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Method for producing CO and/onlih an alternating operation between two operatiogles

The present invention relates to a process forgsneg synthesis gas involving the interplay of an

endothermic reaction, electrical heating and arnheanic reaction.

The increased development of renewable energieausing a fluctuating energy supply on the
power grid. In periods of favorable power prices, the operation of reactors for performance of
endothermic reactions, preferably for the prepamatf synthesis gas, there is the possibility of
efficient and economically viable operation explwtrenewable energies when these reactors are

heated electrically.

In periods in which no renewable electrical eneigyavailable, it is then necessary to choose

another form of power supply to the endothermictieas.

Conventionally, synthesis gas is prepared by meatiee steam reforming of methane. Because of
the high heat requirement of the reactions invglvb@y are performed in externally heated
reformer tubes. Characteristic features of thic@ss are limitation by the reaction equilibrium, a
heat transport limitation, and in particular thegaure and temperature limitation of the reformer
tubes used (nickel-based steels). In terms of tesye and pressure, this results in a limitatmn t

a maximum of 900°C at about 20 to 40 bar.

An alternative process is autothermal reforminghis case, a portion of the fuel is combusted by
addition of oxygen within the reformer, such thag reaction gas is heated and the endothermic

reactions that proceed are supplied with heat.

In the prior art, some proposals have become krfowmternal heating of chemical reactors. For
example, Zhang et al., International Journal of idgen Energy 2007, 32, 3870-3879 describe the
simulation and experimental analysis of a coaxdglindrical methane steam reformer using an

electrically heated alumite catalyst (EHAC).

With regard to alternating operation, DE 10 2002 823 A1/US 2010/0305221 describes a
process for preparing and converting synthesiswlgh is characterized in that it has a plurality
of different operating states consisting essenti@imutually alternating (i) daytime operation and
(i) nighttime operation, wherein daytime operati@hcomprises principally dry reforming and
steam reforming with a supply of renewable enemgyd nighttime operation (ii) comprises
principally the partial oxidation of hydrocarbomasd the synthesis gas prepared is used to produce

products of value.
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US 2007/003478 Al discloses the preparation of ®sis gas with a combination of steam
reforming and oxidation chemistry. The process Iive® the use of solids in order to heat up the
hydrocarbon feed and to cool down the gaseous ptodacording to this publication, heat can be

conserved by reversing the gas flow of feed andywrbgases at intermittent intervals.

WO 2007/042279 Al concerns a reformer system cammgria reformer for chemically converting
a hydrocarbon-containing fuel to a hydrogen-gals-reformate gas, and electric heating devices
by which thermal energy for generating a react@ngerature required for the conversion is fed to

the reformer; and a capacitor which supplies teetat heating devices with electric current.

WO 2004/071947 A2/US 2006/0207178 Al relates hydrogen production system comprising a
reformer for producing hydrogen from a hydrocarldoel, a compressor for compressing the
hydrogen produced, a renewable energy source forecbng a renewable resource into electricity
for powering the compressor and a storage devicsttwing the compressed hydrogen from the

compressor.

It becomes clear from the above statements tha@canomically viable preparation of synthesis
gas exploiting renewable energy sources makesiceanands on the process procedure and the
reactor used therein. On the one hand, efficiesttetal heating of the reactor, i.e. efficient gow
supply to the endothermic reactions, has to beeaeli On the other hand, there has to be the

option of heating the reactor in another way faiqus in which no renewable energy is utilizable.

It is an object of the present invention to provsdeh a process. More particularly, the objecbis t
specify a process for preparing synthesis gas wisiduitable for alternating operation between

two different modes of operation.

This is achieved in accordance with the inventign & process for preparing gas mixtures

comprising carbon monoxide and hydrogen, compriiegsteps of:
- providing a flow reactor set up for reaction dfiad comprising reactants,

where the reactor comprises at least one heatwrg lghich is electrically heated by

means of one or more heating elements,
where the fluid can flow through the heating lexed

where a catalyst is arranged on at least one lipal@ment and can be heated thereon;
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- endothermic reaction of carbon dioxide with hydndons, water and/or hydrogen in the flow
reactor, forming at least carbon monoxide as prpdwith electrical heating by one or more

heating elements; and simultaneously

- exothermic reaction of hydrocarbons, carbon maie=and/or hydrogen as reactants in the flow

reactor;

wherein the exothermic reaction releases an anafumat Q1, the electrical heating of the reactor
releases an amount of heat Q2 and the exotherantioa and the electrical heating of the reactor
are operated such that the sum total of Q1 ands@geiater than or equal to the amount of heat Q3

required for an equilibrium yield Y of the endotimec reaction of 90%.

In the process of the invention, various amounthedit are considered and compared to one
another. If necessary, they can be referencedeXample, to time or to the amount of material
reacting in the reactor. The amount of heat QX lsased in the exothermic reaction and in this

way contributes to the heating of the reactants.

The amount of heat Q2 is the amount of heat whscheleased by the electrical heating of the
reactor. More particularly, it is the amount of hedich increases the temperature of the reactants

present in the reactor.

The amount of heat Q3 is calculated. Suitable nustfior this purpose are the methods which are
sufficiently well-known in the field of chemical gimeering. For this purpose, the endothermic
reaction of CQ with the other reactants is considered in the asitipn present in the reactor.

The amount of heat Q3 needed for an equilibriurtdy¥eof > 90% is derived therefrom.

The expression “equilibrium yield Y of the endotimér reaction of 90%” should be understood
such that 90% of the maximum achievable yield i@rtodynamic terms is achieved under the
given conditions. For example, a reaction in thecter may achieve a yield, based on the carbon
dioxide used, of 58% due to thermodynamic limita$io90% of 58% would correspond to 52.2%,

which is used as the basis for the demand for @8at

By controlling the proportions of electrical heatiand exothermic reaction, it is then ensured that
the sum of Q1 and Q2 corresponds at least to Q&fefably, Q3 is selected such that an
equilibrium yield Y of > 90% to< 100% and more preferably92% to< 99.99% is achieved.

