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ON DEMAND HYDROGEN FROM AMMONIA

TECHNICAL FIELD

A reactor system and a process for production of hydrogen from a feed gas comprising
ammonia in the presence of a catalyst under ammonia cracking reaction conditions are
provided, where the heat for the ammonia cracking reaction is provided by resistance
heating.

BACKGROUND

Hydrogen tanks are the typical solution for hydrogen storage when needed occasionally or in
varying demands. However, storage of hydrogen in such tanks can raise the risk of fire or
explosion.

There is the need for on-demand hydrogen production in smaller plants using a relative
simple production setup with minimal operator input needed using an easily storable reactant
for the hydrogen production.

Systems and methods for carrying out endothermic catalytic reactions are set out in co-
pending patent application PCT/EP2019/062424.

SUMMARY

So, in a first aspect, a reactor system is provided for production of hydrogen from a feed gas
comprising ammonia in the presence of a catalyst under ammonia cracking reaction
conditions, said reactor system comprising:

- a supply of feed gas comprising ammonia;

- a structured catalyst arranged for catalyzing said ammonia cracking reaction of said
feed gas, said structured catalyst comprising a macroscopic structure of an electrically
conductive material, said macroscopic structure supporting a ceramic coating,

wherein said ceramic coating supports a catalytically active material;

- a pressure shell housing said structured catalyst, said pressure shell comprising an in-
let for letting in said feed gas and an outlet for letting out product gas, wherein said
inlet is positioned so that said feed gas enters said structured catalyst in a first end of
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said structured catalyst and said product gas exits said structured catalyst from a
second end of said structured catalyst;

- a heat insulation layer between said structured catalyst and said pressure shell;

- at least two conductors electrically connected to said structured catalyst and to an
electrical power supply placed outside said pressure shell, wherein said electrical
power supply is dimensioned to heat at least part of said structured catalyst to a
temperature of at least 300°C by passing an electrical current through said
macroscopic structure, wherein said at least two conductors are connected to the
structured catalyst at a position on the structured catalyst closer to said first end of
said structured catalyst than to said second end of said structured catalyst, and
wherein the structured catalyst is constructed to direct an electrical current to run
from one conductor substantially to the second end of the structured catalyst and
return to a second of said at least two conductors;

- an outlet for a product stream comprising hydrogen.

In a further aspect, a process is provided for carrying out the ammonia cracking reaction of a
feed gas comprising ammonia to hydrogen in the presence of a catalyst under ammonia
cracking reaction conditions, in a reactor system comprising a pressure shell housing a
structured catalyst arranged for catalyzing said ammonia cracking reaction of a feed gas, said
structured catalyst comprising a macroscopic structure of electrically conductive material,
said macroscopic structure supporting a ceramic coating, wherein said ceramic coating
supports a catalytically active material; wherein said reactor system is provided with heat
insulation between said structured catalyst and said pressure shell; said process comprising
the steps of:

- pressurizing said feed gas,

- supplying said pressurized feed gas to said pressure shell through an inlet positioned
so that said feed gas enters said structured catalyst in a first end of said structured
catalyst; allowing the feed gas to undergo an ammonia cracking reaction over the
structured catalyst and outletting a product gas from said pressure shell, wherein said
product gas exits said structured catalyst from a second end of said structured
catalyst;

- supplying electrical power via electrical conductors connecting an electrical power
supply placed outside said pressure shell to said structured catalyst, allowing an
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electrical current to run through said macroscopic structure, thereby heating at least
part of the structured catalyst to a temperature of at least 300°C, wherein said at
least two conductors are connected to the structured catalyst at a position on the
structured catalyst closer to said first end of said structured catalyst than to said
second end of said structured catalyst, and wherein the structured catalyst is
constructed to direct an electrical current to run from one conductor substantially to
the second end of the structured catalyst and return to a second of said at least two
conductors, thereby heating at least part of the structured catalyst to a temperature
sufficient for said feed gas to undergo the ammonia cracking reaction over the
structured catalyst, thereby heating at least part of the structured catalyst to a
temperature sufficient for said feed gas to undergo the ammonia cracking reaction
over the structured catalyst,

- outletting a product gas comprising hydrogen from the reactor system.
In a further aspect, a method is provided for rapidly switching a metal-catalysed ammonia
cracking reaction of a feed gas comprising ammonia in a reactor system as set out herein,
from a first steady-state reaction condition (A) to a second steady-state reaction condition
(B) or vice-versa; said method comprising the steps of:
in said first steady-state reaction condition (A):
- supplying said feed gas to the reactor system in a first total flow, and
- supplying a first electrical power via electrical conductors connecting an electrical
power supply placed outside said pressure shell to said structured catalyst, thereby
allowing a first electrical current to run through said electrically conductive material,
thereby heating at least part of the structured catalyst to a first temperature at which said
feed gas is converted to a first product gas mixture over said structured catalyst under said
first steady-state reaction conditions (A); and said first product gas is outlet from the reactor
system;
and, in said second steady-state reaction condition (B):

- supplying said feed gas to the reactor system in a second total flow,

- supplying a second electrical power via electrical conductors connecting an electrical
power supply placed outside said pressure shell to said structured catalyst, thereby
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allowing a second electrical current to run through said electrically conductive

material,
thereby heating at least part of the structured catalyst to a second temperature; at which
said feed gas is converted to a second product gas mixture over said structured catalyst
under said second steady-state reaction conditions (B); and said second product gas is outlet

from the reactor system;

wherein said second electrical power is higher than said first electrical power; and/or said
second total flow is higher than said first total flow.

Additional aspects of the invention are set out in the following detailed description, the
examples and the appended claims.

LEGENDS TO THE FIGURES

Figure 1a shows a cross section through an embodiment of the inventive reactor system with

a structured catalyst comprising an array of macroscopic structures, in a cross section;

Figure 1b shows the reactor system of Figure 1a with a part of the pressure shell and heat
insulation layer removed;

Figure 2 is an enlarged view of a part of the reactor system;

Figures 3a and 3b show schematic cross sections through an embodiment of the inventive
reactor system comprising a structured catalyst;

Figures 4 and 5 show an embodiment of a structured catalyst with an array of macroscopic
structures as seen from above and from the side, respectively;

Figure 6 shows an embodiment of the structured catalyst of the invention;

Figures 7 and 8 show embodiments of a structured catalyst with connectors;

Figure 9 shows the equilibrium composition of Hz, N> and NHs as a function of temperature at
28 barg when using a substantially pure NH; feedstock.
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DETAILED DISCLOSURE

Electrically heated ammonia cracking offers a solution for rapidly heating up an ammonia
cracking catalyst, to make an on demand hydrogen production. This allows for rapid
production of hydrogen in e.g. chemical plants for start-up or shut down of other catalyst
beds. Urgent hydrogen requirements for a chemical plant is often an requirement during a
trip scenario were a safety shut-down of the plant has been triggered, and where sensitive
equipment or material needs protection in protective atmosphere. Examples of sensitive
materials can be catalyst materials. Also, the solutions allows for on-demand hydrogen
production in smaller plants using a relative simple production setup with minimal operator
input needed using an easily storable reactant for the hydrogen production. Also the method
offers a solution for on-demand hydrogen production according to fluctuating electric energy
availability from renewable electricity sources such as wind or solar.

The present technology describes how an electrically heated reactor can facilitate the task of
producing hydrogen from ammonia in a compact design in an on-demand approach.

The ammonia cracking reaction can be summarised as:
2NH3z 5 N> + 3H>

in which the AHr = 251 kJ / mol. Typically, a ruthenium (Ru) catalyst is used as catalytically
active material. But also active phases of Fe and Co are often used.

A compact electric reactor using monolithic catalyst can easily be operated and use easy
start-up principles to produce hydrogen when needed. This gives a relative inexpensive plant
where hydrogen can be produced in only the required amounts and little to no hydrogen
storage is needed, while transport of hydrogen also is reduced or completely eliminated.
Simple reactor equipment and simple operation of the ammonia cracking process makes
hydrogen production attractive in delocalized plants which reduce risks of hydrogen handling.

Additionally, the use of electricity as a heat source allows rapid start-up and shut-down (with
a matter of minutes). This almost instantaneous switch from stand-by to hydrogen
production and vice-versa also reduces the requirement for storage of hydrogen.

A reactor system for production of hydrogen from a feed gas comprising ammonia in the
presence of a catalyst under ammonia cracking reaction conditions, is thus provided, the

reactor system comprising:
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a supply of feed gas comprising ammonia;

a structured catalyst arranged for catalyzing said ammonia cracking reaction of said
feed gas, said structured catalyst comprising a macroscopic structure of electrically
conductive material, said macroscopic structure supporting a ceramic coating,

wherein said ceramic coating supports a catalytically active material;

a pressure shell housing said structured catalyst, said pressure shell comprising an in-
let for letting in said feed gas and an outlet for letting out product gas, wherein said
inlet is positioned so that said feed gas enters said structured catalyst in a first end of
said structured catalyst and said product gas exits said structured catalyst from a
second end of said structured catalyst;

a heat insulation layer between said structured catalyst and said pressure shell;

at least two conductors electrically connected to said structured catalyst and to an
electrical power supply placed outside said pressure shell, wherein said electrical
power supply is dimensioned to heat at least part of said structured catalyst to a
temperature of at least 300°C by passing an electrical current through said
macroscopic structure, wherein said at least two conductors are connected to the
structured catalyst at a position on the structured catalyst closer to said first end of
said structured catalyst than to said second end of said structured catalyst, and
wherein the structured catalyst is constructed to direct an electrical current to run
from one conductor substantially to the second end of the structured catalyst and
return to a second of said at least two conductors;

an outlet for a product stream comprising hydrogen.

The layout of the reactor system allows for feeding a pressurized feed gas to the reactor
system at an inlet and directing this gas into the pressure shell of the reactor system. Inside
the pressure shell, a configuration of heat insulation layers and inert material is arranged to
direct the feed gas through the structured catalyst where it will be in contact with the
catalyst material, where the catalytically active material will facilitate the ammonia cracking
reaction. Additionally, the heating of the structured catalyst will supply the required heat for
the endothermic reaction. The product gas from the heated structured catalyst is led to the
reactor system outlet.

The close proximity between the catalytically active material and the electrically conductive
materials enables efficient heating of the catalytically active material by close proximity heat
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conduction from the resistance heated electrically conductive material. An important feature
of the resistance heating process is thus that the energy is supplied inside the object itself,
instead of being supplied from an external heat source via heat conduction, convection and
radiation. Moreover, the hottest part of the reactor system will be within the pressure shell of
the reactor system. Preferably, the electrical power supply and the structured catalyst are
dimensioned so that at least part of the structured catalyst reaches a temperature of at least
300°C, preferably at least 700°C. The surface area of the electrically conductive material, the
fraction of the electrically conductive material coated with a ceramic coating, the type and
structure of the ceramic coating, and the amount and composition of the catalytically active
catalyst material may be tailored to the specific reaction at the given operating conditions.

