8 are of substantilially i1dentical dimensions

to one another.

The length of the first o1, 71, 71 and second 62, 72, 82 ports
1s greater than that of the third 63, 73, 83 and fourth ¢4, 74,
34 ports of the three metal sheets 6, 7, 8. The length ratio
between that of the first and second ports and that of the third

p—
-

and fourth ports determines the geometrical form of the

trapezoilidal sectors T1, T2 and therefore determines the ratio

that 1t will be possible to obtain between the 1n situ

methanation reaction and the electrochemical co-electrolysis

reaction.

—

The seventh 87 and eighth 88 ports of the second end metal sheet

pre—— pre——

3 are of substantilially 1dentical dimensions to those of the

—
e

first 81 and second 82 ports thereof.

The ninth 89 and tenth 800 ports of the second end metal sheet

pr——

3 are of substantilially 1dentilical dimensions, 1n the X direction,
to those of the third 83 and fourth 84 ports thereof.

All the wildened ©ports 71 to 76 of the central metal sheet 7

pre——

comprise, 1n theilir widened part, tongues of metal sheets spaced

apart from one another, formling a comb, each of the slits defined

pr—

between the edge of a widened slit and a tongue or between tTwoO
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—

consecutive tongues openling onto one of the inner ports 67, 68

pre—— pr——

or 87, 88, 89, 800, respectively of the first 6 or of the second

3 end metal sheet,

The lamination and the assembly of the three metal sheets o, 7,

8 wilth one another are carried out such that:

® "he tongues of metal sheets form spacers between first ©

and second 8 end metal sheets, respectively between the fifth

pre——

65 and seventh ©7 ports of the first end metal sheet 6, between

pr—

the sixth 66 and eighth 68 ports of the first end metal sheet

pre——

6, between the first 81 and seventh 87 ports of the second end

p—

metal sheet 8, between the second 82 and eighth 88 ports of the
second end metal sheet 8, between the third 83 and ninth 89

—

ports of the second end metal sheet, and between the fourth g4

pre——

and tenth 800 ports of the second end metal sheet 8,

pr—— pre——

® cach of the first 71 to sixth 76 ports of the central metal

sheet 7 1s 1ndividually 1in fluid communication respectively wilith

pre—— pre——

one of the corresponding first o6l1l, 81 to sixth 66, 86 ports of

the two other metal sheets o, I,

—

¢ the fifth 65 and seventh 67 ports of the first end metal

sheet 6 are 1n fluid communication via slits of the fi1fth widened

port 75 of the central metal sheet 7, while the sixth 66 and

—

elghth 68 ports of the filirst end metal sheet are 1n fluid

p—

communication via slits of the sixth widened port 76 of the

central metal sheet 7/,

pre——

¢ the first 81 and seventh 87 ports of the second end metal

sheet 8 are 1n fluid communication via slits of the first widened

pre——

port 71 of the central metal sheet 7, while the second 82 and

—

elghth 88 ports of the second end metal sheet 8 are 1n fluid

pre——

communilication via slits of the second wilidened port 72 of the

central metal sheet 7, the third 83 and ninth 89 ports of the

pre——

second end metal sheet are 1n fluid communication via slits of

the third widened port 73 of the central metal sheet 7, and the

pre——

fourth 84 and tenth 800 ports of the second end metal sheet 8
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—

are 1n fluid communication via slits of the fourth widened port
/4 of the central metal sheet 7.

Figures 7TA and 7B show 1n detail the productilion o:

pre——

p—

- The comb

formed by the tongues of metal sheet 710 at the widened slit 71

of the central metal sheet and 1ts arrangement between the two

end metal sheets o,

pre——

here a mixture of s

8 1n order to enable the supply o

pr——

ceam H>O and o:

- carbon dioxide CO».

comb formed 710, 711 enables the mixture to pass from

pr—

a cell,
Thus, the

the supply

manifold 61, 71, 81 to the distribution slit 87, by passing 1nto

the space between the two end metal sheets 6, 8. The thickness

of the central metal sheet 7 at this comb 710,

711 provides 1t

p—

wlith a spacer function and thereby guarantees the height of the

passage for the gas mixture 1nto the space between the end metal

—

sheets 6, 8. Such a passage of gases according to the i1nvention

pre——

via the 1nside of

liberating a flat surface for producing seals.

pre——

"he 1nterconnector ba has the ad

pre——

vantage of

In addition, by

virtue of these comb forms for the wlidened slits 71,72, on one

side and 75 on the other,

pr—

a homogeneous distributlion of each gas

pre——

(HoO, CO2, Ailr) 1s obtained over each trapezoidal sector of a

co—electrolysis cell, and by vi

wldened slits on one side 73,

—

—

rtue of These comb

74 and /6 on the other,

of the gases produced (Hz, CO, O02).