In the process of the invention, the products, @gfig synthesis gas, are prepared in a reactor
which is heated either by autothermal means or banms of available electrical energy. It is

possible with preference to use methane togeth#r water or CQ as reactants. The reverse
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water-gas shift reaction is a further option foefprential preparation of CO. For the execution of
the reactions, especially at the exit of the reactoe aim should be high temperatures of

>> 700°C, in order to maximize yields.

An autothermal reaction regime enables provisiothefrequired energy input especially to very
endothermic reactions such as dry reforming (+ R#¥mol) or steam reforming (+ 206 kJ/mol).
The autothermal reaction regime is effected hereugfh the oxidation of preferably methane
and/or hydrogen, or else portions of the produotsnéd (e.g. CO). The oxidation is effected
firstly at the reactor inlet, as a result of whitle inlet temperature can be brought rapidly to a
high level, and “cold spots” resulting from the etigermicity of the reactions are avoided.
Additionally the gas is fed in through laterallypag the reactor length, in order to reduce the fuel
gas concentration in the inlet region and hence nla&imum adiabatic temperature increase
theoretically possible. In addition, the lateratdeng can bring the temperature level to values
above the inlet temperature. This heating concepbupled with the additional option of feeding
in electrical energy, preferably in the middle oflaat the end of the reactor. The coupling of the
two heating mechanisms, autothermal and electecargy input, allows the establishment of
optimal temperature profiles along the reactor,dgample a rising temperature ramp along the
reactor length, which has a positive influencetmnthermodynamics of the endothermic reactions.

Thus, the reaction regime is optimized in termghef CO/H yield.

The feed of electrical energy may come, for examfilem renewable sources. The increased
development of renewable energies is causing @auiiing energy supply on the power grid. In
periods of favorable power prices, for the operaid reactors for preparation of synthesis gas
(endothermic reactions), there is the possibilityetficient and economically viable operation
exploiting renewable energies and simultaneouslingamethane/hydrogen, which are then
needed to a lesser extent for heating. In conttlaste are periods of high power prices in which
the supply of electrical energy required for parfance of the operations should be minimized.
However, the proportion of renewable energy indghd also determines the economic efficiency
of the process. As will be described later, thecpss regime of the endothermic synthesis gas
production can be configured in terms of energy aeinsuch that economically and ecologically
viable operating points can be established depgndimthe power price and the proportion of

renewable energy in the power grid.

The energy is supplied within the reactor in thecpss described above by oxidation of a portion
of the feed gas supplied, methane in the case dfl DRSMR and/or hydrogen in the case of
RWGS, and/or by electrical heating. Both methodswmable for all the reactions mentioned. In

the case of oxidation, a portion of the methanehecase of DR and SMR) or hydrogen (in the
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case of RWGS) supplied is partially oxidized by gey which has been additionally introduced.
The resultant heat of combustion is subsequenilizad both for the particular endothermic
reaction and for further heating of the reaction. ggspecially at the reactor input, this is advisab
in order to capture the endothermicity of the risctind to avoid “cold spots”. This can likewise
be utilized for bringing the reaction gas to a dasiinput and output temperature. By means of
intermediate gas feeds, an energy input is adailipmpossible for the reaction and/or the heating
of the reaction gas, and a temperature profilebeaastablished, as a result of which higher GO/H
yields are achieved in thermochemically limitedorefing processes. It is likewise possible
through the side feed to reduce the fuel gas cdratén in the inlet region and hence to reduce
the adiabatic temperature increase theoreticakbgipte. The addition of oxygen necessary may be
either continuous or discontinuous. The additiomxfgen is effected within the upper explosion
range and can be accomplished in the following foraddition of pure oxygen, addition of air
and/or in a mixture with one of the other specheg bccur in the reactor (GHH,, CO;,, H,O, Ny).

An oxygen/air mixture together with G@nd/or HO is the aim here.

With increasing conversion in the methane/hydrogeaction, the heating method through

oxidation of the reactor materials is increasingigffective. This problem is solved by the

additional utilization of electrical heating segrteeim which the rest of the conversion can be
effected. With the aid of the electrical heatinge inventive reactor concept, through which the
energy required by the reaction is still suppligdreans of the coupling with an electrical heating
segment in the rear part of the reactor, enabldgiadal yields of synthesis gas. The segmented
incorporation of heating elements enables any eédemperature profile over the reactor length

within the desired temperature range.

A further advantage of this reactor concept lieshia flexible switching of the heating methods
from oxidation to electrical and/or running in aftating operation between strongly exothermic
(DR, SMR) and weakly endothermic reactions (RWGS).

In the process of the invention, the same reastoaised for both reaction types (endothermic and
exothermic), and so there is no need to switchr¢laetant streams between separate apparatuses.
Instead, it is possible to gradually start up ttteeoreaction in each case by continuously reducing
the methane feed while simultaneously increasieghifdrogen feed to the reactor, and vice versa.
A mixed form of the two reactions is therefore afsErmissible. Metered addition of water is

likewise possible in this concept, so as to reBulbperation as a steam reformer (SMR, +206
kJ/mol) or a mixed form of the three abovementiorestttions. It is thus possible to set the degree
of endothermicity as desired, and it is matchedparation to the boundary conditions relating to

energy economics and the local situation.
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In the endothermic mode of the reactor,,@éacts with hydrocarbons @8 and/or H to form CO

(among other substances). The hydrocarbons invofeedthe endothermic and exothermic
reactions are preferably alkanes, alkenes, alkyalkanols, alkenols and/or alkynols. Among the
alkanes, methane is particularly suitable; among #tkanols, methanol and/or ethanol are

preferred.