The electrically conductive material is suitably a macroscopic structure. As used herein, the
term “macroscopic structure” is meant to denote a structure that is large enough to be visible
with the naked eye, without magnifying devices. The dimensions of the macroscopic structure
are typically in the range of centimeters or even meters. Dimensions of the macroscopic
structure are advantageously made to correspond at least partly to the inner dimensions of
the pressure shell housing the structured catalyst, saving room for the heat insulation layer
and conductors. Two or more macroscopic structures may be connected in order to provide
an array of macroscopic structures having at least one of the outer dimensions in the range
of meters, such as 2 m or 5 m. Such two or more macroscopic structures may be denoted
“an array of macroscopic structures”. In this case the dimensions of an array of macroscopic
structures are advantageously made to correspond at least partly to the inner dimension of
the pressure shell housing the structured catalyst (saving room for the heat insulation layer).
A conceivable array of macroscopic structures could take up a volume of 0.1 to 10 m? or even
larger. The structured catalyst may comprise a single macroscopic structure or an array of
macroscopic structures, where the macroscopic structure(s) support(s) a ceramic coating
supporting catalytically active material. In an array of macroscopic structures, the
macroscopic structures may be electrically connected to each other; however, alternatively,
the macroscopic structures are not electrically connected to each other. Thus, the structured
catalyst may comprise two or more macroscopic structures positioned adjacent to each other.
The macroscopic structure(s) may be extruded and sintered structures or 3D printed
structures. A 3D printed macroscopic structure can be provided with or without subsequent

sintering.

The physical dimensions of the macroscopic structure may be any appropriate dimensions;
thus, the height may be smaller than the width of the macroscopic structure or vice versa.

The macroscopic structure supports a ceramic coating, where the ceramic coating supports a
catalytically active material. The term “macroscopic structure supporting a ceramic coating”
is meant to denote that the macroscopic structure is coated by the ceramic coating at, at
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least, a part of the surface of the macroscopic structure. Thus, the term does not imply that
all the surface of the macroscopic structure is coated by the ceramic coating; in particular, at
least the parts of the macroscopic structure which are electrically connected to the
conductors do not have a coating thereon. The coating is a ceramic material with pores in the
structure, which allows for supporting catalytically active material on and inside the coating.
Advantageously, the catalytically active material comprises catalytically active particles
having a size in the range from about 2 nm to about 250 nm.

Preferably, the macroscopic structure has been manufactured by extrusion of a mixture of
powdered metallic particles and a binder to an extruded structure and subsequent sintering
of the extruded structure, thereby providing a material with a high geometric surface area
per volume. Preferably, the extruded structure is sintered in a reducing atmosphere to
provide the macroscopic structure. Alternatively, the macroscopic structure is 3D printed a
metal additive manufacturing melting process, viz. a 3D printing processes, which do not
require subsequent sintering, such as powder bed fusion or direct energy deposition
processes. Examples of such powder bed fusion or direct energy deposition processes are
laser beam, electron beam or plasma 3D printing processes. As another alternative, the
macroscopic structure may have been manufactured as a 3D metal structure by means of a
binder-based metal additive manufacturing process, and subsequent sintered in a non-
oxidizing atmosphere at a first temperature T, where T; > 1000°C, in order to provide the

macroscopic structure.

A ceramic coating, which may contain the catalytically active material, is provided onto the
macroscopic structure before a second sintering in an oxidizing atmosphere, in order to form
chemical bonds between the ceramic coating and the macroscopic structure. Alternatively,
the catalytically active material may be impregnated onto the ceramic coating after the
second sintering. When chemical bonds are formed between the ceramic coating and the
macroscopic structure, an especially high heat conductivity between the electrically heated
macroscopic structure and the catalytically active material supported by the ceramic coating
is possible, offering close and nearly direct contact between the heat source and the
catalytically active material of the structured catalyst. Due to close proximity between the
heat source and the catalytically active material the heat transfer is effective, so that the
structured catalyst can be very efficiently heated. A compact reactor system in terms of gas
processing per reactor system volume is thus possible, and therefore the reactor system
housing the structured catalyst may be compact.

As used herein, the terms “3D print” and “3D printing” is meant to denote a metal additive
manufacturing process. Such metal additive manufacturing processes cover 3D printing
processes in which material is joined to a structure under computer control to create a three-

dimensional object, where the structure is to be solidified, e.g. by sintering, to provide the
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macroscopic structure. Moreover, such metal additive manufacturing processes cover 3D
printing processes, which do not require subsequent sintering, such as powder bed fusion or
direct energy deposition processes. Examples of such powder bed fusion or direct energy
deposition processes are laser beam, electron beam or plasma 3D printing processes.

The reactor system does not need a furnace and this reduces the overall reactor size
considerably.

The electrically conductive material comprises Fe, Ni, Cu, Co, Cr, Al, Si or an alloy thereof.
Such an alloy may comprise further elements, such as Mn, Y, Zr, C, Co, Mo or combinations
thereof. Preferably, the electrically conductive material comprises Fe, Cr, Al or an alloy
thereof. Such an alloy may comprise further elements, such as Si, Mn, Y, Zr, C, Co, Mo or
combinations thereof. Preferably, the catalytically active material is particles having a size
from 2 nm to 250 nm. Preferably, the conductors and the electrically conductive material are
made of different materials than the electrically conductive material. The conductors may for
example be of iron, nickel, aluminum, copper, silver or an alloy thereof. The ceramic coating
is an electrically insulating material and will typically have a thickness in the range of around
100 ym, say 10-500 ym.

The electrically conductive material is advantageously a coherent or consistently intra-
connected material in order to achieve electrical conductivity throughout the electrically
conductive material, and thereby achieve thermal conductivity throughout the structured
catalyst and in particular providing heating of the catalyst material. By the coherent or
consistently intra-connected material it is possible to ensure uniform distribution of current
within the electrically conductive material and thus uniform distribution of heat within the
structured catalyst. Throughout this text, the term “coherent” is meant to be synonymous to
cohesive and thus refer to a material that is consistently intra-connected or consistently
coupled. The effect of the structured catalyst being a coherent or consistently intra-connected
material is that a control over the connectivity within the material of the structured catalyst
and thus the conductivity of the electrically conductive material is obtained. It is to be noted
that even if further modifications of the electrically conductive material are carried out, such
as provision of slits within parts of the electrically conductive material or the implementation
of insulating material within the electrically conductive material, the electrically conductive
material is still denoted a coherent or consistently intra-connected material.

The gas flow over the structured catalyst may be axial or co-axial with the current path
through the structured catalyst, perpendicular to the current path or have any other
appropriate direction in relation to the current path.
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The ammonia cracking reaction is highly endothermic. High temperatures typically in excess
of 600-700°C are needed to reach acceptable conversions of the ammonia in the feed.

The feedstock to the ammonia cracking reaction is preferably a substantially pure stream of

ammonia.

The term “electrically conductive” is meant to denote materials with an electrical resistivity in
the range from: 107 to 10 Q-m at 20°C. Thus, materials that are electrically conductive are
e.g. metals like copper, silver, aluminum, chromium, iron, nickel, or alloys of metals.
Moreover, the term “electrically insulating” is meant to denote materials with an electrical
resistivity above 10 Q-m at 20°C, e.g. in the range from 10° to 102> Q2-m at 20°C.

When the reactor system comprises a heat insulation layer between the structured catalyst
and the pressure shell, appropriate heat and electrical insulation between the structured
catalyst and the pressure shell is obtained. The presence of heat insulating layer between the
pressure shell and the structured catalyst assists in avoiding excessive heating of the
pressure shell, and assists in reducing thermal losses to the surroundings. The temperatures
of the structured catalyst may reach up to about 1300°C, at least at some parts thereof, but
by using the heat insulation layer between the structured catalyst and the pressure shell the
temperature of the pressure shell can be kept at significantly lower temperatures of say
500°C or even 100°C, which is advantageous as typical construction steel materials typically
are unsuitable for pressure bearing application at temperatures above 1000°C. Moreover, a
heat insulating layer between the pressure shell and the structured catalyst assists in control
of the electrical current within the reactor system, since heat insulation layer is also
electrically insulating. The heat insulation layer could be one or more layers of solid material,
such as ceramics, inert material, fiber material, bricks or a gas barrier or a combination
thereof. Thus, it is also conceivable that a purge gas or a confined gas constitutes or forms
part of the heat insulation layer.

Moreover, it should be noted that the term “heat insulating material” is meant to denote
materials having a thermal conductivity of about 10 W-m~1-K~! or below. Examples of heat
insulating materials are ceramics, bricks, alumina based materials, zirconia based materials

and similar.

Advantageously, any relevant gaps between structured catalyst, the heat insulation layer, the
pressure shell, and/or any other components inside the reactor system is filled with inert
material, e.g. in the form of inert pellets. Such gaps are e.g. a gap between the lower side of
the structured catalyst and the bottom of the pressure shell and a gap between the sides of
the structured catalyst and the insulation layer covering the inner sides of the pressure shell.
The inert material may e.g. be a ceramic material in the form of pellets or tiles. The inert
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material assists in controlling the gas distribution through the reactor system and in
controlling the flow of the gas through the structured catalyst. Moreover, the inert material
typically has a heat insulating effect.

The pressure shell suitably has a design pressure of between 2 bar and 30 bar. The actual
operating pressure will be determined by the endothermic reaction, the size of the plants,
among other aspects. As the hottest part of the reactor system is the electrically conductive
material, which will be surrounded by heat insulation layer and within the pressure shell of
the reactor system, the temperature of the pressure shell can be kept significantly lower than
the maximum process temperature. This allows for having a relative low design temperature
of the pressure shell of e.g. 500°C or 300°C or preferably 200°C or 100°C of the pressure
shell whilst having maximum process temperatures of 400°C, or preferably 700, but even
1100°C, or even up to 1300°C on the structured catalyst is possible. Material strength is
higher at the lower of these temperatures (corresponding to the design temperature of the
pressure shell as indicated above). This offers advantages when designing the chemical
reactor. Suitably, the pressure shell has a design pressure of between 2 bar and 30 bar, or
between 30 and 200 bar. Around 30 bar is preferable as a compromise between process

economy and thermodynamic limitations.

The resistivity of the electrically conductive material is suitably between 10° Q -m and 107 Q
-m. A material with a resistivity within this range provides for an efficient heating of the
structured catalyst when energized with a power source. Graphite has a resistivity of about
10> @-m at 20°C, kanthal has a resistivity of about 10 Q-m at 20°C, whilst stainless steel
has a resistivity of about 107 Q-m at 20°C. The electrically conductive material may for
example be made of FeCrAlloy having a resistivity of ca. 1.5-10° Q-m at 20°C.

Typically, the pressure shell comprises an inlet for letting in process gas and an outlet for
letting out product gas, wherein the inlet is positioned close to a first end of the pressure
shell and the outlet is positioned close to a second end of the pressure shell, and wherein the
at least two conductors both are connected to the structured catalyst at a position on the
structured catalyst closer to the inlet than to the outlet. Hereby, the at least two conductors
can be placed in the substantially colder part of the reactor system as the inlet gas will have
lower temperature than the product gas, the electrically conductive material will be colder in
the most upstream part of the material due to the heat consumed by the progress of the
chemical reaction, and the feed gas fed through the inlet may cool the at least two
conductors before being heated by the heated structured catalyst further along the path of
the gas over the heated structured catalyst. It is an advantage that the temperature of all
electrically conducting elements except the electrically conductive material is kept down in
order to protect the connections between the conductors and the structured catalyst. When
the temperature of the conductors and other electrically conducting elements, except the
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electrically conductive material, is relatively low, less limitations on materials suitable for the
conductors and other electrically conducting elements, except the electrically conductive
material, exists. When the temperature of the electrically conducting elements increase, the
resistivity thereof increases; therefore, it is desirable to avoid unnecessary heating of all
other parts than the electrically conductive materials within the reactor system. The term
“electrically conducting elements, except the electrically conductive material” is meant to
cover the relevant electrically conducting elements arranged to connect the power supply to
the structured catalyst, except the electrically conductive structured catalyst itself.