—

—

forms for

a recovery

The operating method of a co-electrolyslis reactor according to

the 1nventilon, as has just been described, will

wlith reference to figures B8A and 8B:

The first ports o1,

pr——

and of carbon dioxide C0O» of the i1nterconnector 5

Nnow be described

p—

71, 81 are supplilied with a mixture of steam

pr—

(see reference

FH2 (1)) and simultaneously but separately the second ports 62,

12, 82 of the same 1nterconnector 5 are also supplied preferably

wilith the same mixture and the same flow rate (see

EHZ2 (2)) .

pre——

reference

The path within an interconnector 5 of the gas mixture 1njected,

converting gradually into Hzx + CO,

1s schematically depilcted 1n

figure B8A. It can be seen that each trapezoidal sector Tl 1s
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passed through by the mixture 1n counterflow to that which passes

through the adjoining trapezoidal sector TZ. The barrier 10

wilithin the electrical contact element 9 and the electrode 2.1,

preferably a nickel screen, and the peripheral seal, preferably

—

made of glass, enable perfect leaktightness between on the one

pre——

hand the two sectors Tl and T2 and relative to the exterior o:
the stack on the other hand.

pre——

In addition, the fifth 65, 75, 85 ports of the three metal sheets

o, 1, 8 of each 1nterconnector 5 are supplled with a drailning

gas (reference E(02)), such as alr or pure oxygen.

p— pr—

The path of the air as dralning gas 1njected and of the oxygen

produced wilthilin an l1nterconnector 5 1s schematically 1llustrated

1n figure 8B.

The hyvdrogen and the CO produced (reference SHZ2 (1)) by the co-

pre—— pre——

electrolysls of steam and of CO2 and also, where appropriate,

the methane produced by the methanation reaction within the

electrode 2.1 1tself are thus recovered at sector T1 of the

cells, 1n the third ports 63, 73, 83 of each interconnector b.

The hvyvdrogen and the CO produced (reference SHZ(Z2)) by the co-

pre——

electrolysis of steam and of CO2 and also, where appropriate,

the methane produced by the methanation reaction are also

recovered at sector T2 of the cells, 1n the fourth ports o©4, 74,

—

34 of each i1nterconnector b.

Simultaneously, the oxvyvgen 02 produced S (02) 1s recovered 1n the

si1xXxth ports o606, 76, 86 of the three metal plates of each

—

interconnector 5. The cilrculation of draining gas and the

pre——

recovery of oxvyvgen are therefore common to all the cells,

pr— pr—

1ndependently of the separation thereof i1nto two sectors T1l, TZ,

at Tthe cathodes.

— pr—

Figures 10A and 10B show a varlant of circulation of the gases

on the anode 4 side, accordiling to which the same separation 1nto

pre——

two adjoilining trapezoilidal sectors 1s carriled out on the side o:
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the oxygen electrode (anode 4). As can be seen, the trapezoidal
sectors on the cathode 2 side are at 90° to those on the anode
4 si1ide. Thus, the draining gas such as alr suppllies the zone

co6.1, 76.1, 86.1 and 1ndependently the zone 65.2, 75.2, 85.2.

In addition, the oxvyvgen produced with, where approprilate, the

dralning gJdas, 1s recovered at zone ©b5.1, 7b.1, 85.1 and

lndependently zone ©6.2, 76.2, 86.2. The circulation of the

oxygen produced between the zone ©¢060.l1, /0.1, 8o0.1l and the zone

ob.1, 75.1, 85.1 1s also 1n counterflow between the zone 65.2,
/5.2, 85.2 and the zone ©006.2, /0.2, 30.Z2.

pre——

This thus glves a cross-current cilrculation of the oxygen

produced relative to the hydrogen produced, with additionally a

pr——

clrculation of the oxvyvgen produced 1n two distinct trapezoidal

sectors.

