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(57) Abstract: The invention concerns a process and apparatus for cracking ammonia in which heated ammonia at super-atmospheric
pressure is partially cracked in reactor tubes containing a first catalyst in a fired reactor to produce partially cracked ammonia gas which
is then cracked over a second catalyst in a reaction zone of an electrically heated reactor to produce cracked gas comprising hydrogen
gas, nitrogen gas and residual ammonia. The cracked gas is cooled and hydrogen is recovered from the cooled cracked gas in a hydrogen
recovery unit. Offgas from the hydrogen recovery unit, or a cracked offgas derived therefrom, provides at least some, preferably all,
of the fuel requirement in the fired reactor. Varying the power input to the second part of the cracking reaction enables direct control

of the heat flux profile and hence optimization of the conversion.
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TITLE OF THE INVENTION
Process and apparatus for cracking ammonia
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority to U.S. Non-Provisional Application No.
18/205,837 filed June 5, 2023 and is incorporated in its entirety herein by reference.

TECHNICAL FIELD OF THE INVENTION

[0001] The presentinvention is in the technical field of ammonia cracking to produce hydrogen
and relates specifically to a process and apparatus for the production of hydrogen gas from

liquid ammonia.
BACKGROUND OF THE INVENTION

[0002] Global interest in renewable energy and using this renewable energy to generate
"green" hydrogen has driven the interest in converting the "green" hydrogen to "green"
ammonia, as ammonia is simpler to transport over distance of hundreds or thousands of miles.
Particularly, shipping liquid hydrogen is not commercially possible currently but shipping

ammonia, which is in a liquid state, is currently practiced.

[0003] For use in a commercial fuel cell, the ammonia must be converted back to hydrogen

according to the reaction.
2NH; = 3H,+ N,

[0004] This is an endothermic process, i.e., a process that requires heat, and hence higher
temperatures will favor production of the products. The standard heat of reaction (per mole of
ammonia) at 1 bar and 0°C is 45.47 kdJ/mol. The endothermic nature of the process dictates

the need for a furnace.

[0005] The process is known as cracking (or sometimes "dissociation") and is usually
performed over a catalyst. The gas produced (or "cracked gas") is a mixture of hydrogen (H2)
and nitrogen (N2) gases although, since the cracking reaction is an equilibrium reaction, there
is also some residual ammonia. The amount of ammonia in the cracked gas, generally
referred to as "ammonia slip", may be varied by changing the temperature and/or the pressure
at which the ammonia is cracked with higher temperatures and/or higher pressures favoring

conversion thereby reducing the ammonia slip.

[0006] In most applications of crackers currently, the hydrogen and nitrogen mixture is utilised

as is. However, as ammonia can be a poison to fuel cells, this stream, with ammonia suitably
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removed such as by scrubbing with water, can be used directly in a fuel cell. However, if the
hydrogen is to be used in vehicle fueling, the nitrogen present provides a penalty to the
process. The fuel to a vehicle fueling system is compressed to significant pressure - up to
900 bar. This means that the nitrogen, which is merely a diluent in the process, is also
compressed, taking power, and taking storage volume and increasing anode gas purge
requirement, decreasing efficiency. It is therefore beneficial where hydrogen is to be used in

vehicle fueling, for the hydrogen and nitrogen to be separated.

[0007] There are many examples of ammonia cracking processes in the art. For example,
WO02021/257944A discloses a process in which heated ammonia gas at super-atmospheric
pressure is cracked by passing the gas through catalyst-containing reactor tubes in a fired
reactor to process a cracked gas which is used to pre-heat the ammonia feed. Hydrogen is
recovered from the cooled cracked gas in a pressure swing adsorption ("PSA") device to
produce a hydrogen product gas and a PSA tail gas from which hydrogen is recovered using
a membrane separation unit. Fuel for the fired reactor is provided by methane (in the form of

natural gas or biogas), ammonia and/or PSA tail gas.

[0008] It is also known to crack ammonia in an electrically heated reactor. Electrically driven
ammonia crackers are typically available at only small scale, i.e., less than 10 tonnes/day of
ammonia, and are generally inefficient, typically 20 to 25 kWh/kg H2 due to low product
recovery and challenging heat integration. The small-scale crackers are typically operated at
low pressure, i.e., less than 10 bar, and high temperature to give low ammonia slip from the
cracker. A common use of these small crackers is to produce a stream of N2 and H2 for

annealing or creating a reducing atmosphere in a furnace.