It should be noted, that the system of the invention may include any appropriate number of
power supplies and any appropriate number of conductors connecting the power
supply/supplies and the electrically conductive material(s) of the structured catalyst.

Suitably, the at least two conductors are led through a pressure shell in a fitting so that the
at least two conductors are electrically insulated from the pressure shell. The fitting may be,
partly, of a plastic and/or ceramic material. The term “fitting” is meant to denote a device
that allows for mechanically connecting two pieces of hardware in a pressure bearing
configuration. Thereby, the pressure within the pressure shell may be maintained even
though the at least two conductors are lead through it. Non-limiting examples of the fittings
may be an electrically insulating fitting, a dielectric fitting, a power compression seal, a
compression fitting or a flange. The pressure shell typically comprises side walls, end walls,

III

flanges and possibly further parts. The term “pressure shell” is meant to cover any of these

components.

The pressure shell may further comprise one or more inlets close to or in combination with at
least one of the fittings in order to allow a cooling gas to flow over, around, close to or inside
at least one conductor within said pressure shell. Hereby, the conductors are cooled and thus
the temperature that the fitting experiences is kept down. If the cooling gas is not used, the
conductors may be heated by the feed gas to the reactor system, resistance heating of
conductor due to the applied current, and/or heat conduction from the structured catalyst.
The cooling gas could e.g. be hydrogen, argon, nitrogen, ammonia or mixtures thereof. The
temperature of the cooling gas at entry into the pressure shell may be e.g. about 50°C or
200°C or 250°C. In an embodiment, the conductor(s) is (are) hollow so that the cooling gas
may flow through the conductor(s) and cool it (them) from within. By keeping the
temperature of the fitting low, e.g. at around 100-200°C, it is easier to have a leak tight
configuration. Typically, a part of the feed gas, such as one of the reactants, is fed to the
pressure shell as the cooling gas. In another embodiment, part of the feed gas or a gas with
the same composition as the feed gas is used as cooling gas.
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The reactor system may further comprise an inner tube in heat exchange relationship with
the structured catalyst, where the inner tube is adapted to withdraw a product gas from the
structured catalyst so that the product gas flowing through the inner tube or tubes is in heat
exchange relationship with the gas flowing over the structured catalyst, but electrically
separated from the structured catalyst. This is a layout which here is denoted a bayonet
reactor system. In this layout the product gas within the inner tube assists in heating the
process gas flowing over the structured catalyst. The electrical insulation between the inner
tube and the structured catalyst could be gas in the form of a gap or distance between the
inner tube and the structured catalyst or inert material loaded around the inner tube and the
structured catalyst. The gas may pass through the structured catalyst in an up-flow or a
down-flow direction.

The connection between the structured catalyst and the at least two conductors may be a
mechanical connection, a welded connection, a brazed connection or a combination thereof.
The structured catalyst may comprise terminals physically and electrically connected to the
structured catalyst in order to facilitate the electrical connection between the electrically
conductive material and the at least two conductors. The term "mechanical connection” is
meant to denote a connection where two components are held together mechanically, such
as by a threaded connection or by clamping, so that a current may run between the
components.

The electrically conductive materials placed in an array of electrically conductive materials
may be electrically connected to each other. The connection between the two or more
electrically conductive materials may be by mechanical connection, clamping, soldering,
welding or any combination of these connection methods. Each electrically conductive
material may comprise terminals in order to facilitate the electrical connections. The two or
more electrically conductive materials may be connected to the power supply in serial or
parallel connection. The electrical connection between the two or more electrically conductive
materials is advantageously coherent and uniform along the connection surface between the
two or more electrically conductive materials, so that the two or more electrically conductive
materials act as a single coherent or consistently intra-connected material; hereby, uniform
electrical conductivity throughout the two or more electrically conductive materials is
facilitated. Alternatively, or additionally, the structured catalyst may comprise an array of
electrically conductive materials that are not electrically connected to each other. Instead,
two or more electrically conductive materials are placed together within the pressure shell,
but not connected electrically to each other. In this case, the structured catalyst thus
comprises electrically conductive materials connected in parallel to the power supply.

A ceramic coating, with or without catalytically active material, may be added directly to a
metal surface of the electrically conductive material by wash coating. The wash coating of a
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metal surface is a well-known process; a description is given in e.g. Cybulski, A., and Moulijn,
J. A.,” Structured catalysts and reactors”, Marcel Dekker, Inc, New York, 1998, Chapter 3,
and references herein. The ceramic coat may be added to the surface of the electrically
conductive material and subsequently the catalytically active material may be added;
alternatively, the ceramic coat comprising the catalytically active material is added to the
macroscopic structure or electrically conductive material. The ceramic coating may for
example be an oxide comprising Al, Zr, Mg, Ce and/or Ca. Exemplary coatings are calcium
aluminate or a magnesium aluminum spinel. Such a ceramic coating may comprise further
elements, such as La, Y, Ti, K or combinations thereof. The ceramic coating is an electrically
insulating material and will typically have a thickness in the range of around 100 pym, say 10-
500 pm.

Extruding and sintering or 3D printing a macroscopic structure results in a uniformly and
coherently shaped macroscopic structure, which can afterwards be coated with the ceramic
coating.

The electrically conductive material and the ceramic coating may have been sintered in an
oxidizing atmosphere in order to form chemical bonds between the ceramic coating and the
electrically conductive material; this provides for an especially high heat conductivity
between the electrically conductive material and the catalytically active material supported by
the ceramic coating. Thereby, the structured catalyst is compact in terms of heat transfer to
the active catalytic site, and a reactor system housing the structured catalyst may be
compact and limited mainly by the rate of the chemical reaction.

In an embodiment, the structured catalyst has at least one electrically insulating part
arranged to increase the current path between the conductors to a length larger than the
largest dimension of the structured catalyst. The provision of a current path between the
conductors larger than the largest dimension of the structured catalyst may be by provision
of electrically insulating part(s) positioned between the conductors and preventing the
current running through some part of the structured catalyst. Such electrically insulating
parts are arranged to increase the current path and thus increase the resistance through the
structured catalyst. Hereby, the current path through the structured catalyst can be e.g.
more than 50%, 100%, 200%, 1000%, or even 10000% longer than the largest dimension
of the structured catalyst.

Moreover, such electrically insulating parts are arranged to direct the current from one
conductor, which is closer to the first end of the structured catalyst than to the second end,
towards the second end of the structured catalyst and back to a second conductor closer to
the first end of the structured catalyst than to the second end. Preferably, the current is
arranged to run from the first end of the structured catalyst to the second and back to the
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first end. As seen in the figures, the first end of the structured catalyst is the top end thereof.
The arrow indicated “z” in figures 5-7 indicates a z-axis along the length of the structured
catalyst. The principal current path throughout the structured catalyst will have a positive or
negative value of z-coordinate of the accompanied current density vector along most of the
length of the current path. By principal current path is meant the path of the electrons
through a macroscopic structure of the structured catalyst with the highest current density.
The principal current path can also be understood as the path having the minimum length
through the macroscopic structure of the structured catalyst. Seen geometrically, the
principal current path can be quantified as the largest current density vector within a plane
perpendicular to the gas flow direction of a coherent section of the macroscopic structure. At
the bottom of the structured catalyst, as shown in the figures, the current will turn, and here
the z- coordinate of the accompanied current density vector will be zero.

As used herein, the term coherent section is meant to denote a cross-section area of the
macroscopic structure wherein all walls of the coherent section are geometrically connected

to one or more other walls of the coherent section within the same plane.

In an embodiment, the structured catalyst has at least one electrically insulating part
arranged to direct a current through the structured catalyst in order to ensure that for at
least 70% of the length of said structured catalyst, a current density vector of a principal
current path has a non-zero component value parallel to the length of said structured
catalyst. Thus, for at least 70% of the length of the structured catalyst, the current density
vector will have a positive or negative component value parallel to the length of the
structured catalyst. Thus, for at least 70%, e.g. for 90% or 95%, of the length of structured
catalyst, viz. along the z-axis of the structured catalyst as seen in figures 5 to 10, the current
density vector of a principal current path will have a positive or negative value along the z-
axis. This means that the current is forced from the first end of the structured catalyst
towards the second end, and subsequently is forced towards the first end again. The
temperature of the gas entering the first end of the structured catalyst and the endothermic
ammonia cracking reaction taking place over the structured catalyst absorbs heat from the
structured catalyst. For this reason, the first end of the structured catalyst remains colder
than the second end, and by ensuring that the current density vector of the principal current
path has a non-zero component value parallel to the length of said structured catalyst, this
takes place with a substantially continuously increasing temperature profile, which gives a
controllable reaction front. In an embodiment the current density vector has a non-zero
component value parallel to the length of said structured catalyst in 70% of the length of said
structured catalyst, preferably 80%, more preferably 90%, and even more preferably 95%. It
should be noted that the term “the length of the structured catalyst” is meant to denote the
dimension of the structured catalyst in the direction of the gas flow. In the structured
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catalysts as shown in the figures, the length is the longitudinal direction, viz. the longest
dimension thereof. This is indicated by the arrow denote z in some of the figures.

Non-limiting examples of insulating parts are cuts, slits, or holes in the structure. Optionally,
a solid insulating material such as ceramics in cuts or slits in the structure can be used. In a
case where the solid insulating material is a porous ceramic material, the catalytically active
material may advantageously be incorporated in the pores, by e.g. impregnation. A solid
insulating material within a cut or slit assists in keeping the parts of the structured catalyst
on the sides of the cut or slit from each other. As used herein, the term “largest dimension of
the structured catalyst” is meant to denote the largest inner dimension of the geometrical
form taken up by the structured catalyst. If the structured catalyst is box-formed, the largest
dimension would be the diagonal from one corner to the farthest corner, also denoted the
space diagonal.

It should be noted that even though the current through the structured catalyst may be
arranged to twist or wind its way through the structured catalyst due to the electrically
insulating parts arranged to increase the current path, the gas passing through the reactor
system is inlet at one end of the reactor system, passes over the structured catalyst once
before being outlet from the reactor system. Inert material is advantageously present in
relevant gaps between the structured catalyst and the rest of the reactor system to ensure
that the gas within the reactor system passes over the structured catalyst and the catalyst

material herein.

The length of the gas passage through the structured catalyst is suitably less than the length
of the passage of current from one electrode through the structured catalyst and to the next
electrode. The ratio of the length of the gas passage to the length of the current passage
may be less than 0.6, or 0.3, 0.1, or even down to 0.002.

Typically, the structured catalyst has electrically insulating parts arranged to make the
current path through the structured catalyst a zigzag path. Here, the terms “zigzag path” and
“zigzag route” is meant to denote a path that has corners at variable angles tracing a path
from one conductor to another. A zigzag path is for example a path going upwards, turning,
and subsequently going downwards. A zigzag path may have many turns, going upwards and
subsequently downwards many times through the structured catalyst, even though one turn
is enough to make the path a zigzag path.