In exothermic mode, the reactants used are hydsonar CO and/or hydrogen. They react with

one another or with further reactants in the raacto

As already mentioned, examples of endothermic i@axare:
dry reforming of methane (DR): GH CO,=2CO+2H
steam reforming of methane (SMR): £HH,O =3 H, + CO
reverse water-gas shift reaction (RWGS):,GCH, = CO + HO
Examples of exothermic reactions are:

partial oxidation of methane (POX): GH¥2Q —->CO+2H
Boudouard reaction: 2CO C + CQ

methane combustion (CMB): GH 2 O, —» CO, + 2 HO

CO oxidation: CO + %2 ©— CO,

hydrogen combustion: H ¥2 G — H,O

oxidative coupling of methane (OCM): 2 ¢H O, —» CH, + 2 HO

The exothermic partial oxidation generates thentfa¢érenergy required and additionally produces
synthesis gas. For example, it is thus possibt®iwinue production in the same reactor at night or

during windless parts of the day.

In addition, the combustion of hydrogen can be uaedan alternative or additional heating
method. It is possible either that the combustibhyalrogen is effected in the RWGS reaction by
metered addition of £xo the reactant gas (ideally a locally distribubedateral metered addition),
or that hydrogen-rich residual gases (for exampBA Poffgas), as can be obtained in the
purification of the synthesis gas, are recycled @dbusted together with,(as a result of which

the process gas is then heated.
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One advantage of the oxidative mode is that sopbsies formed by dry reforming or steam
reforming can be removed, and so the catalyst caede regenerated. Moreover, it is possible to
regenerate passivation layers of the heat condwmtarf other metallic internals, in order to

increase the service life.

In general, endothermic reactions are heated fimnoutside through the walls of the reaction
tubes. This contrasts with autothermal reforminghvaddition of Q. In the reactor operation
described here, the endothermic reaction can beiegftly supplied internally with heat by
electrical heating within the reactor (the unddsdeaalternative would be electrical heating via
radiation through the reactor wall). This mode @dator operation becomes economically viable
especially when the oversupply resulting from tleeedopment of renewable energy sources can

be utilized inexpensively.

The process of the invention envisages allowing M SMR, RWGS and POX reactions to
proceed in the same reactor. Mixed operation i$i@ip envisaged. One of the advantages of this
option is the gradual startup of the other reacilreach case, for example by continuously
reducing the hydrocarbon supply while simultanepuskreasing the methane supply, or by

continuously increasing the hydrocarbon supply &hsimultaneously reducing the methane

supply.

The present invention, including preferred emboditseis elucidated in detail in conjunction with
the drawings which follow, without being restrictdtereto. The embodiments can be combined

with one another as desired, unless the oppositeniediately apparent from the context.
FIG. 1 shows a schematic view of a flow reactogxpanded form.

In one embodiment of the process of the inventibba,endothermic reaction is selected from: dry
reforming of methane, steam reforming of methareyerse water-gas shift reaction, coal
gasification and/or methane pyrolysis, and the lexwhic reaction is selected from: partial
oxidation of methane, autothermal reforming, Bowatdureaction, methane combustion, CO
oxidation, hydrogen oxidation, oxidative couplingneethane and/or Sabatier methanization {CO

and CO to methane).

In a further embodiment of the process of the itieen) the proportion of the amount of heat Q2 in
the reactor increases in the downstream directiemved in flow direction of the fluid comprising

reactants.

In a further embodiment of the process of the itieen said process further comprises the steps

of:
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- determining a
threshold S1 for the costs of the electrical enengpilable to the flow reactor and/or a

threshold S2 for the relative proportion of elestienergy from renewable sources in the

electrical energy available to the flow reactorg an
5 - comparing
the costs of the electrical energy available toflihve reactor with the threshold S1 and/or

the relative proportion of electrical energy froemewable sources in the electrical energy

available to the flow reactor with the threshold S2

- reducing the extent of the exothermic reactiod/@nincreasing the extent of the electrical
10 heating of the reactor when the value is below ttimeshold S1 and/or the threshold S2 is

exceeded; and

- increasing the extent of the exothermic reac@ma/or reducing the extent of the electrical
heating of the reactor when the value is below ttimeshold S1 and/or the threshold S2 is

exceeded.

15 In this variant for hybrid operation of synthesesgroduction, a decision is made on the basis of
one or more thresholds as to which mode of operasoto be chosen. The first threshold S1
relates to the electricity costs for the reactpecsfically the costs for electrical heating of the
reactor by the heating elements in the heatingdeltas possible here to determine the levelap t

which the electrical heating is still economicatlligble.

20 The second threshold S2 relates to the relativegstion of electrical energy from renewable
sources which is available for the reactor and alga@in specifically for the electrical heating of
the reactor by the heating elements in the heddéwegls. The relative proportion is based here on
the total amount of electrical energy in the eieatrenergy available to the flow reactor and may
of course vary over the course of time. Examplesenewable sources from which electrical
25 energy can be generated are wind energy, solaggngeothermal energy, wave energy and
hydroelectric power. The relative proportion candstermined from information given by the
energy supplier. If, for example, in-house renewadshergy sources such as solar plants or wind
power plants are available on a site, this relaBmergy proportion too can be specified via

performance monitoring.
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In the same way as the threshold S1 can be unddrsiar example, as an upper price limit, the
threshold S2 can be regarded as a requiremeniize uenewable energies to the greatest possible
justifiable extent. For example, S2 may state thatreactor is to be electrically heated from a

proportion of 5%, 10% or 20% or 30% of electricaésgy from renewable sources.