The three flat metal sheets o, 7, 3 constituting each

interconnector 5 according to the 1nvention are thin flat metal

sheets, plerced and assembled wlith one another by welding. The

thin metal sheets are preferably metal sheets less than 3 mm

pr—

thick, typilcally with a thickness of the order of 0.2 mm. All

the welds between metal sheets are produced upon manufacture and

may advantageously be produced according to a transmilission laser

cechnigue, which 1s possible due to the small thickness of the

— —

thin metal sheets, typilcally of the order of 0.2 mm.

p—
-

All the metal sheets are advantageously made of ferritic steel

with approximately 20% chromium, preferably made of CROFER®
22APU or FT18TNb, AISTI 441, or based on nickel of Inconel® 600

pre——

or Haynes® type 1n thicknesses typically of between 0.1 and 1

Imin .

Assembly by weld lines 1ls around the ports between flat metal

sheets 6, 7, 8 guarantees good leaktightness during operation

— — —

of the electrolyzer between the mixture of steam and of carbon

dioxide CO2 conveved to the 1nterconnectors 5 and distributed,

and also the gases recovered 1n a trapezolidal sector Tl and that

pre——

of the adjoilining sector T2, and wilith the draining gas convevyed
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E(02) and the oxygen S(02) recovered. The weld 1lines are

11llustrated 1n figures 9A to 9B.

As 1llustrated on all the figures 7 to 10B, the three metal

5 sheets o0, 7, 8 are plerced at thelr periphery by additional

ports O suilitable for accommodatling fixing rods. These fi1xing

rods make 1t possible to apply a retention force to the stack

pre——

of the different components of the electrolysilis reactor.

10 The 1nvention 1s not limited to the aforementioned examples; 1n

particular, features of the 1llustrated examples may be combined

1n varliants that have not been 1llustrated.

Other wvariants and 1mprovements may be envilisaged wlithin the

—

15 context of the 1nvention.

pr—

In particular, 1f the materilal 1nserted 1nto the nickel screen

3 and 1nto the cathode 2 1n order to produce the sealing bead

10 1s a glass—-ceramilic 1n the examples described 1n detall above,

pre——

20 1t may be any material that opposes the passage of the gases and

that may be readily shaped within a porous metallic substrate

of a contact element. It may especlially be a solder before or

after being placed within the stack.

25 Cited reference

[1]: Fabien Ocampo et al., "“Methanation of carbon dioxide over

nickel-based Ce0.72Zr0.2802 mixed oxide catalysts prepared by

—

sol—-gel method”, Journal of Applied Catalysis A: General 309
30 (2009) 90-9o0.




10

15

20

29

30

39

DK/EP 3516718 T3

— 44 —

Patentkrav

1. Fremgangsmade ti1l co-elektrolyse af wvanddamp H20 09
carbondioxid COz2 o0g eventuelt 1n situ-methanisering, der
1vaerksaettes 1 en reaktor (1), som omfatter en stabel af
elektrolyseenhedsceller (Cl, C2) af typen med faste oxider, med
rektanguler eller firkantet overflade, som hver udggres af en
katode (2.1, 2.2), der omfatter materiale(r), som katalyserer

methaniseringsreaktlionen, en anode

—

(4.1, 4.2) og en elektrolyt

(3.1, 3.2), der er i1ndskudt mellem katoden og anoden, en flerhed

af elektriske og fluide konnektorer

mellem tTo naboenhedsceller (Cl1, C2)
elektrisk kontakt med anoden ((4.1)

—

enhedsceller, o0g den anden af dens

med katoden (2.2) 1 den anden (C2)

(D), der hver er indrettet

pr—

med en af

1 den ene

dens

(

flerhed af elementer (9) ti1l elektrisk kontakt og

—

flader 1

Cl) af de to

flader 1 elektrisk kontakt

—

afl de to enhedsceller, og en

pre——

fordeling a:

gas, der hver er 1ndrettet mellem en katode og en konnektor,

hvor:

—

- en blanding af vanddamp H20 og carbondioxid CO:

zone (62, 72, 82) 1 hver konnektor |

1 hver enhedscelle, hvorefter

pr—

(blanding af carbonmonoxid CO og hydrogen H2)

den

supplerende blanding af methan CHy

produceret ved methanlisering 1nden 1 selve katoden,
(63, 73, 83) og en

(SH2 (1), SH2(2)) 1 en tredje zone
(o4, 74, 84) af

hver konnektor, der er 1

FH2 (2)) uafhengigt til en fgorste zone (61, 71, 81)

fodes (EHZ2 (1) ;