It should be noted that the insulating parts arranged to increase the current path are not
necessarily related to the ceramic coating on the electrically conductive material; even
though this ceramic coating is also considered electrically insulating, it does not change the
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length of the current path between the conductors connected to the electrically conductive

material.

The macroscopic structure may have a plurality of parallel channels, a plurality of non-
parallel channels and/or a plurality of labyrinthine channels, where the channels have walls
defining the channels. Thereby, several different forms of the macroscopic structure can be
used as long as the surface area of the structured catalyst exposed to the gas is as large as
possible. In a preferred embodiment, the macroscopic structure has parallel channels, since
such parallel channels render a structured catalyst with a very small pressure drop. In a
preferred embodiment, parallel longitudinal channels are skewed in the longitudinal direction
of the macroscopic structure. In this way, molecules of the gas flowing through the
macroscopic structure will mostly tend to hit a wall inside the channels instead of just flowing
straight through a channel without being in contact with a wall. The dimension of the
channels should be appropriate in order to provide a macroscopic structure with a sufficient
resistivity. For example, the channels could be quadratic (as seen in cross section
perpendicular to the channels) and have a side length of the squares of between 1 and 3
mm; however, channels having a maximum extent in the cross section of up to about 4 cm
are conceivable. The walls may e.g. have a thickness of between 0.2 and 2 mm, such as
about 0.5 mm, and the ceramic coating supported by the walls has a thickness of between 10
um and 500 ym, such as between 50 ym and 200 pym, such as 100 ym. In another
embodiment, the macroscopic structure of the structured catalyst is cross-corrugated.

In general, when the macroscopic structure is extruded or 3D printed, the pressure drop from
the inlet to the outlet of the reactor system may be reduced considerably compared to a
reactor where the catalyst material is in the form of pellets.

Suitably, the reactor system further comprises a bed of a second catalyst material upstream
the structured catalyst within the pressure shell. Here, the term “upstream” is seen from the
flow direction of the feed gas. Thus, the term “upstream” is here meant to denote that the
feed gas is directed through the bed of second catalyst material prior to reaching the
structured catalyst. This provides for a situation where the second catalyst material can be
arranged for pre conditioning the feed stream. No specific heating needs to be provided to
the bed of second catalyst material; however, the bed of second catalyst material may be
heated indirectly if it is in close proximity to the structured catalyst. Alternatively, the second
catalyst material may be heated. In order to clarify the terminology used here, it is noted
that the term “structured catalyst” may also be denoted “a first catalyst material” to
distinguish it from the second and/or third and/or fourth catalyst material.

The reactor system may further comprise a third catalyst material in the form of catalyst
pellets, extrudates or granulates loaded into the channels of the macroscopic structure. In
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this embodiment, the reactor system will thus have a catalytically active material in the
coating of the macroscopic structure as well as a third catalyst material in the form catalyst
pellets, extrudates or granulates within the channels of the macroscopic structure. The pellets
are e.g. prepared in a dimension to loosely match the size of channels to form a single string
of pellets stacked upon each other within a channel of the macroscopic structure.
Alternatively, the pellets, extrudates or granulates may be prepared in a dimension
significantly smaller than the channel size to form a packed bed inside each channel. As used
herein, the term “pellet” is meant to denote any well-defined structure having a maximum
outer dimension in the range of millimeters or centimeters, while “extrudate” and “granulate”
are meant to define a catalyst material with a maximum outer dimension defined within a

range.

A bed of fourth catalyst material may be placed within the pressure shell and downstream the
structured catalyst. Such fourth catalyst material may be in the form of catalyst pellets,
extrudates or granulates.

Therefore the first, second, third, and fourth catalyst material may be catalyst materials
suitable for the ammonia cracking reaction. In an embodiment this catalyst is Ru/MgAl;0s. In
another embodiment it is porous FeCo. In a configuration where a combination of the second,
third, and fourth catalyst material is included in the reactor system, the catalyst of each
catalyst material can be different.

The geometric surface area of the macroscopic structure may be between 100 and 3000
m?/m?3, such as between 500 and 1100 m?/m3. Typically, the material of the macroscopic
structure is chosen as a material arranged to supply a heat flux of 500 W/m? to 50000 W/m?
by resistance heating of the material. Preferably, resistance heating of the material supplies a
heat flux of between 5 kW/m?and 12 kW/m?, for example between 8 kW/m?and 10 kW/m?.
The heat flux is given as heat per geometric surface area of the surface exposed to the gas.

In an embodiment the structured catalyst comprises a first part arranged to generate a first
heat flux and a second part arranged to generate a second heat flux, where the first heat flux
is lower than the second heat flux, and where the first part is upstream the second part.
Here, the term “the first part is upstream the second part” is meant to denote, that the gas
fed into the reactor system reaches the first part before the gas reaches the second part. The
first part and second part of the structured catalyst may be two different macroscopic
structures supporting ceramic coating supporting catalytically active material, where the two
different macroscopic structures may be arranged to generate different heat fluxes for a
given electrical current and voltage. For instance, the first part of the structured catalyst may
have a large surface area, whilst the second part of the structured catalyst has a smaller
surface area. This may be accomplished by providing a structured catalyst in the second part
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having a smaller cross sectional area than the cross sectional area of the first part.
Alternatively, the current path through the first part of the structured catalyst may be more
straight than the current path through the second part of the structured catalyst, thus
making the current twist and wind more through the second part than through the first part
of the structured catalyst, whereby the current generates more heat in the second part of the
structured catalyst than in the first part. As mentioned before, slits or cuts in the macroscopic
structure may make the current path zigzag through the macroscopic structure. It should be
noted, that the first and second part of the structured catalyst may experience different
electrical currents and voltages in order to be able to supply different heat fluxes. However,
the different heat fluxes of the first and second part may also be achieved by supplying the
same electrical current and voltage through/over the first and second part, due to different
physical properties of the first and second part as indicated above. In a further embodiment,
the structured catalyst comprises a third part arranged to generate a third heat flux, where
the third heat flux is lower than the first and/or the second heat flux, and where the third
part is downstream the first and/or second part.

The predetermined temperature range of the gas exiting the pressure shell/the reactor
system is the range from 200 to 1300°C. The product gas outlet temperature from the
structured catalyst is measured directly beneath or on the most downstream surface of the
structured catalyst. Measuring technology can be thermocouples (by voltage drop),
resistance temperature detectors or infrared detection. The measuring point can be
separated from the structured catalyst and be embedded in downstream inert/catalyst, or be
directly on the surface with an insulating surface coverage.

The structured catalyst within said reactor system suitably has a ratio between the area
equivalent diameter of a horizontal cross section through the structured catalyst and the
height of the structured catalyst in the range from 0.1 to 2.0. The area equivalent diameter
of the cross section through the reactor system is defined as the diameter of a circle of
equivalent area as the area of the cross section. When the ratio between the area equivalent
diameter and the height of the structured catalyst is between 0.1 and 2.0, the pressure shell
housing the structured catalyst may be relatively small compared to other reactor systems

for endothermic reactions such as a current tubular reformer for steam methane reforming.

Typically, the gas flows through the reactor system in an upflow or downflow direction, so
that the gas flows through channels in the structured catalyst along the height thereof. When
the structured catalyst comprises a number of or an array of macroscopic structures, the
individual macroscopic structures within the array may be placed side by side, on top of each
other or in a combination thereof. It is stressed that, when the structured catalyst comprises
more than one macroscopic structures, the dimensions of the structured catalyst are the

dimensions of the more than one macroscopic structures. Thus, as an example, if the
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structured catalyst comprises two macroscopic structures, each having the height h, put on
top of each other, the height of the structured catalyst is 2h.

The volume of the structured catalyst is chosen in consideration of the desired feed
conversion and/or temperature out of the reactor system correlated to the heat generation
capacity of the electrically conductive material.

Suitably, the height of the reactor system is between 0.5 and 7 m, more preferably between
0.5 and 3 m. Exemplary values of the height of the reactor system is a height of less than 5
meters, preferably less than 2 m or even 1 m. The dimensions of the reactor system and of
the structured catalyst within the reactor system are correlated; of course, the pressure shell
and heat insulation layer render the reactor system somewhat larger than the structured
catalyst itself.

The reactor system may further comprise an upgrading unit arranged to receive the product
stream comprising hydrogen and separate it into an upgraded hydrogen stream and an off-
gas stream.

A process for carrying out the ammonia cracking reaction of a feed gas comprising ammonia
to hydrogen in the presence of a catalyst under ammonia cracking reaction conditions , in a
reactor system comprising a pressure shell housing a structured catalyst arranged for
catalyzing said ammonia cracking of a feed gas, said structured catalyst comprising a
macroscopic structure of electrically conductive material, said macroscopic structure
supporting a ceramic coating, wherein said ceramic coating supports a catalytically active
material; wherein said reactor system is provided with heat insulation between said
structured catalyst and said pressure shell.

The process comprises the steps of:
- pressurizing said feed gas,

- supplying said pressurized feed gas to said pressure shell through an inlet positioned
so that said feed gas enters said structured catalyst in a first end of said structured
catalyst; allowing the feed gas to undergo an ammonia cracking reaction over the
structured catalyst and outletting a product gas from said pressure shell, wherein said
product gas exits said structured catalyst from a second end of said structured
catalyst;
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- supplying electrical power via electrical conductors connecting an electrical power
supply placed outside said pressure shell to said structured catalyst, allowing an
electrical current to run through said macroscopic structure, thereby heating at least
part of the structured catalyst to a temperature of at least 300°C, wherein said at
least two conductors are connected to the structured catalyst at a position on the
structured catalyst closer to said first end of said structured catalyst than to said
second end of said structured catalyst, and wherein the structured catalyst is
constructed to direct an electrical current to run from one conductor substantially to
the second end of the structured catalyst and return to a second of said at least two
conductors, thereby heating at least part of the structured catalyst to a temperature
sufficient for said feed gas to undergo the ammonia cracking reaction over the
structured catalyst,

- outletting a product gas comprising hydrogen from the reactor system.

All details of the system given above are — wherever possible - relevant to the process
described above.

In one aspect, the feed gas is pressurised to a pressure between 2 and 30 bar. The feed gas
may be pressurised to a pressure between 30 and 200 bar. Suitably, at least part of the
structured catalyst is heated to a temperature of at least 300°C, preferably at least 700°C.
The maximum temperature to which the structured catalyst is heated is ca. 1400°C.

One aspect of the process further comprises the step of inletting a cooling gas through an
inlet through the pressure shell in order to allow said cooling gas to flow over at least one

conductor.

The process may further comprises the step of feeding the product stream comprising
hydrogen to an upgrading unit and separating it into an upgraded hydrogen stream and an
off-gas stream. The upgrading unit may be arranged so that the off-gas stream is recycled
and mixed with the supply of feed gas before being passed over the structured catalyst.