A comparison of the target values with the actadli®s in the process may then arrive at the result
that the electrical energy is available inexpergiaad/or sufficient electrical energy is available
from renewable sources. Then the flow reactor israjed in such a way that the exothermic

reaction is conducted to a lesser extent and/oe tisegreater electrical heating.

If the comparison of target/actual values shows éhectrical energy is too expensive and/or too
much energy would have to be used from non-renewvablrces, the extent of the exothermic

reaction is increased and/or the extent of eletheating is reduced.

In order to ensure that a sufficient amount of bgen is available even in prolonged RWGS
phases, the system can be coupled to a water a{et$r unit for hydrogen production. The
operating strategy of water electrolysis is likeavt®upled here to the parameters of ‘power price’
and ‘proportion of renewable energy in the gridheToverall system may therefore have at least
one hydrogen storage means if required. The pdisgibi conducting a steam reforming or a
mixed reforming, and therefore an increase in §yadrdgen content in the synthesis gas compared
to DR, results in a further degree of freedom i dperating strategy for preparation of hydrogen

for pure RWGS phases.

In a further embodiment of the process of the itveer) the flow reactor comprises:

a multitude of heating levels, viewed in flow ditiea of the fluid,

which are electrically heated by means of heatlaments and

where the fluid can flow through the heating leyels

where a catalyst is arranged on at least one lgealiiment and can be heated thereon,

where an intermediate level is additionally arrahgeleast once between two heating levels and
where the fluid can likewise flow through the imediate level.

A fluid comprising reactants flows from the top domard through the flow reactor for use in
accordance with the invention shown schematicallyFiG. 1, as shown by the arrows in the

drawing. The fluid may be in liquid or gaseous foamd may be monophasic or polyphasic.
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Preferably, in view of the possible reaction terapares as well, the fluid is gaseous. It is
conceivable either that the fluid comprises exelelyi reactants and reaction products or else that

inert components such as inert gases are addityqpraisent in the fluid.

Viewed in flow direction of the fluid, the reactbias a multitude of (four in the present case)
heating levels 100, 101, 102, 103, which are alsdty heated by means of corresponding heating
elements 110, 111, 112, 113. The fluid flows thiotige heating levels 100, 101, 102, 103 in the
operation of the reactor, and the heating elemetzis 111, 112, 113 are contacted by the fluid.

A catalyst is arranged on at least one heatingetrhl0, 111, 112, 113 and is heatable thereon.
The catalyst may be connected directly or indiyetdl the heating elements 110, 111, 112, 113,
such that these heating elements constitute thelysatsupport or a support for the catalyst

support.

In the reactor, the supply of heat to the readsahus effected electrically, and it is not intuadd
from the outside by means of radiation through wadls of the reactor, but directly into the

interior of the reaction space. Direct electricahting of the catalyst is achieved.

For the heating elements 110, 111, 112, 113, @klghigh-temperature conductor alloys such as
FeCrAl alloys are used. As alternative to metathiaterials, it is additionally also possible to use

electrically conductive Si-based materials, moefgnably SiC.

In the reactor, a preferably ceramic intermediatesll 200, 201, 202 is additionally arranged at
least once between two heating levels 100, 101, 102, and the fluid likewise flows through the
intermediate level(s) 200, 201, 202 in the operatad the reactor. This has the effect of
homogenising the fluid flow. It is also possiblattadditional catalyst is present in one or more
intermediate levels 200, 201, 202 or further insolaelements in the reactor. In that case, an
adiabatic reaction can proceed. The intermediateldecan, if required, especially in reactions in

which an oxygen supply is envisaged, function #arae barrier.

In the case of use of FeCrAl high-temperature cotuts, it is possible to exploit the fact that the
material forms an AD; protective layer as a result of the action of terafure in the presence of
air/oxygen. This passivation layer can serve aase llayer for a washcoat, which functions as a
catalytically active coating. Thus, direct resistameating of the catalyst or supply of heat to the
reaction is achieved directly via the catalytiausture. It is also possible, in the case of use of

other high-temperature conductors, to form othetqmtive layers, for example of Si-O-C systems.

The pressure in the reactor can be absorbed bysraam pressure-resistant steel jacket. Using

suitable ceramic insulation materials, it is polesito achieve exposure of the pressure-bearing
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steel to temperatures of less than 200°C and, wietessary, even less than 60°C. By means of
appropriate devices, it is possible to ensure thete is no condensation of water on the steel

jacket when the temperature goes below the dew.poin

The electrical connections are shown only in vechesnatic form in FIG. 1. In the low-

temperature region of the reactor, they can be wated within an insulation to the ends of the
reactor, or laterally out of the heating elemeri6,1111, 112, 113, such that the actual electrical
connections can be provided in the low-temperategén of the reactor. The electrical heating is

effected with direct current or alternating current

Through suitable shaping, an increase in the sertrea can be achieved. It is possible that
heating elements 110, 111, 112, 113 are arrangddeirneating levels 100, 101, 102, 103, and

these may be in spiral form, in meandering formgrid form and/or in network form.

It is additionally possible that a different amowohtand/or type of catalyst is present in at |esst
heating element 110, 111, 112, 113 than in therolleating elements 110, 111, 112, 113.
Preferably, the heating elements 110, 111, 112, drE3set up such that they can each be

electrically heated independently.

The end result is that the individual heating lswen be controlled and regulated individually. In
the inlet region of the reactor, if required, itako possible to dispense with a catalyst in the
heating levels, such that exclusively the heatimg) @0 reaction proceeds in the inlet region. This
is especially advantageous with regard to thelgiaot the reactor. If the individual heating levels
100, 101, 102, 103 are different in terms of pow@ut, catalyst loading and/or catalyst type, a
temperature profile matched to the particular ieactan be achieved. With regard to use for
endothermic equilibrium reactions, this temperafnaile is, for example, a temperature profile

which reaches the highest temperatures and headgghest conversion at the reactor exit.