[0009] Examples of such reactors in the art include the reactors disclosed in GB363300A,
GB2589621A, US6936363A, W02021/063795A and US7867300A.

[0010] GB363300A discloses a compact and portable ammonia cracker comprising an
annular catalyst chamber surrounding a central electrical heater. In this system, hot cracked

gas is used to heat and evaporate liquid ammonia to provide the ammonia feed to the cracker.

[0011] GB2589621A discloses an ammonia cracking process in which an inert gas loop is
used to heat a reactor containing a metal amide and/or a metal imide for cracking ammonia.
The reference mentions that the inert gas in the loop may be heated electrically or by

combustion of ammonia.

[0012] US6936363A discloses an ammonia cracker to generate hydrogen for a fuel cell. The
catalyst bed comprising aluminum oxide pellets onto which an active catalyst metal selected

from nickel, ruthenium and platinum is deposited. The catalyst bed is heated either by
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combustion of a portion of the offgas generated by the hydrogen electrode of the fuel cell

and/or by electrical heating.

[0013] WO2021/063795A discloses an ammonia cracker including a structured catalyst
comprising a catalytically active material supported within a ceramic coating on a macroscopic
structure of electrically conductive material. An electrical power supply is used to provide
electricity to the electrically conductive material of the structured catalyst and thereby heat the
catalytically active material. In some embodiments, a first (upstream) part of the structured
catalyst is arranged to generate a first (lower) heat flux and a second (downstream) part of the
structured catalyst is arranged to generate a second (higher) heat flux. Hydrogen may be

recovered from the resultant cracked gas using a PSA unit.

[0014] US7867300A discloses a compact ammonia cracker for use with fuel cells and other
apparatus. The cracker has a thermocatalytic reactor that has a reaction chamber in a
combustion chamber. The reaction chamber is loaded with an ammonia decomposition
catalyst and is heated either by combustion of ammonia or a hydrocarbon in the combustion

chamber, or by an electrical heater such as a battery or a fuel cell.

[0015] There is, however, still a need generally for improved processes for the production of
hydrogen from ammonia and specifically for processes that are more efficient in terms of
energy consumption and/or that have higher levels of hydrogen recovery and/or that reduce

or eliminate the need to combust fossil fuels.
BRIEF SUMMARY OF THE INVENTION

[0016] According to a first aspect of the present invention, there is provided process for
cracking ammonia comprising providing a heated ammonia gas at super-atmospheric
pressure; combusting a fuel with an oxidant gas to heat reactor tubes containing a first catalyst
in a fired reactor to produce a flue gas; feeding the heated ammonia gas, or a fractionally
cracked ammonia gas derived therefrom, to the reactor tubes in the fired reactor to cause
cracking of ammonia and produce a partially cracked ammonia gas comprising hydrogen gas
and nitrogen gas; passing the partially cracked ammonia gas over a second catalyst in an
electrically heated reactor to cause cracking of further ammonia and produce a cracked gas
comprising hydrogen gas, nitrogen gas and residual ammonia gas; cooling the cracked gas to
provide cooled cracked gas; and recovering hydrogen from the cooled cracked gas to produce
a hydrogen gas product and an offgas comprising nitrogen gas, residual hydrogen gas and
residual ammonia gas, wherein the offgas, or a cracked offgas derived therefrom, is used as

at least part of the fuel combusted with the oxidant gas.
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[0017] The offgas is used in this process in the fired reactor to make use of the high heat flux
available from the flames generated by the burner(s) to carry out the first part of the cracking
of ammonia. The high heat flux is consumed by the high reaction rate corresponding to the
high concentration of ammonia in the gas at this point. As the reaction moved towards
completion, the reaction rate slows, and the required heat flux reduces. The electrically heated
reactor typically receives a lower maximum heat flux from the electric heater than the
maximum heat flux delivered by the flames from the burners in the fired reactor. Thus, the
electrically heated reactor is advantageously used after the fired reactor since fresh reactant

can make use of the high heat flux available from the flame because the reaction rate is high.

[0018] Splitting at least some, or the majority, or all of the cracking duty between an upstream

fired reactor and a downstream electrically heated reactor has several advantages.

[0019] For example, providing an electrically heated cracker downstream allows direct control
of the power input into the later part of the cracking reaction, resulting in ready control of the
temperature and hence the extent of conversion. In this way, the amount of residual ammonia
in the cracked gas may be adjusted easily to suit the circumstances and/or changing

requirements.