The upgrading unit may comprise a pressure swing adsorption unit (PSA), temperature swing
adsorption unit (TSA), or a membrane, or even a combination. The PSA or TSA configurations
are favourable solutions as they separate the hydrogen as the high pressure stream leaving
the upgrading unit, while the off-gas will be at low pressure. In a preferred embodiment, the
upgrading unit is configured to produce an upgraded stream of substantially pure H; and an
off-gas of substantially pure N..
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In one aspect, the process further comprises the step of feeding the upgraded hydrogen
stream from said upgrading unit to a downstream plant for electricity production. The
electricity production plant could in an embodiment be a solid oxide fuel cell or a gas engine.
This allows for using the technology for energy storage when using ammonia as energy

vector.

A method for rapidly switching a metal-catalysed ammonia cracking reaction of a feed gas
comprising ammonia in a reactor system as set out herein, from a first steady-state reaction
condition (A) to a second steady-state reaction condition (B) or vice-versa, is therefore
provided.

Reaching a steady state condition is defined as when central process parameters (such as
feed flow, outlet temperature, and reactant conversion) have reached a value within £15% of
the average process value for the given process parameter for the subsequent hour.

A condition of the invention, A or B, involves a state where the catalyst of the system is
heated by an electrical power balanced to heat the product gas outlet temperature from the
structured catalyst to a temperature between 300 and 1300°C at a pressure between 5 barg
and 150 barg with a feedstock comprising ammonia, and any of hydrogen, nitrogen, or
argon, in a total flow rate of 300 Nm3/h to 100 000 Nm3/h. When the feedstock passes the
monolith, it will react towards equilibration of the reaction.

In an embodiment of the invention, the method includes an initial reaction condition A where
the feedstock consists of 100% NHs in a total flow of 103 Nm3/h having a temperature of
150°C at a pressure of 28.2 barg. Supplying a first electrical power of 44 kW generates an
almost equilibrated gas composed of 30.1% NHs, 17.5% N3, and 52.4% H; in a total flow of
158 Nm3/h having a temperature of 300°C at a pressure of 28.1 barg. Switching to condition
B over a period of about 90 min while applying a second electrical power of 103 kW
generates an almost equilibrated gas composed of 0.7% NHs, 24.8% N», and 74.5% H, in a
total flow of 205 Nm3/h having a temperature of 680°C at a pressure of 28.1 barg.

In an embodiment of the invention, the method includes an initial reaction condition A where
the feedstock consists of 96.1% NHs, 1.0% N2, and 2.9% H: in a total flow of 1004 Nm3/h
having a temperature of 150 °C at a pressure of 16.5 barg. Supplying a first electrical power
of 927 kW generates an almost equilibrated gas composed of 0.6% NHs, 24.8% N, and
74.5% H; in a total flow of 1957 Nm3/h having a temperature of 625°C at a pressure of 16.4.
Switching to condition B over a period of about 25 min while applying a second electrical
power of 1578 kW and increasing the total feed flow to 1739 Nm3/h, generates an almost
equilibrated gas composed of 0.7% NHz, 24.8% N, and 74.4% H; in a total flow of 3386
Nm3/h having a temperature of 605°C at a pressure of 16.4 barg.



10

15

20

25

CA 03148729 2022-01-25

WO 2021/063795 23 PCT/EP2020/076704

The term “vice versa” is used to mean that the method applies equally when switching from
the first reaction condition (A) to the second reaction condition (B) as when switching from
the second reaction condition (B) to the first reaction condition (A). Notably, a switch from
condition A to B is considered completed when the process values of the system have
reached within 85% of steady state conditions.

The reactor system is as described above; i.e. it comprises a pressure shell housing a
structured catalyst arranged to catalyze the reaction of a feed gas comprising ammonia, said
structured catalyst comprising a macroscopic structure of an electrically conductive material,
said macroscopic structure supporting a ceramic coating, where said ceramic coating
supports a catalytically active material and wherein said reactor system is provided with heat
insulation between said structured catalyst and said pressure shell. All details described
above in relation to the reactor system are relevant for the present technology.

The method of this aspect of the invention comprises the steps of:
in said first steady-state reaction condition (A):
- supplying said feed gas to the reactor system in a first total flow, and
- supplying a first electrical power via electrical conductors connecting an electrical
power supply placed outside said pressure shell to said structured catalyst, thereby
allowing a first electrical current to run through said electrically conductive material,
thereby heating at least part of the structured catalyst to a first temperature at which said
feed gas is converted to a first product gas mixture over said structured catalyst under said
first steady-state reaction conditions (A); and said first product gas is outlet from the reactor
system;
and, in said second steady-state reaction condition (B):
- supplying said feed gas to the reactor system in a second total flow,
- supplying a second electrical power via electrical conductors connecting an electrical
power supply placed outside said pressure shell to said structured catalyst, thereby

allowing a second electrical current to run through said electrically conductive
material,
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thereby heating at least part of the structured catalyst to a second temperature; at which
said feed gas is converted to a second product gas mixture over said structured catalyst
under said second steady-state reaction conditions (B); and said second product gas is outlet
from the reactor system;

To achieve the first and second steady-state reaction conditions (A) and (B), the second
electrical power is higher than said first electrical power; and/or said second total flow is
higher than said first total flow.

Notably, an increase in total flow will increase the input of cool feed gas, thus cooling the
structured catalyst, and reducing the reactivity so that second steady-state reaction condition
(B) is achieved. A significant change in flow will change the energy required for the process.

A change in total flow may include a change in total flow with no compositional change or a
change in the composition, such as increasing recycle flow or changing part of the feedstock.

In one embodiment, the ratio of total gas feed flow in said first reaction condition A to said
second reaction condition B (A:B) is at least 1:10. Switching between condition A and B
consequently allows for significant increased/decreased production of product gas. This is
advantageous when the invention is used for e.g. energy storage where excess electric
energy from the energy grid is available and in this way can be stored as chemical energy, or
vice versa for increasing availability of electric energy in the grid when it is needed
elsewhere. Additionally, the embodiment allows for using the invention to supply large
amounts of product gas in periods where downstream processes demands it, while having the
invention operating in a standby condition otherwise. This is advantageously if there is no
continuous demand for the product gas.

In another embodiment, the product gas outlet temperature from the structured catalyst in
reaction condition B is between 50°C to 800°C higher, such as between 100°C to 500°C
higher, preferably between 150°C to 400°C higher, than the product gas outlet temperature
from the structured catalyst in reaction condition A. This allows for rapidly starting up the
reactor system from a cold state to operating conditions. This is advantageous in the
situation of system start-up, where the start-up procedure involves steps including:

e Heating process equipment in a non-condensing gas to a temperature above the
condensation point of the steady state conditions of the plant at full operating

capacity,

e Pressurising the feed gas constituents,
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¢ Feeding feed gas constituents to the reactor system while applying a first electrical

power,
e Switching to a higher operating temperature by applying a second electrical power.
In this way, all steps of the start-up procedure are relatively fast.

The product gas outlet temperature from the structured catalyst in reaction condition B is
typically no more than 50°C higher than the product gas outlet temperature from the
structured catalyst in reaction condition A. This allows for rapidly changing the between
condition A and B, without significantly changing the product gas composition from the
system. In this way, the demand for the product gas for downstream processes of the reactor
system can easily be supplied in different quantities without interfering significantly in the

chemical environment of these.

In one embodiment, the switch between reaction condition A and B includes a gradual change
of the total gas feed flow from said first total flow to said second total flow and simultaneous
gradual change of the applied electrical potential over said electrically conductive material
from said first to said second electrical power. In this way, the product gas composition can
be held almost constant also during the transition stage. In an embodiment, the gradual
changes are made in such a way where the flow is increased in small steps while increasing
the electrical power to maintain an almost constant product gas outlet temperature from the
structured catalyst.

In an embodiment, the reactor system further comprises a control system arranged to
control the electrical power supply to ensure that the temperature of the gas exiting the
pressure shell lies in a predetermined range and/or to ensure that the conversion of the feed
gas lies in a predetermined range. The control of the electrical power supply is the control of
the electrical output from the power supply. The control of the electrical power supply may
e.g. be carried out as a control of the voltage and/or current from the electrical power
supply, as a control of whether the electrical power supply is turned on or off or as a
combination hereof. The power supplied to the structured catalyst can be in the form of

alternating current or direct current.

According to one embodiment, a proportional-integral-derivative (PID) controller controls the
electrical potential based on feedback reading of the process value of product gas outlet
temperature from the structured catalyst.
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The method described herein allows rapid switching between conditions A and B. Suitably,
therefore, the switch between reaction conditions A and B takes place over a period of less
than 3 hours, such as less than 2 hours, such as less than 60 min, preferably less than 30
min, and even more preferably less than 15 min.

In one embodiment, the switch between reaction condition A and B involves supplying a
second electrical power to the structured catalyst. This suitably occurs while keeping the total
flow essentially constant.

In one aspect, the switch between reaction condition A and B comprises a transition state
between said reaction conditions A and B; said transition state comprising a first period in
which the electrical power is switched off, followed by a second period in which said second
electrical power of condition B is supplied to the structured catalyst. This allows for faster
establishment of a steady state.

In one aspect, the switch between reaction condition A and B comprises a transition state
between said reaction conditions A and B; said transition state comprising a first period in
which a third electrical power is supplied to the structured catalyst, followed by a second
period in which said second electrical power of condition B is supplied to the structured
catalyst, said third electrical power being higher than the second electrical power. This allows
for faster establishment of a steady state.

The process may comprise further steps carried out on the product gas comprising hydrogen,
such as purification, pressurization, heating, cooling, etc. to provide the final product gas for
an application downstream the reactor system of this invention.

Moreover, it should be noted that the order in which the steps of the process are written are
not necessarily the order in which the process steps take place, in that two or more steps
may take place simultaneously, or the order may be different that indicated above.

In an embodiment, the process comprises the step of pressurizing the gas upstream the
pressure shell to a pressure of up to at least 2 bar. The chosen operating pressure is defined
by the endothermic reaction and the integration of the reactor in the surrounding process
steps.

In an embodiment of the process according to the invention, the temperature of the feed gas
let into the reactor system is between 100°C and 400°C. However, in all embodiments the
temperature and the pressure of the feed gas are adjusted to ensure that the feed gas is
above the dew point.
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In an embodiment of the process of the invention, the structured catalyst is heated so that
the maximum temperature of the structured catalyst lies between 200°C and 1300°C. The
used temperature will be dependent on the endothermic reaction. The maximum temperature
of the structured catalyst depends upon the material of the electrically conductive material;
thus, if the electrically conductive material is of FeCrAlloy, which melts at a temperature of
between 1380°C and 1490°C (depending on the actual alloy), the maximum temperature
should be somewhat below the melting point, such as at about 1300°C if the melting point of
the electrically conductive material is at about 1400°C, as the material will become soft and
ductile when approaching the melting point. The maximum temperature may additionally be
limited by the durability of the catalyst material, the coating and the catalytically active

material.

In an embodiment the process according to the invention further comprises the step of
inletting a cooling gas through an inlet through the pressure shell in order to allow a cooling
gas to flow over at least one conductor and/or fitting. The cooling gas may advantageously
be hydrogen, nitrogen, ammonia or any other gas suitable for cooling the area or zone
around the at least one conductor. A part of the feed gas may be fed to the pressure shell as
the cooling gas.