The intermediate levels 200, 201, 202 (which amaro&, for example), or the contents thereof
210, 211, 212, comprise a material stable underrd¢hetion conditions, for example a ceramic
foam. They serve to mechanically support the hgderels 100, 101, 102, 103, and to mix and
distribute the gas stream. At the same time, etadtinsulation between two heating levels is
possible in this way. It is preferable that the enal of the contents 210, 211, 212 of an
intermediate level 200, 201, 202 comprises oxidasyides, nitrides, phosphides and/or borides of

aluminum, silicon and/or zirconium. One examplehafse is SiC. Also preferred is cordierite.

The intermediate level 200, 201, 202 may, for edxeampomprise a loose bed of solid bodies.

These solid bodies themselves may be porous od,sslich that the fluid flows through gaps
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between the solid bodies. It is preferable thatrtfaerial of the solid bodies comprises oxides,
carbides, nitrides, phosphides and/or borideswhadum, silicon and/or zirconium. One example

of these is SiC. Also preferred is cordierite.

It is likewise possible that the intermediate 1e2@0, 201, 202 comprises a one-piece porous solid
body. In this case, the fluid flows through theermiediate level via the pores of the solid body.
This is shown in FIG. 1. Preference is given todymomb monoliths, as used, for example, in the

treatment of exhaust gas from internal combustimgires.
A further conceivable option is that one or more¢haf intermediate levels are empty spaces.

With regard to the construction dimensions, it isferable that the average length of a heating
level 100, 101, 102, 103, viewed in flow directioh the fluid, and the average length of an
intermediate level 200, 201, 202, viewed in flowedtion of the fluid, are in a ratio 8f0.01:1 to
<100:1 to one another. Even more advantageous rateofron 0.1:1 to< 10:1 or 0.5:1 te< 5:1

Suitable catalysts may be selected, for exampben the group comprising:
() a mixed metal oxide of the formula@, A" wA" xBy-2)B’yB” :Os.geraWhere:

A, A’ and A” are each independently selected frdra group of: Mg, Ca, Sr, Ba, Li, Na, K, Rb,
Cs, Sn, Sc, VY, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd,0Oy,Ho, Er, Tm, Yb, Tl, Lu, Ni, Co, Pb, Bi
and/or Cd;

B, B’ and B” are each independently selected froemgroup of: Cr, Mn, Fe, Bi, Cd, Co, Cu, Ni,
Sn, Al, Ga, Sc, Ti, V, Nb, Ta, Mo, Pb, Hf, Zr, W, Gd, Yb, Mg, Li, Na, K, Ce and/or Zn; and

0<w<0.5;0<x<0.5;0<y<0.5;0<z<0.5 and -k delta< 1;
(mn a mixed metal oxide of the formulaAw.A" wA” xB.y-2B’yB” ;05 .qeraWhere:

A, A’ and A” are each independently selected frdra group of: Mg, Ca, Sr, Ba, Li, Na, K, Rb,
Cs, Sn, Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Th,Hy, Er, Tm, Yb, Tl, Lu, Ni, Co, Pb and/or Cd;

B is selected from the group of: Cr, Mn, Fe, Bi, Cd, Cu, Ni, Sn, Al, Ga, Sc, Ti, V, Nb, Ta, Mo,
Pb, Hf, Zr, Th, W, Gd, Yb, Bi, Mg, Cd, Zn, Re, Reh, Pd, Os, Ir and/or Pt;

B’ is selected from the group of: Re, Ru, Rh, Pd, IDand/or Pt;

B” is selected from the group of: Cr, Mn, Fe, B},&o, Cu, Ni, Sn, Al, Ga, Sc, Ti, V, Nb, Ta,
Mo, Pb, Hf, Zr, Th, W, Gd, Yb, Bi, Mg, Cd and/or Zn
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and
0<w<0.5;0<x<0.5;0<y<0.5;0<z<0.5and -k delta< 1;

(imy  a mixture of at least two different metals Mihd M2 on a support comprising an oxide of
Al, Ce and/or Zr doped with a metal M3;

where:

M1 and M2 are each independently selected frongtbap of: Re, Ru, Rh, Ir, Os, Pd and/or Pt;

and

M3 is selected from the group of: Sc, Y, La, Ce, Rd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb

and/or Lu;
(IvV)  a mixed metal oxide of the formula L Al 2.,1,05),; where:

L is selected from the group of: Na, K, Rb, Cs, Mg, Sr, Ba, Sc, Y, Sn, Pb, Pd, Mn, In, Tl, La,
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and/u;

M is selected from the group of: Ti, Zr, Hf, V, Nba, Cr, Mo, W, Mn, Re, Fe, Ru, Os, Co, Rh, Ir,
Ni, Pd, Pt, Zn, Cu, Ag and/or Au;

1<x<2;

0<y<12;and

4<z<09;

V) a mixed metal oxide of the formula LO)),;
where:

L is selected from the group of: Na, K, Rb, Cs, Mg, Sr, Ba, Sc, Y, Sn, Pb, Mn, In, Tl, La, Ce,
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and/or, &and

4<27<09;

(V) an oxidic catalyst comprising Ni and Ru;
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(VIl) a metal M1 and/or at least two different metd11 and M2 on and/or in a support, the
support being a carbide, oxycarbide, carbonitridigride, boride, silicide, germanide and/or

selenide of the metals A and/or B;
where:

M1 and M2 are each independently selected frongtbep of: Cr, Mn, Fe, Co, Ni, Re, Ru, Rh, Ir,
Os, Pd, Pt, Zn, Cu, La, Ce, Pr, Nd, Sm, Eu, GdDh Ho, Er, Tm, Yb, and/or Lu;

A and B are each independently selected from themof: Be, Mg, Ca, Sc, Ti, V, Cr, Mn, Fe, Co,
Ni, Y, Zr, Nb, Mo, Hf, Ta, W, La, Ce, Pr, Nd, SmyuE5d, Th, Dy, Ho, Er, Tm, Yb, and/or Lu;

(VIIl) a catalyst comprising Ni, Co, Fe, Cr, Mn, ZAl, Rh, Ru, Pt and/or Pd;
and/or

reaction products of (1), (1), (1), (IV), (V),\I), (VII) and/or (V1) in the presence of carbon

dioxide, hydrogen, carbon monoxide and/or water @mperature of 700°C.
The term “reaction products” includes the catapfsises present under the reaction conditions.