Og en anden

5) og fordeles til katoden

og vanddamp H20,

producerede

syntesegas
og eventuelt den

der er
opsamles
fljerde zone

fluid kommunikation med

henholdsvis den forste zone og den anden zone; 1det hvert element

(9) ti1il elektrisk kontakt og fordeling af gasserne 1ndbefatter
en tetningsrand (10), som danner en barriere over for
fordellingen at gasserne, ole] som adskiller en forste

gasstromningssektor (Tl), der om

zone, fra en anden gasstromningssektor (T2), der om:

anden og fjerde =zone, 1det den

sammenhengende gennem barrileren under dannelsen a:

der er tilnaermelsesvilis 1l1g med over:

den fgorste og fjerde zone er dimensionerede,

pre—— pre——

for clrkulation at gasserne

pr—

fTorste

—

cr

1ndrettet,

og anden

—

sektor

atter den fgorste og tredje

"atter den

cr

en overftlade,

"laden af hver celle;

saledes

1det

-

Og barrieren over

pre——
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gasstromningstversnittet er stigende eller faldende mellem den

forste og tredje zone 1 den fgrste sektor (T1), Og

gasstromningstvaersnittet ligeledes er stigende eller faldende

mellem den anden og fjerde zone 1 den anden sektor (T2);

—

5 - den forste og den anden zone af hver konnektor fgdes, saledes

at clrkulationen ved hver katode 1 den forste stromningssektor

(T1) er 1 modstrom med clrkulationen 1 den anden

stromningssektor (T2).

10 2 . Fremgangsmade 1folge krav 1, hvor streogmningssektorerne er

trapezformede.

3. Fremgangsmade 1fglge krav 2, hvor der fodes gennem den

pr—

storste base af den forste og anden trapezformede sektor, som

—

15 er afgrenset af henholdsvilis den forste og den tredje zone,

saledes at 1n-situ-methaniliseringsreaktilionen minimeres 1 forhold

t1l co-elektrolysereaktionen 1 stablen.

4. Fremgangsmade 1fglge krav 2, hvor der fodes gennem den

pr—

20 milindste base af den fogrste og anden trapezformede sektor, som

—

er afgrenset af henholdsvilis den forste og den tredje zone,

saledes at in-slitu-methaniseringsreaktionen maksimeres 1

forhold til co-elektrolysereaktlionen 1 stablen.

pr—

25 b, Fremgangsmade 1folge et hvilket som helst af kravene 2 til

4, hvor der forinden Dbestemmes lengdeforholdet mellem de

trapezformede sektorers 1lille o0og store Dbase, saledes at

methanliseringsreaktionen fremmes eller ej] 1 forhold til co-

elektrolysereaktlionen 1 stablen.
30

—

0. Fremgangsmade ti1l produktion af elektricitet ved hg]

pre——

Cemperatur eventuelt med 1intern reformering af methan (CHi), der

1vaerksaettes 1 en braendselscelle med faste oxider (SOFC), som

pre—— pr——

omfatter en stabel af elektrokemiske enhedsceller (Cl, C2) aft

p—

35 typen SOFC, som hver udggores af en katode (2.1, 2.2), en anode

(4.1, 4.2), der omfatter materiale(r), som katalyserer methan

(CH4) —-reformeringsreaktionen, og en elektrolyt (3.1, 3.2), der

er 1ndskudt mellem katoden og anoden, en flerhed af elektriske
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og fluide konnektorer (5.1; 5.2), der hver er 1ndrettet mellem

pre——

to naboenhedsceller (Cl, CZ) med en af dens flader 1 elektrisk

p—

kontakt med anoden (4.1) 1 den ene (Cl) af de to enhedsceller,

pr——

og den anden af dens flader 1 elektrisk kontakt med katoden

—
e

(2.2) 1 den anden (C2) af de to enhedsceller, og en flerhed aft

—

elementer ti1l elektrisk kontakt og fordeling af gas, der hver

er 1ndrettet mellem en anode og en konnektor, hvor:

- et brendsel fgodes (EH2(1); EH2(2)) uathengigt til en forste

zone (61, 71, 81l) og en anden zone (62, 72, 82) 1 hver konnektor

(5) fordeles t1l anoden 1 hver enhedscelle, hvorefter

— pr—
e

overskuddet af Dbrandsel (CH4 og eventuelt Dblanding af

pre——

carbonmonoxid CO og hydrogen Hz som fglge af reformeringen) og

det producerede vand opsamles (SH2(1); SH2Z2(2)) 1 en tredje zone

(63, 73, 83) og en fjerde zone (64, 74, 84) af hver konnektor,

der er 1 fluilid kommunikation med henholdsvis den forste zone og

den anden =zone; 1det hvert element til elektrisk kontakt og

p—

fordeling af gasserne adskiller en fgrste gasstromningssektor

(T1l), som omfatter den forste og tredje zone, fra en anden

gasstromningssektor (T2), som omfatter den anden og fjerde zone,

1det den forste og anden sektor er sammenha&ngende gennem en

p—

barriere under dannelsen af en overflade, der er tillnermelsesvis

11g med overfladen af hver celle; 1det den forste og fjerde zone

— —
-

er dlmensionerede, o0g Dbarrieren over for cirkulationen af

—

gasserne er 1ndrettet, saledes af gasstrogmningstvarsnittet er

stligende eller faldende mellem den fgorste og tredje zone 1 den

forste sektor (Tl), og gasstromningstvaersnilittet llgeledes er

stligende eller faldende mellem den anden og fjerde zone 1 den

anden sektor (T2);

—

- den fgrste og den anden zone af hver konnektor fgdes, saledes

at cirkulationen ved hver anode 1 den fgrste stromningssektor

(T1) er 1 modstrom med clrkulationen 1 den anden

stromningssektor (T2).

pre——

7. Fremgangsmade til produktion af elektricitet ved hg]

temperatur 1fwolge krav o, hvor stromningssektorerne er

trapezformede.

pre——

3 . Fremgangsmade ti1l produktion af elektricitet ved hg]
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temperatur 1fgolge krav 7, hvor der fodes gennem den stgorste base

pre——

af den forste og anden trapezformede sektor, som er afgraenset

—

af henholdsvis den forste og den tredje zone, saledes at

pre——

reformeringsreaktionen maksimeres 1 forhold til oxidatlonen af

hvdrogen til vand 1 stablen.

—

9. Fremgangsmade ti1l produktion af elektricitet ved hg]

cemperatur 1fglge krav 7, hvor der fogdes gennem den mindste base

—
e

af den forste og anden trapezformede sektor, som er afgranset

pre——

af henholdsvis den forste og den tredje zone, saledes at

—
-

reformeringsreaktionen minimeres 1 forhold til oxidationen af

hyvdrogen til vand 1 stablen.

pre——

10. Fremgangsmade ti1il produktion af elektricitet wved hoj

—

temperatur 1folge et hvilket som helst af kravene 7 til 9, hvor

der forinden bestemmes la&ngdeforholdet mellem de trapezformede

sektorers lille og store base, saledes at reformeringsreaktionen

—

fremmes eller ej 1 forhold til oxildationsreaktionen af hydrogen

t1l vand 1 stablen.

—

11. Co-elektrolysereaktor (SOEC) ti1l 1verksaettelse af en co-

pre——

elektrolyse af vanddamp H20 og carbondioxid CO2 og eventuelt en

ln-situ-methaniseringsreaktion, som omfatter en stabel at

elektrolyseenhedsceller (Cl, C2) af typen med faste oxider, med

—
-

rektanguler eller firkantet overflade, som hver udggres af en

katode (2.1, 2.2), der omfatter materiale(r), som katalyserer

methaniseringsreaktionen, en anode (4.1, 4.2) og en elektrolyt

(3.1, 3.2), der er i1ndskudt mellem katoden og anoden, en flerhed

—

af elektriske og fluide konnektorer (5.1; 5.2), der hver er

pre——

indrettet mellem to naboenhedsceller (Cl, C2) med en af dens

—
-

flader 1 elektrisk kontakt med anoden (4.1) 1 den ene (Cl) af

pre——

de to enhedsceller og den anden af dens flader 1 elektrisk
kontakt med katoden (2.2) 1 den anden (C2) af de to enhedsceller,

og en flerhed af elementer (9) til elektrisk kontakt og fordeling

—

af gas, der hver er 1ndrettet mellem en katode og en konnektor,

pre——

1det hvert element til elektrisk kontakt og fordeling af Jgas

indbefatter en tetningsrand (10), som danner en barrlere over

pre—— pr—

for fordelingen af gasserne, o0og som adskiller en fogrste
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gasstromningssektor (T1l), der omfatter den forste (61, 71, 81)

og tredje (63,

y

3, 83) zone, fra en anden Jgasstromningssektor

(T2), der omfatter den anden (62, 72, 82) og fjerde (04, 74, 84)

zone, 1l1ldet den

forste og anden sektor er sammenha&ngende gennem

—
e

barrieren under dannelsen af en overflade, der er

ti1lnermelsesvis

clrkulation a

pre——

—

l1g med overfladen af hver celle; 1det den

p—

forste og fjerde zone er dimensilioneret og barrileren over for

gasserne er indrettet, saledes at

gasstromningstversnittet er stigende eller faldende mellem den

forste og tredje zone 1 den fgrste sektor (T1), Og

gasstromningstvaersnittet ligeledes er stigende eller faldende

mellem den anden og fjerde zone 1 den anden sektor (T2).