In an embodiment according to the invention, the process further comprises the step of
inletting a cooling gas through an inlet through the pressure shell in order to allow a cooling
gas to flow over at least one conductor and/or fitting. The cooling gas may be any
appropriate gas; examples of such gasses are hydrogen, nitrogen, ammonia, methane or
mixtures thereof. The cooling gas may flow through the conductor(s) and cool it (them) from
within; in this case, the conductor(s) need(s) to be hollow to accommodate the cooling gas
flowing within it/them.

The catalyst material for the reaction may be Fe (prepared from Fesz04 or FeO), FeCo,
Ru/Al>Os, Ru/ZrO;, Fe/Al,Os, FeCo/Al;Os, Ru/MgAlLOs, or CoSn/Al;Os. The catalytically active
material may be Ru, Rh, Fe, Co, Ir, Os, or a combination thereof, while the ceramic coating
may be Al;Os, ZrO;, MgAl;Os, CaAl;Os, or a combination therefore and potentially mixed with
oxides of Y, Ti, La, or Ce. The maximum temperature of the reactor may be between 300-
1300°C. The pressure of the feed gas may be 2-180 bar, preferably about 25 bar. In an
embodiment said macroscopic structure is made of an alloy of Fe Cr Al, supporting a ceramic
coating of a ZrO, and Al,Os; mixture, with Ru as catalytically active material.

Detailed description of the Figures

Throughout the Figures, like reference numbers denote like elements.
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Figure 1a shows a cross section through an embodiment of a reactor system 100 according to
the invention. The reactor system 100 comprises a structured catalyst 10, arranged as an
array of macroscopic structures 5. Each macroscopic structure 5 in the array is coated with a
ceramic coating impregnated with catalytically active material. The reactor system 100
moreover comprises conductors 40, 40’ connected to a power supply (not shown in the
Figures) and to the structured catalyst 10, viz. the array of macroscopic structures. The
conductors 40, 40’ are led through the wall of a pressure shell 20 housing the structured
catalyst and through insulating material 30 on the inner side of the pressure shell, via fittings
50. The conductors 40’ are connected to the array of macroscopic structures 5 by conductor
contact rails 41.

In an embodiment, the electrical power supply supplies a voltage of 26V and a current of
1200A. In another embodiment, the electrical power supply supplies a voltage of 5V and a
current of 240A. The current is led through electrical conductors 40, 40’ to conductor contact
rails 41, and the current runs through the structured catalyst 10 from one conductor contact
rail 41, e.g. from the conductor contact rail seen to the left in Figure 1a, to the other
conductor contact rail 41, e.g. the conductor contact rail seen to the right in Figure 1a. The
current can be both alternating current, and e.g. run alternating in both directions, or direct

current and run in any of the two directions.

The macroscopic structures 5 are made of electrically conductive material. Especially
preferred is the alloy kanthal consisting of aluminum, iron and chrome. The ceramic coating,
e.g. an oxide, coated onto the structure catalysts 5 is impregnated with catalytically active
material. The conductors 40, 40’ are made in materials like iron, aluminum, nickel, copper or

alloys thereof.

During operating, a feed gas comprising ammonia enters the reactor system 100 from above
as indicated by the arrow 11. Product stream comprising hydrogen exits the reactor system
from the bottom thereof as indicated by the arrow 12.

Figure 1b shows the reactor system 100 of Figure 1a with a part of the pressure shell 20 and
heat insulation 30 layer removed and Figure 2 is an enlarged view of a part of the reactor
system 100. In Figures 1b and 2 the connections between conductors 40’ and conductor
contact rails 41 are shown more clearly than in Figure 1a. Moreover, it is seen that the
conductors 40 are led through the walls of the pressure shell in a fitting 50, and that the one
conductor 40 is split up into three conductors 40’ within the pressure shell. It should be
noted, that the number of conductors 40’ may be any appropriate number, such as smaller
than three or even larger than three.
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In the reactor system shown in Figures 1a, 1b and 2, the conductors 40, 40’ are led through
the wall of a pressure shell 20 housing the structured catalyst and through insulating material
30 on the inner side of the pressure shell, via fittings 50. Feed gas for the ammonia cracking
reaction is inlet into the reactor system 100 via an inlet in the upper side of the reactor
system 100 as shown by the arrow 11, and converted product stream exits the reactor
system 100 via an outlet in the bottom of the reactor system 100 as shown by the arrow 12.
Moreover, one or more additional inlets (not shown in Figures 1a to 2) advantageously exist
close to or in combination with the fittings 50. Such additional inlets allow a cooling gas to
flow over, around, close to, or inside at least one conductor within the pressure shell to
reduce the heating of the fitting. The cooling gas could e.g. be hydrogen, nitrogen, methane
or mixtures thereof. The temperature of the cooling gas at entry into the pressure shell may
be e.g. about 100°C.

In the reactor system 100 shown in Figures 1la to 2, inert material (not shown in Figures la-
2) is advantageously present between the lower side of the structured catalyst 10 and the
bottom of the pressure shell. Moreover, inert material is advantageously present between the
outer sides of the structured catalyst 10 of macroscopic structures 5 and the insulating
material 30. Thus, one side of the insulating material 30 faces the inner side of the pressure
shell 20 and the other side of the insulating material 30 faces the inert material. The inert
materiel is e.g. ceramic material and may be in the form of pellets. The inert material assists
in controlling the pressure drop across the reactor system 100 and in controlling the flow of
the gas through the reactor system 100, so that the gas flows over the surfaces of the
structured catalyst 10.

Figures 3a and 3b show schematic cross sections through an embodiment of the inventive
reactor system 100’, 100" comprising a structured catalyst 10’. The structured catalyst 10’
may consist of a single macroscopic structure with ceramic coating supporting catalytically
active material or it may contain two or more macroscopic structures. Each of the reactor
systems 100’, 100" comprises a pressure shell 20 and a heat insulation layer 80 between the
structured catalyst 10’ and the pressure shell 20. Inert material 90 can be used to fill the gap
between the structured catalyst 10’ and the heat insulation layer or the pressure shell 20. In
Figures 3a and 3b, the inert material 90 is indicated by dotted area; the inert material 90
may be in any appropriate form, e.g. in the form of inert pellets, and it is e.g. of ceramic
material. The inert material 90 assists in controlling the pressure drop through the reactor
system and in controlling the flow of the gas through the reactor system. Moreover, the inert
material typically has a heat insulating effect.

From Figures 3a and 3b it is seen that the reactor systems 100’, 100" further comprise an
inner tube 15 in heat exchange relationship with the structured catalyst 10’. The inner tube
15 is adapted to withdraw a product gas from the structured catalyst 10’ so that the product



10

15

20

25

30

35

CA 03148729 2022-01-25

WO 2021/063795 30 PCT/EP2020/076704

gas flowing through the inner tube or tubes is in heat exchange relationship with the gas
flowing over the structured catalyst; however, the inner tube 15 is electrically insulated from
the structured catalyst 10’ by either a heat insulation layer 80, inert material 90, a gap, or a
combination. This is a layout which is denoted a bayonet reactor system. In this layout, the
product gas within the inner tube assists in heating the process gas flowing over the
macroscopic structure. In the layouts shown in Figure 3a and 3b, the feed gas enters the
reactor system 100’, 100" as indicated by the arrow 11, and continues into the structured
catalyst 10’ as indicated by the arrows 13. During the passage of the feed gas over the
structured catalyst 10’, it undergoes the ammonia cracking reaction. The gas exiting the
structured catalyst 10’ is at least partly converted to hydrogen cyanide. The at least partly
converted gas flows from the structured catalyst 10’ into the inner tube 15 as indicated by
the arrows 14, and exits the inner tube as indicated by the arrows 12. Even though the heat
insulation layer 80 is present between the inner tube 15 and the structured catalyst 107,
some heat transfer will take place from the gas within the inner tube 15 and the gas within
the structured catalyst 10’ or upstream the structured catalyst 10’. In the embodiments
shown in Figures 3a and 3b, the feed gas flow downwards through the structured catalyst 10’
and upwards through the inner tube 15; however, it is conceivable that the configuration was
turned upside-down so that the feed gas would flow upwards through the structured catalyst
10’ and downwards through the inner tube 15.

Figures 4 and 5 show an embodiment of a structured catalyst comprising an array of
macroscopic structures as seen from above and from the side, respectively. Figure 4 shows a
structured catalyst 10 comprising an array of macroscopic structure 5 seen from above, viz.
as seen from the arrow 11 in Figures 1a and 1b. The array has 6 rows, viz. 1a, 1b, 1¢, 1d, 1e
and 1f, of five macroscopic structures 5. The macroscopic structures 5 in each row are
connected to its neighboring macroscopic structure (s) in the same row and the two
outermost macroscopic structures in each row are connected to a conductor contact rail 41.
The neighboring macroscopic structures 5 in a row of macroscopic structures are connected

to each other by means of a connection piece 3.

Figure 5 shows the structured catalyst 10 having an array of macroscopic structures 5 of
Figure 4 seen from the side. From Figure 5, it can be seen that each macroscopic structure 5
extends longitudinally perpendicular to the cross section seen in Figure 4. Each macroscopic
structure 5 has a slit 60 cut into it along its longitudinal direction (see Figure 5). Therefore,
when energized by the power source, the current enters the array of macroscopic structures
5 via a conductor contact rail 41, is led through the first macroscopic structure 5 downwards
until the lower limit of the slit 60 and is subsequently led upwards towards a connection piece
3. The current is led via a corresponding zigzag path, downwards and upwards, through each
macroscopic structure 5 in each row 1la-1f of macroscopic structures 5 in the array 10. This
configuration advantageously increases the resistance over the structured catalyst 10.
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Figure 6 shows a structured catalyst 10 according to the invention in a perspective view. The
structured catalyst 10 comprises a macroscopic structure that is coated with a ceramic
coating impregnated with catalytically active material. Within the structured catalyst are
channels 70 extending along the longitudinal direction (shown by the arrow indicate *h’ in
Figure 6) of the macroscopic structure 5; the channels are defined by walls 75. In the
embodiment shown in Figure 6, the walls 75 define a number of parallel, square channels 70
when seen from the direction of flow as indicated by the arrow 12. The structured catalyst 10
has a substantially square perimeter when seen from above, defined by the edge lengths el
and e2. However, the perimeter could also be circular or another shape.

The walls 75 of the structured catalyst 10 are of extruded or 3D printed material coated with
a ceramic coating, e.g. an oxide, which has been coated onto the macroscopic structure. In
the Figures, the ceramic coating is not shown. The ceramic coating is impregnated with
catalytically active material. The ceramic coating and thus the catalytically active material are
present on every wall within the structured catalyst 10 over which the gas flow flows during
operation and interacts with the heated surface of the structured catalyst and the catalytically

active material.

Thus, during use in a reactor system for the ammonia cracking reaction, a feed gas flows
through the channels 70 and interacts with the heated surface of the structured catalyst and
with the catalytically active material supported by the ceramic coating.

In the structured catalyst 10 shown in Figure 6 a slit 60 has been cut into the structured
catalyst 10. This slit 60 forces a current to take a zigzag route, in this instance downwards
and subsequently upwards, within the macroscopic structure thereby increasing the current
path and thus the resistance and consequently the heat dissipated within the macroscopic
structure. The slit 60 within the macroscopic structure may be provided with embedded
insulating material in order to ensure that no current flows in the transverse direction of the
slit 60.