Preference is given to:

() LaNiOz and/or LaNj 7.0 & 1.0.03 (especially LaNjgFe) ,0x3)

(1r) LaNio g.09RU.01.003; and/or LaNig.o.oRMp01.003 (especially LaNjoRu oO; and/or
LaNig ¢sRM.0503).

(I Pt-Rh on Ce-Zr-Al oxide, Pt-Ru and/or Rh-Ro €e-Zr-Al oxide

(V) BaNiAl 1105, CaNiAl;10qg, BaNiy.978RUo.025A1 1101, BaNb.gsRUp.0sA 11014,
BaNig e Ry 0gAl 11019, BaNip gl 16A1 11019 and/or BaRplosAl 1196019

(V) BaAl;,0,4, SrAl;;0.9 and/or CaAl,01g

(VI)  Niand Ru on Ce-Zr-Al oxide, or on an oxidetbk perovskite class and/or on an oxide of

the hexaaluminate class

(VIl)  Cr, Mn, Fe, Co, Ni, Re, Ru, Rh, Ir, Os, Pd, Bn, Cu, La, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy,
Ho, Er, Tm, Yb, and/or Lu on M@ and/or WC.
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In the process of the invention, in the reactovgled, at least one of the heating elements 110,
111, 112, 113 is electrically heated. This can,rmdd not, precede the flow of a fluid comprising

reactants through the flow reactor with at leastiplareaction of the reactants in the fluid.

The reactor may be constructed in modular form. ddobe may comprise, for example, a heating
level, an insulation level, the electrical contBwining device and the appropriate further

insulation materials and thermal insulators.

As already mentioned in connection with the reacibis advantageous when the individual
heating elements 110, 111, 112, 113 are each eplenath a different heating power.

With regard to the temperature, it is preferabk the reaction temperature in the reactor, at leas
in some places, i8 700°C to< 1300°C. More preferred ranges aré&00°C to< 1200°C anc>
900°C to< 1100°C.

The average (mean) contact time of the fluid witheating element 110, 111, 112, 113 may, for
example, be> 0.01 second t& 1 second and/or the average contact time of tnd fiith an
intermediate level 110, 111, 112, 113 may, for gdambe> 0.001 second t& 5 seconds.
Preferred contact times aré).005 to< 1 second, more preferaly0.01 to< 0.9 second.

The reaction can be conducted at a pressure Iobar to< 200 bar. Preferably, the pressure is

> 2 bar to< 50 bar, more preferabty 10 bar to< 30 bar.
In a further embodiment of the process of the itieen
- a desired KHCO ratio in the synthesis gas is fixed and

- the reaction of carbon dioxide with hydrocarbamater and/or hydrogen is conducted in the flow
reactor, the product formed being at least carbonaxide, with electrical heating by means of
one or more heating elements (110, 111, 112, 1h@nwhe ratio goes below the desired ratio of

H,/CO; and

- the reaction of hydrocarbons with oxygen is carted in the flow reactor, the products formed

being at least carbon monoxide and hydrogen, wihedésired ratio of #ACO is exceeded;

with the following exception: a changeover from theaction of carbon dioxide with
hydrocarbons, forming at least carbon monoxideradyzt, to the reaction of hydrocarbons with
oxygen, forming at least carbon monoxide and hyeinogs products, takes place when the ratio

goes below the desired ratio 0§/80O, and vice versa.
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In the specific example, the O ratio changes from 1:1 to 2:1 at the changeéwen CG,
reforming to POX. Modifications by the addition BEO or CQ in the SMR are additionally
possible. In the changeover from dry reforming @XRin contrast, the BICO ratio changes from
1:1to 2:1.

In a further embodiment, the main target producy ma CO or H. The parameter S1 is undershot
and/or the parameter S2 is exceeded. As a restitigfendothermic operation is preferred, i.e.
steam reforming or dry reforming, in which case,@©Oadditionally used as C1 source, which is
manifested in a saving of methane. As a resulhefdry reforming, two moles of CO and two
moles of H are obtained per mole of methane. The reactaiot ®8(CO,/CH, is > 1.25. The CQ
present in the product gas is removed in subsegureness steps and recycled into the reactor. As
soon as the parameter S1 is exceeded and/or thmgt@r S2 is undershot, the mode of operation
is switched from endothermic operation to exotheraperation. In this case, methane is supplied
to the reactor together with,OCO, may continue to be metered in during the switch@lese
and be used as a kind of inert component untilRBX reaction has been stabilized and a new
steady state is attained. The ®moved in the subsequent steps can be storedhedetely, in
order to be used as reactant in the startup ofetidothermic reaction. In the changeover of
operating mode to partial oxidation, the reactamasns or the throughput of methane and oxygen
are adjusted such that a constant amount of COmmuat of H is available for subsequent

processes.