12. Brendselscelle med hg] temperatur (SOFC) ti1l eventuel

1vaerksaettelse a

omfatter en stabel af elektrokemiske enhedsceller (Cl, CZ2) af

—

p—

en 1ntern reformering af methan (CH4), som

pre—— pr——

tyvpen med faste oxider, med rektanguler eller Tfirkantet

pre——

overflade, som hver udggres af en katode (2.1, 2.2), en anode

(4.1, 4.2), der omfatter materiale(r), som katalyserer methan

(CH4) —~reformeringsreaktionen, og en elektrolvyt (3.1, 3.2), der

er 1ndskudt mellem katoden og anoden, en flerhed af elektriske

og fluide konnektorer (5.1; 5.2), der hver er 1ndrettet mellem

—

to naboenhedsceller (Cl, C2) med en af dens flader 1 elektrisk

kontakt med anoden (2.1) 1 den ene (Cl) af de to enhedsceller,

p—

og den anden a:

(4.2) 1 den anden (C2Z) af de to enhedsceller, og en flerhed at

dens flader 1 elektrisk kontakt med katoden

pre——

p—

elementer (9) til elektrisk kontakt og fordeling af gas, der

hver er 1ndrettet mellem en anode og en konnektor, 1det hvert

—

element til elektrisk kontakt og fordeling af gas 1ndbefatter

en tetningsrand

fordelingen af

gasstromningssek

og tredje (63,

—

(10), som danner en barriere over for

gasserne, ole] som adskiller en forste

y

cor (T1), der omfatter den fgrste (o0l, /71, 81)

3, 83) zone, fra en anden Jgasstromningssektor

(T2), der omfatter den anden (62, 72, 82) og fjerde (04, 74, 84)

zone, 1ldet den

—
e
b

forste og anden sektor er sammenhangende gennem

pr——

barrieren under dannelse af en overflade, der er tilnermelsesvis

11g med overfladen af hver celle; 1det den forste og fjerde zone

—

er dimensioneret, o0g barrieren over for cirkulation af gasserne
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er 1ndrettet, saledes at gasstromningstvaersnittet er stiligende

eller faldende mellem den

forste og tredje zone 1 den forste

sektor (Tl), og gasstromningstversnlittet llgeledes er stigende

eller faldende mellem den anden og

(T2) .

fjerde zone 1 den anden sektor

13. Reaktor 1fglge krav 11 og brandselscelle 1fglge krav 12,

som udggr samme anordning,

der er Dberegnet

c11l at drives

reversibelt 1 co-elektrolyse-driftsform, eventuelt med 1n-situ-

methanlisering, og

ilntern reformeriling

14. Reaktor eller braendselscelle 1fglge et atf

13, hvor katoderne,

1 brendselscelle-driftsform,

—

af methan.

S OIIl

methaneringsreaktionen,

materiale(r),

der

reformeringsreaktionen,

pre——

berer af zirconiumoxid

15. Reaktor eller braendselscelle 1fglge et atf

14, hvor hvert element

—

1ndbefatter en rand

elektrode (katod

brendselscellen) .

fortrinsvis en rand

(10)

cIl

—

omfatter materiale(r),

eller anoderne,

katalyserer me

pr—

eventuelt med

kravene 11 til

der katalyserer

sSom omfatter

“han (CHgz) —

hver er pa basis af nikkel (N1) pa en

(2r02),
vttriumholdigt zirconiumoxid betegnet N1-YSZ,

(9)

pa basilis a:
(10),

for

—

pre——

sasom en cermet af nilkkel og

eller cerin.

kravene 11 ti1l

t1l elektrisk kontakt og fordeliling

pre——

af gasserne er en rist af nikkel (N1i), der som tetningsbarriere

"~ glas og/eller glaskeramik,

som desuden adskilller den porgse

FHT-reaktoren,

anoden for
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