The channels 70 in the structured catalyst 10 are open in both ends. In use of the structured
catalyst in a reactor system, a feed gas flows through the unit, in the direction shown by
arrows 11 and 12 in Figures 1a and 1b, and gets heated via contact with the walls 75 of the
channels 70 and by heat radiation. The heat initiates the desired ammonia cracking reaction.
The walls 75 of the channels 70 may e.g. have a thickness of 0.5 mm, and the ceramic
coating coated onto the walls 75 may e.g. have a thickness of 0.1 mm. Even though the
arrows 11 and 12 (see Figures 1a and 1b) indicate that the flow of the feed gas is down-flow,
the opposite flow direction, viz. an up-flow, is also conceivable.
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Figure 7 shows the structured catalyst 10 of Figures 1a and 1b in a perspective view and with
connectors 7 attached. The connectors 7 each connect a part of the structured catalyst 10 to
a conductor 40. The conductors 40 are both connected to a power supply (not shown). Each
of the connectors 7 are connected to an upper part of the structured catalyst. When the
conductors 40 are connected to a power supply, an electrical current is led to the
corresponding connector 7 via the conductor and runs through the structured catalyst 10.
The slit 60 hinders the current flow in a transverse direction (horizontal direction of Figure 7)
throughout its lengths along the height h of the structured catalyst 10. Therefore, the current
runs in a direction downwards as seen in Figure 7 in the part of the structured catalyst along
the slit 60, subsequently it runs transversely to the longitudinal direction below the slit 60 as
seen in Figure 7 and finally the current runs upwards in the longitudinal direction of the
structured catalyst to the other connector 7. The connectors 7 in Figure 7 are mechanically
fastened to the structured catalyst by means of inter alia mechanical fastening means such
as screws and bolts. However, additional or alternative fastening means are conceivable. In
an embodiment, the electrical power supply generates a voltage of 3V and a current of 400A.
The connectors 7 are e.g. made in materials like iron, aluminum, nickel, copper or alloys

thereof.

As mentioned, the structured catalyst 10 is coated with a ceramic coating, such as an oxide,
supporting the catalytically active material. However, the parts of the structured catalyst 10,
which are connected to the connectors 7, should not be coated with an oxide. Instead, the
macroscopic structure of the structured catalyst should be exposed or connected directly to
the connectors 7 in order to obtain a good electrical connection between the macroscopic

structure and the connector.

When the connectors 7 and thus the conductors 40 are connected to the same end of the
structured catalyst 10, viz. the upper end as seen in Figure 7, the feed gas entering into a
reactor system housing the structured catalyst 10 would be able to cool the connectors 7 and
the conductors 40. For instance, the feed gas entering into such a reactor system could have
a temperature of 200°C or 400°C and would thus keep the connectors 7 and conductors 40
from reaching temperatures much higher than this temperature.

Figure 8 shows another embodiment of a structured catalyst 10"’ with connectors 7”'. The
structured catalyst 10" is e.qg. the structured catalyst as shown in Figure 6. Each of the
connectors 7' has three holes at an upper side thereof for connection to conductors (not
shown). A piece of electrically insulating material 61 is inside the slit 60 (see Figure 6) of the
structured catalyst 10".

Figure 9 shows the thermodynamic equilibrium of the ammonia cracking reaction as a
function of temperature in a case using pure ammonia as feedstock at a pressure of 28 barg.
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The figure illustrates that by increasing the outlet temperature of reactor system, the
conversion of ammonia increases, as illustrated by the decreasing ammonia content of the
product gas. This is selectively converted into a mixture of hydrogen and nitrogen. While
operating at an outlet temperature of 300°C only produces a gas with 52% H,, this is
increased to 75% H» by increasing the temperature to 700°C. High temperature are
consequently essential to achieve a high conversion of the feedstock into the desired
products and the current invention provides a solution to achieve this is a compact,
sustainable and efficient way.

It should be noted, that even though the structured catalysts shown in the figures are shown
as having channels with a square cross section, as seen perpendicular to the z axis, any
appropriate shape of the cross sections of the channels is conceivable. Thus, the channels of
the structured catalyst could alternatively be e.g. triangular, hexagonal, octagonal, or
circular, where triangular, square, and hexagonal shapes are preferred.

While the invention has been illustrated by a description of various embodiments and
examples while these embodiments and examples have been described in considerable detail,
it is not the intention of the applicant to restrict or in any way limit the scope of the
appended claims to such detail. Additional advantages and modifications will readily appear
to those skilled in the art. The invention in its broader aspects is therefore not limited to the
specific details, representative methods, and illustrative examples shown and described.
Accordingly, departures may be made from such details without departing from the spirit or
scope of applicant’s general inventive concept.

ITEMS OF THE INVENTION

1. A reactor system for production of hydrogen from a feed gas comprising ammonia in
the presence of a catalyst under ammonia cracking reaction conditions, said reactor system

comprising:

- a supply of feed gas comprising ammonia;

- a structured catalyst arranged for catalyzing said ammonia cracking reaction of said
feed gas, said structured catalyst comprising a macroscopic structure of an electrically
conductive material, said macroscopic structure supporting a ceramic coating,

wherein said ceramic coating supports a catalytically active material;
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- a pressure shell housing said structured catalyst, said pressure shell comprising an in-
let for letting in said feed gas and an outlet for letting out product gas, wherein said
inlet is positioned so that said feed gas enters said structured catalyst in a first end of
said structured catalyst and said product gas exits said structured catalyst from a
second end of said structured catalyst;

- a heat insulation layer between said structured catalyst and said pressure shell;

- at least two conductors electrically connected to said structured catalyst and to an
electrical power supply placed outside said pressure shell, wherein said electrical
power supply is dimensioned to heat at least part of said structured catalyst to a
temperature of at least 300°C by passing an electrical current through said
macroscopic structure, wherein said at least two conductors are connected to the
structured catalyst at a position on the structured catalyst closer to said first end of
said structured catalyst than to said second end of said structured catalyst, and
wherein the structured catalyst is constructed to direct an electrical current to run
from one conductor substantially to the second end of the structured catalyst and
return to a second of said at least two conductors;

- an outlet for a product stream comprising hydrogen.

2. The reactor system according to item 1, wherein said electrical power supply is
dimensioned to heat at least part of said structured catalyst to a temperature of at least
300°C, preferably at least 700°C.

3. The reactor system according to any one of the preceding items, wherein the feed gas
additionally comprises H,, N», or Ar.

4, The reactor system according to any one of the preceding items, wherein the pressure
shell has a design pressure of between 2 and 30 bar.

5. The reactor system according to any one of items 1-3, wherein the pressure shell has
a design pressure of between 30 and 200 bar.

6. The reactor system according to any one of the preceding items, wherein the
resistivity of the electrically conductive material is between 10> Q-m and 107 @-m.

7. The reactor system according to any one of the preceding items, where said at least
two conductors are led through the pressure shell in a fitting so that the at least two
conductors are electrically insulated from the pressure shell.
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8. The reactor system according to item 7, wherein said pressure shell further comprises
one or more inlets close to or in combination with at least one fitting in order to allow a
cooling gas to flow over, around, close to, or inside at least one conductor within said
pressure shell.

9. The reactor system according to any one of the preceding items, wherein the reactor
system further comprises an inner tube in heat exchange relationship with but electrically
insulated from the structured catalyst, said inner tube being adapted to withdraw a product
gas from the structured catalyst so that the product gas flowing through the inner tube is in
heat exchange relationship with gas flowing over the structured catalyst.

10. The reactor system according to any one of the preceding items, wherein the
connection between the structured catalyst and said at least two conductors is a mechanical

connection, a welded connection, a brazed connection or a combination thereof.

11. The reactor system according to any one of the preceding items, wherein the
electrically conductive material comprises a 3D printed or extruded and sintered macroscopic
structure, said macroscopic structure is supporting a ceramic coating, wherein said ceramic

coating supports a catalytically active material.

12. The reactor system according to any one of the preceding items, wherein the
structured catalyst comprises an array of macroscopic structures electrically connected to
each other.

13. The reactor system according to any of the preceding items, wherein said structured
catalyst has electrically insulating parts arranged to increase the length of a principal current
path between said at least two conductors to a length larger than the largest dimension of
the structured catalyst.

14, The reactor system according to any of the preceding items, wherein said structured
catalyst has at least one electrically insulating part arranged to direct a current through said
structured catalyst in order to ensure that for at least 70% of the length of said structured
catalyst, a current density vector of the principal current path has a non-zero component
value parallel to the length of said structured catalyst.

15. The reactor system according to any one of the preceding items, wherein said
macroscopic structure has a plurality of parallel channels, a plurality of non-parallel channels
and/or a plurality of labyrinthic channels.
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16. The reactor system according to any one of the preceding items, wherein said reactor
system further comprises a third catalyst material in the form of catalyst pellets, extrudates
or granulates loaded into the channels of said macroscopic structure.

17. The reactor system according to any one of the preceding items, wherein the reactor
system further comprises a bed of a fourth catalyst material downstream said structured
catalyst within said pressure shell.

18. The reactor system according to any one of the preceding items, wherein the material
of the macroscopic structure is chosen as a material arranged to generate a heat flux of 500
to 50000 W/m?2 by resistance heating of the material.

19. The reactor system according to any one of the preceding items, wherein the
structured catalyst comprises a first part arranged to generate a first heat flux and a second
part arranged to generate a second heat flux, where the first heat flux is lower than the
second heat flux, and where the first part is upstream the second part.

20. The reactor system according to any one of the preceding items, wherein the
structured catalyst comprises a third part arranged to generate a third heat flux, where the
third heat flux is lower than the first and/or the second heat flux, and where the third part is
downstream the first and/or second part.

21. The reactor system according to any one of the preceding items, wherein said reactor
system further comprises a control system arranged to control the electrical power supply to
ensure that the temperature of the gas exiting the pressure shell lies in a predetermined
range and/or to ensure that the conversion of the feed gas lies in a predetermined range.

22. The reactor system according to any one of the preceding items, wherein the
structured catalyst within said reactor system has a ratio between the area equivalent
diameter of a horizontal cross section through the structured catalyst and the height of the
structured catalyst in the range from 0.1 to 2.0.

23. The reactor system according to any one of the preceding items, wherein the height of
the reactor system is between 0.5 and 7 m, more preferably between 0.5 and 3 m.

24. A process for carrying out the ammonia cracking reaction of a feed gas comprising
ammonia to hydrogen in the presence of a catalyst under ammonia cracking reaction
conditions, in a reactor system comprising a pressure shell housing a structured catalyst
arranged for catalyzing said ammonia cracking reaction of a feed gas, said structured catalyst

comprising a macroscopic structure of electrically conductive material, said macroscopic
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structure supporting a ceramic coating, wherein said ceramic coating supports a catalytically
active material; wherein said reactor system is provided with heat insulation between said
structured catalyst and said pressure shell; said process comprising the steps of:

- pressurizing said feed gas,

- supplying said pressurized feed gas to said pressure shell through an inlet positioned
so that said feed gas enters said structured catalyst in a first end of said structured
catalyst; allowing the feed gas to undergo an ammonia cracking reaction over the
structured catalyst and outletting a product gas from said pressure shell, wherein said
product gas exits said structured catalyst from a second end of said structured
catalyst;

- supplying electrical power via electrical conductors connecting an electrical power
supply placed outside said pressure shell to said structured catalyst, allowing an
electrical current to run through said macroscopic structure, thereby heating at least
part of the structured catalyst to a temperature of at least 300°C, wherein said at
least two conductors are connected to the structured catalyst at a position on the
structured catalyst closer to said first end of said structured catalyst than to said
second end of said structured catalyst, and wherein the structured catalyst is
constructed to direct an electrical current to run from one conductor substantially to
the second end of the structured catalyst and return to a second of said at least two
conductors, thereby heating at least part of the structured catalyst to a temperature
sufficient for said feed gas to undergo the ammonia cracking reaction over the
structured catalyst, thereby heating at least part of the structured catalyst to a
temperature sufficient for said feed gas to undergo the ammonia cracking reaction
over the structured catalyst,

- outletting a product gas comprising hydrogen from the reactor system.