In a further preferred embodiment, the target pebdsiCO. The parameter S1 is undershot and/or
the parameter S2 is exceeded. As a result of #mdpthermic operation is preferred, i.e. the
performance of the rWGS reaction, in which case, @Qused as C1 source. As a result of the
rWGS reaction, one mole of CO and one mole of waterpresent per mole of GO’ he reactant
ratio of H/CO, is> 1.25. The C@present in the prior gas is removed in subsequeess steps
and recycled into the reactor. As soon as the petemn$1 is exceeded and/or the parameter S2 is
undershot, the mode of operation is switched fronoéhermic operation to exothermic operation.
In this case, methane is supplied to the reacgether with Q. CO, may continue to be metered
in during the switchover phase and be used asdddinnert component until the POX reaction
has been stabilized and a new steady state isedta® portion of the hydrogen prepared during
the POX operation can be stored intermediatelywes®dl for the operation of the rWGS reaction.
In the changeover of operating mode to partial atxah, the reactant streams or the throughput of
methane and oxygen are adjusted such that a corstaunt of CO is available for subsequent

processes.
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In a further embodiment of the process, it is gussio react flexibly to the methane price. This is
then compared with the particular power price. ls tcase, the saving of methane in the
performance of the electrically heated QO®forming, which uses GQas C1 source, is weighed

against the costs of electrical heating.

In a further embodiment, the changeover to theh®tatic mode of operation is effected in order
to react to soot formation during endothermic ofjena Operation with @ can be used to

regenerate passivation layers within the reactor.

As well as exothermic operation for provision afyanthesis gas, the electrical heating elements in
the region of the reactor inlet can be used fordtagtup operation. Thus, rapid heating of the
reactant stream is possible, which reduces cokinija performance of the endothermic reforming
reaction and enables locally defined light-off loé reaction in the performance of POX and hence

enables safer reactor operation.

The present invention likewise relates to a corntrat set up for the control of the process of the
invention. This control unit may also be distritdiver several modules which communicate with
one another, or may then comprise these modules.c®htrol unit may contain a volatile and/or
nonvolatile memory which contains machine-exece@aoimmands in connection with the process
of the invention. More particularly, these may bacimne-executable commands for registering
the thresholds, for comparing the thresholds with ¢urrent conditions and for control of control

valves and compressors for gaseous reactants.
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Claims

1. A process for preparing gas mixtures comprisiadhon monoxide and hydrogen, comprising

the steps of:
- providing a flow reactor set up for reaction dfiad comprising reactants,

where the reactor comprises at least one heatwe (@00, 101, 102, 103) which is
electrically heated by means of one or more heafements (110, 111, 112, 113),

where the fluid can flow through the heating lef#)0, 101, 102, 103) and

where a catalyst is arranged on at least one hyeatement (110, 111, 112, 113) and can

be heated thereon;

- endothermic reaction of carbon dioxide with hydndons, water and/or hydrogen in the flow
reactor, forming at least carbon monoxide as prpdwith electrical heating by one or more
heating elements (110, 111, 112, 113); and simettasly

- exothermic reaction of hydrocarbons, carbon maie=and/or hydrogen as reactants in the flow

reactor;

wherein the exothermic reaction releases an anafumat Q1, the electrical heating of the reactor
releases an amount of heat Q2 and the exotherantioa and the electrical heating of the reactor
are operated such that the sum total of Q1 ands@geiater than or equal to the amount of heat Q3

required for an equilibrium yield Y of the endotimc reaction of 90%.

2. The process as claimed in claim 1, wherein th#o#hermic reaction is selected from: dry
reforming of methane, steam reforming of methareyerse water-gas shift reaction, coal
gasification and/or methane pyrolysis, and the lewhic reaction is selected from: partial
oxidation of methane, autothermal reforming, Bowatdureaction, methane combustion, CO

oxidation, hydrogen oxidation, oxidative couplingneethane and/or Sabatier methanization.
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3. The process as claimed in claim 1, wherein tfopgrtion of the amount of heat Q2 in the
reactor increases in the downstream direction, etewn flow direction of the fluid comprising

reactants.
4. The process as claimed in claim 1, further casing the steps of:
- determining a
threshold S1 for the costs of the electrical enengpilable to the flow reactor and/or a

threshold S2 for the relative proportion of elestienergy from renewable sources in the

electrical energy available to the flow reactorg an
- comparing
the costs of the electrical energy available toflihve reactor with the threshold S1 and/or

the relative proportion of electrical energy froemewable sources in the electrical energy

available to the flow reactor with the threshold S2

- reducing the extent of the exothermic reactiod/@nincreasing the extent of the electrical
heating of the reactor when the value is below ttimeshold S1 and/or the threshold S2 is

exceeded; and

- increasing the extent of the exothermic react@ma/or reducing the extent of the electrical
heating of the reactor when the value is below ttiveshold S1 and/or the threshold S2 is

exceeded.

5. The process as claimed in claim 1, wherein lthe feactor comprises:

a multitude of heating levels (100, 101, 102, 10&wed in flow direction of the fluid,
which are electrically heated by means of heatlaments (110, 111, 112, 113) and
where the fluid can flow through the heating ley@@a0, 101, 102, 103),

where a catalyst is arranged on at least one lgeakement (100, 101, 102, 103) and can be heated

thereon,

where a ceramic intermediate level (200, 201, Z0&)ich is preferably borne by a ceramic or
metallic support structure/level) is additionallyanged at least once between two heating levels
(200, 101, 102, 103) and
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where the fluid can likewise flow through the imediate level (200, 201, 202).
6. The process as claimed in claim 5, wherein hgaglements (110, 111, 112, 113) arranged

within the heating levels (100, 101, 102, 103)iarspiral form, in meandering form, in grid form

and/or in network form.

7. The process as claimed in claim 5, wherein temdiht amount of and/or type of catalyst is
present in at least one heating element (110, 112, 113) than in the other heating elements
(110, 111, 112, 113).

8. The process as claimed in claim 5, wherein gaihg elements (110, 111, 112, 113) are set up
such that they can each be electrically heatedbeidently.