25. The process according to item 24, wherein said feed gas is pressurised to a pressure
between 2 and 30 bar.

26. The process according to item 24 wherein said feed gas is pressurised to a pressure
between 30 and 200 bar

27. The process according to any one of items 24 to 26, wherein at least part of the
structured catalyst is heated to a temperature of at least 300°C, preferably at least 700°C.

28. The process according to any one of items 24 to 27, further comprising the step of
inletting a cooling gas through an inlet through the pressure shell in order to allow said
cooling gas to flow over at least one conductor.
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29. The process according to any one of items 24 to 28, wherein the process further
comprises the step of feeding the product stream comprising hydrogen to an upgrading unit
and separating it into an upgraded hydrogen stream and an off-gas stream.

30. The process according to item 29, wherein the process further comprises the step of
feeding the product gas or upgraded hydrogen stream from said upgrading unit to a
downstream plant for electricity production.

31. A method for rapidly switching a metal-catalysed ammonia cracking reaction of a feed
gas comprising ammonia in a reactor system according to any one of claims 1-23, from a
first steady-state reaction condition (A) to a second steady-state reaction condition (B) or
vice-versa; said method comprising the steps of:

in said first steady-state reaction condition (A):
- supplying said feed gas to the reactor system in a first total flow, and

- supplying a first electrical power via electrical conductors connecting an electrical
power supply placed outside said pressure shell to said structured catalyst, thereby
allowing a first electrical current to run through said electrically conductive material,

thereby heating at least part of the structured catalyst to a first temperature at which said
feed gas is converted to a first product gas mixture over said structured catalyst under said
first steady-state reaction conditions (A); and said first product gas is outlet from the reactor
system;

and, in said second steady-state reaction condition (B):
- supplying said feed gas to the reactor system in a second total flow,

- supplying a second electrical power via electrical conductors connecting an electrical
power supply placed outside said pressure shell to said structured catalyst, thereby
allowing a second electrical current to run through said electrically conductive
material,

thereby heating at least part of the structured catalyst to a second temperature; at which
said feed gas is converted to a second product gas mixture over said structured catalyst
under said second steady-state reaction conditions (B); and said second product gas is outlet
from the reactor system;
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wherein said second electrical power is higher than said first electrical power; and/or said
second total flow is higher than said first total flow.

32. The method according to item 31, wherein said at least two conductors are connected
to the structured catalyst at a position on the structured catalyst closer to said first end of
said structured catalyst than to said second end of said structured catalyst, and wherein the
structured catalyst is constructed to direct an electrical current to run from one conductor
substantially to the second end of the structured catalyst and return to a second of said at
least two conductors.

33. The method according to any one of items 31-32, wherein the ratio of total gas feed
flow in said first reaction condition A to said second reaction condition B (A:B) is at least
1:10.

34. The method according to any one of items 31-33, wherein the product gas outlet
temperature from the structured catalyst in reaction condition B is between 50°C to 600°C
higher, such as between 100°C to 500°C higher, preferably between 150°C to 400°C higher
than the product gas outlet temperature from the structured catalyst in reaction condition A.

35. The method according to any one of items 31-34, wherein the switch between
reaction condition A and B includes a gradual change of the total gas feed flow from said first
total flow to said second total flow and simultaneous gradual change of the applied electrical
potential over said electrically conductive material from said first to said second electrical

power.

36. The method according to any one of items 31-35, wherein the product gas outlet
temperature from the structured catalyst in reaction condition B is no more than 50°C higher
than the product gas outlet temperature from the structured catalyst in reaction condition A.

37. The method according to any one of items 31-36, wherein a proportional-integral-
derivative (PID) controller controls the electrical potential based on feedback reading of the
process value of product gas outlet temperature from the structured catalyst.

38. The method according to any one of items 31-37, wherein the product gas outlet
temperature from the structured catalyst is measured directly beneath or on the most
downstream surface of the structured catalyst.

39. The method according to any one of items 31-38, wherein the switch between
reaction condition A and B takes place over a period of less than 3 hours, such as less than 2
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hours, such as less than 60 min, preferably less than 30 min, and even more preferably less
than 15 min.

40. The method according to any one of items 31-39, wherein the switch between
reaction condition A and B involves supplying a second electrical power to the structured
catalyst.

41. The method according to any one of items 31-40, wherein the switch between
reaction condition A and B comprises a transition state between said reaction conditions A
and B; said transition state comprising a first period in which the electrical power is switched
off, followed by a second period in which said second electrical power of condition B is
supplied to the structured catalyst.

42. The method according to any one of items 31-41, wherein the switch between
reaction condition A and B comprises a transition state between said reaction conditions A
and B; said transition state comprising a first period in which a third electrical power is
supplied to the structured catalyst, followed by a second period in which said second
electrical power of condition B is supplied to the structured catalyst, said third electrical
power being higher than the second electrical power.
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CLAIMS

1. A reactor system for production of hydrogen from a feed gas comprising ammonia in
the presence of a catalyst under ammonia cracking reaction conditions, said reactor system
comprising:

- a supply of feed gas comprising ammonia;

- a structured catalyst arranged for catalyzing said ammonia cracking reaction of said
feed gas, said structured catalyst comprising a macroscopic structure of an electrically
conductive material, said macroscopic structure supporting a ceramic coating, wherein said

ceramic coating supports a catalytically active material;

- a pressure shell housing said structured catalyst, said pressure shell comprising an in-
let for letting in said feed gas and an outlet for letting out product gas, wherein said inlet is
positioned so that said feed gas enters said structured catalyst in a first end of said
structured catalyst and said product gas exits said structured catalyst from a second end of
said structured catalyst;

- a heat insulation layer between said structured catalyst and said pressure shell;

- at least two conductors electrically connected to said structured catalyst and to an
electrical power supply placed outside said pressure shell, wherein said electrical power
supply is dimensioned to heat at least part of said structured catalyst to a temperature of at
least 300°C by passing an electrical current through said macroscopic structure, wherein said
at least two conductors are connected to the structured catalyst at a position on the
structured catalyst closer to said first end of said structured catalyst than to said second end
of said structured catalyst, and wherein the structured catalyst is constructed to direct an
electrical current to run from one conductor substantially to the second end of the structured
catalyst and return to a second of said at least two conductors;

- an outlet for a product stream comprising hydrogen.
2. The reactor system according to claim 1, wherein said electrical power supply is
dimensioned to heat at least part of said structured catalyst to a temperature of at least

300°C, preferably at least 700°C.

3. The reactor system according to any one of the preceding claims, wherein the feed
gas additionally comprises H,, N», or Ar.
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4, The reactor system according to any one of the preceding claims, wherein the
pressure shell has a design pressure of between 2 and 30 bar.

5. The reactor system according to any one of claims 1-3, wherein the pressure shell has
a design pressure of between 30 and 200 bar.

6. The reactor system according to any one of the preceding claims, wherein the
resistivity of the electrically conductive material is between 10> Q-m and 107 &-m.

7. A process for carrying out the ammonia cracking reaction of a feed gas comprising
ammonia to hydrogen in the presence of a catalyst under ammonia cracking reaction
conditions, in a reactor system comprising a pressure shell housing a structured catalyst
arranged for catalyzing said ammonia cracking reaction of a feed gas, said structured catalyst
comprising a macroscopic structure of electrically conductive material, said macroscopic
structure supporting a ceramic coating, wherein said ceramic coating supports a catalytically
active material; wherein said reactor system is provided with heat insulation between said
structured catalyst and said pressure shell; said process comprising the steps of:

- pressurizing said feed gas,

- supplying said pressurized feed gas to said pressure shell through an inlet positioned
so that said feed gas enters said structured catalyst in a first end of said structured catalyst;
allowing the feed gas to undergo an ammonia cracking reaction over the structured catalyst
and outletting a product gas from said pressure shell, wherein said product gas exits said
structured catalyst from a second end of said structured catalyst;

- supplying electrical power via electrical conductors connecting an electrical power
supply placed outside said pressure shell to said structured catalyst, allowing an electrical
current to run through said macroscopic structure, thereby heating at least part of the
structured catalyst to a temperature of at least 300°C, wherein said at least two conductors
are connected to the structured catalyst at a position on the structured catalyst closer to said
first end of said structured catalyst than to said second end of said structured catalyst, and
wherein the structured catalyst is constructed to direct an electrical current to run from one
conductor substantially to the second end of the structured catalyst and return to a second of
said at least two conductors, thereby heating at least part of the structured catalyst to a
temperature sufficient for said feed gas to undergo the ammonia cracking reaction over the
structured catalyst, thereby heating at least part of the structured catalyst to a temperature
sufficient for said feed gas to undergo the ammonia cracking reaction over the structured
catalyst,

- outletting a product gas comprising hydrogen from the reactor system.
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8. The process according to claim 7, wherein the process further comprises the step of
feeding the product stream comprising hydrogen to an upgrading unit and separating it into
an upgraded hydrogen stream and an off-gas stream.

9. The process according to claim 8, wherein the process further comprises the step of
feeding the product gas or upgraded hydrogen stream from said upgrading unit to a
downstream plant for electricity production.

10. A method for rapidly switching a metal-catalysed ammonia cracking reaction of a feed
gas comprising ammonia in a reactor system according to any one of claims 1-23, from a
first steady-state reaction condition (A) to a second steady-state reaction condition (B) or
vice-versa; said method comprising the steps of:

in said first steady-state reaction condition (A):
- supplying said feed gas to the reactor system in a first total flow, and

- supplying a first electrical power via electrical conductors connecting an electrical
power supply placed outside said pressure shell to said structured catalyst, thereby allowing
a first electrical current to run through said electrically conductive material,

thereby heating at least part of the structured catalyst to a first temperature at which said
feed gas is converted to a first product gas mixture over said structured catalyst under said
first steady-state reaction conditions (A); and said first product gas is outlet from the reactor
system;

and, in said second steady-state reaction condition (B):

- supplying said feed gas to the reactor system in a second total flow,

- supplying a second electrical power via electrical conductors connecting an electrical
power supply placed outside said pressure shell to said structured catalyst, thereby allowing
a second electrical current to run through said electrically conductive material,

thereby heating at least part of the structured catalyst to a second temperature; at which
said feed gas is converted to a second product gas mixture over said structured catalyst
under said second steady-state reaction conditions (B); and said second product gas is outlet
from the reactor system;
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wherein said second electrical power is higher than said first electrical power; and/or said
second total flow is higher than said first total flow.
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