9. The process as claimed in claim 5, wherein tagernal of the contents (210, 211, 212) of an
intermediate level (200, 201, 202) comprises oxidasbides, nitrides, phosphides and/or borides

of aluminum, silicon and/or zirconium.

10. The process as claimed in claim 5, whereinatrerage length of a heating level (100, 101,
102, 103), viewed in flow direction of the fluidné the average length of an intermediate level
(200, 201, 202), viewed in flow direction of theifl, are in a ratio of 0.01:1 to< 100:1 to one

another.

11. The process as claimed in claim 1, whereircétalyst is selected from the group comprising:
(I) a mixed metal oxide of the formulaAvxyA’ wA” xB(1.y2B’'yB” :03.detta

where:

A, A’ and A” are each independently selected frdra group of: Mg, Ca, Sr, Ba, Li, Na, K, Rb,
Cs, Sn, Sc, VY, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd,0y,Ho, Er, Tm, Yb, Tl, Lu, Ni, Co, Pb, Bi
and/or Cd;

B, B’ and B” are each independently selected froemgroup of: Cr, Mn, Fe, Bi, Cd, Co, Cu, Ni,
Sn, Al, Ga, Sc, Ti, V, Nb, Ta, Mo, Pb, Hf, Zr, W, Gd, Yb, Mg, Li, Na, K, Ce and/or Zn; and

0<w<0.5;0<x<0.5;0<y<0.5;0<z< 0.5 and -k delta< 1;
(1) a mixed metal oxide of the formulaAvA’ wA” xB(1.y-2B’yB” ;03 geraWhere:

A, A’ and A” are each independently selected frdra group of: Mg, Ca, Sr, Ba, Li, Na, K, Rb,
Cs, Sn, Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Th,Hy, Er, Tm, Yb, Tl, Lu, Ni, Co, Pb and/or Cd;
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B is selected from the group of: Cr, Mn, Fe, Bi, Cd, Cu, Ni, Sn, Al, Ga, Sc, Ti, V, Nb, Ta, Mo,
Pb, Hf, Zr, Th, W, Gd, Yb, Bi, Mg, Cd, Zn, Re, Reh, Pd, Os, Ir and/or Pt;

B’ is selected from the group of: Re, Ru, Rh, Pd, IDand/or Pt;

B” is selected from the group of: Cr, Mn, Fe, BJ,&o, Cu, Ni, Sn, Al, Ga, Sc, Ti, V, Nb, Ta,
Mo, Pb, Hf, Zr, Th, W, Gd, Yb, Bi, Mg, Cd and/or Zn

and
0<w<0.5;0<x<0.5;0<y<0.5;0<z<0.5and -k delta< 1;

(I a mixture of at least two different metalsiMind M2 on a support comprising an oxide of Al,

Ce and/or Zr doped with a metal M3;
where:

M1 and M2 are each independently selected frongtbap of: Re, Ru, Rh, Ir, Os, Pd and/or Pt;

and

M3 is selected from the group of: Sc, Y, La, Ce, Rd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb

and/or Lu;
(IV) a mixed metal oxide of the formula L y»Al y1,Os).; where:

L is selected from the group of: Na, K, Rb, Cs, Mg, Sr, Ba, Sc, Y, Sn, Pb, Pd, Mn, In, Tl, La,
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and/u;

M is selected from the group of: Ti, Zr, Hf, V, Nba, Cr, Mo, W, Mn, Re, Fe, Ru, Os, Co, Rh, Ir,
Ni, Pd, Pt, Zn, Cu, Ag and/or Au;

1<x<2;

0<y<12;and

4<z<9;

(V) a mixed metal oxide of the formula LO(&),;

where:
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L is selected from the group of: Na, K, Rb, Cs, Mg, Sr, Ba, Sc, Y, Sn, Pb, Mn, In, Tl, La, Ce,
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and/or, Band

4<z<9;
(V1) an oxidic catalyst comprising Ni and Ru;

(VIl) a metal M1 and/or at least two different mstdi1l and M2 on and/or in a support, the
support being a carbide, oxycarbide, carbonitridigride, boride, silicide, germanide and/or

selenide of the metals A and/or B;
where:

M1 and M2 are each independently selected frongtbep of: Cr, Mn, Fe, Co, Ni, Re, Ru, Rh, Ir,
Os, Pd, Pt, Zn, Cu, La, Ce, Pr, Nd, Sm, Eu, GdDyh Ho, Er, Tm, Yb, and/or Lu;

A and B are each independently selected from themof: Be, Mg, Ca, Sc, Ti, V, Cr, Mn, Fe, Co,
Ni, Y, Zr, Nb, Mo, Hf, Ta, W, La, Ce, Pr, Nd, SmyuE5d, Th, Dy, Ho, Er, Tm, Yb, and/or Lu;

(VI a catalyst comprising Ni, Co, Fe, Cr, Mn, ZAl, Rh, Ru, Pt and/or Pd;

and/or

reaction products of (1), (1), (1), (IV), (V),\I), (VII) and/or (V1) in the presence of carbon

dioxide, hydrogen, carbon monoxide and/or water @mperature of 700°C.

12. The process as claimed in claim 5, whereinitdeszidual heating elements (110, 111, 112,

113) are each operated with a different heatingguow

13. The process as claimed in claim 1, whereinrélaetion temperature in the reactor, at least in
places, is> 700°C to< 1300°C.

14. The process as claimed in claim 5, whereiratlezage contact time of the fluid with a heating
element (110, 111, 112, 113)%s0.001 second tg 1 second and/or the average contact time of
the fluid with an intermediate level (110, 111, 1123) is> 0.001 second tg 5 seconds.

15. The process as claimed in claim 1, whereinst#iected reaction is conducted at a pressure of
> 1 bar to< 200 bar.