[0020] In addition, if the heaters in the electrically heated reactor are oversized appropriately,
it is possible to conduct the entire conversion in the electrically heated reactor, particularly if
the first and second catalysts are the same and majority of the total volume of the catalyst is
located in the electrically heated reactor. Such an arrangement is particularly useful at start-

up before a stable offgas from the hydrogen recovery is available.

[0021] According to a second aspect of the present invention, there is provided apparatus for

cracking ammonia comprising:

a fired reactor for partially cracking heated ammonia gas at super-atmospheric

pressure, the fired reactor comprising:

a radiant section comprising at least one inlet for fuel and oxidant gas in fluid
flow communication with at least one burner, reactor tubes containing a first
catalyst having upstream ends in fluid flow communication with an inlet for
heated ammonia gas at super-atmospheric pressure and downstream ends in

fluid flow communication with an outlet for partially cracked ammonia gas; and

a convection section in fluid flow communication with the radiant section and

comprising an outlet for flue gas;
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an electrically heated reactor for cracking partially cracked ammonia gas, said
electrically heated reactor comprising an inlet in fluid flow communication with the
partially cracked ammonia gas outlet of the radiant section of the fired reactor, a
reaction zone comprising a second catalyst, at least one electrical heat source for

heating the reaction zone, and an outlet for cracked gas;

a hydrogen recovery unit, preferably a PSA unit, for recovering hydrogen gas from

cracked gas comprising:

a first inlet in fluid flow communication with the cracked gas outlet of the

electrically heated reactor;
a first outlet for hydrogen gas; and

a second outlet for offgas comprising nitrogen gas, residual hydrogen gas and
residual ammonia gas in fluid flow communication with the at least one inlet for

fuel of the radiant section of the fired reactor,

wherein the apparatus comprises at least one cooler arranged for cooling cracked gas located

between the electrically heated reactor and the hydrogen recovery unit.

[0022] The apparatus of the second aspect of the invention is suitable to carry out the process

of the first aspect of the invention.
BRIEF DESCRIPTION OF THE DRAWINGS

[0023] Fig. 1 is a simplified flowsheet of a reference process taken from USSN 17/990815
filed on 21 November 2022 (APCI Docket No. 08305 US) in which ammonia is cracked in a

fired reactor using natural gas as a fuel.

[0024] Fig. 2 is a simplified flowsheet of a first embodiment of the process according to the

present invention without offgas cracking.

[0025] Fig. 3 is a simplified flowsheet of a second embodiment of the process according to

the present invention with offgas cracking.

[0026] Fig. 4 is a simplified drawing of top and side views of a first arrangement of a

combination of fired reactor and electrically heated reactor for use in the present invention.

[0027] Fig. 5 is a simplified drawing of top and side views of a second arrangement of a

combination of fired reactor and electrically heated reactor for use in the present invention.

DETAILED DESCRIPTION OF THE INVENTION
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[0028] Amounts of components given in parts per million (or ppm) are calculated by mole
unless otherwise stated. In addition, where appropriate from the context, all percentages are
calculated by mole unless otherwise stated. Moreover, any references to pressure are

references to absolute pressure unless otherwise stated.

[0029] In the context of the present invention, the activity of a catalyst will be understood to
refer to the rate of conversion of ammonia at a given partial pressure for a given amount of
catalyst over a given period of time at a particular temperature and overall pressure. The units
used to define the activity of a heterogeneous catalyst are mole of ammonia converted per

gram of catalyst (including substrate if present) per second (or mol. g-1 s-1).

[0030] The expression "in fluid flow communication" will be understood to mean that piping or
other suitable conduits will be used to convey fluid from one specified location to another.
During passage between the two locations, the fluid may flow through one or more other units
which may be designed and/or arranged to alter the physical condition, e.g., temperature (e.g.,
a heat exchanger) and/or pressure (e.g., a compressor, a pump, a pressure reduction valve
or an expander) of the fluid, or the composition of the fluid through reaction of components
within the fluid (e.g., a catalytic reactor). The expression "in direct fluid flow communication”
will be understood to mean that the fluid flows directly from the one location to the other, i.e.,
does not flow through another such unit during its passage and hence there is essentially no

change to the composition or physical condition of the fluid.

[0031] The term "super-atmospheric pressure" will be understood to mean a pressure that is
significantly higher than atmospheric pressure, such as a pressure of at least 5 bar, e.g., a
pressure of at least 10 bar, or of at least 20 bar or of at least 30 bar. Typically, the pressure

is no more than 60 bar.

[0032] The term "upstream" will be understood to mean in the opposite direction to the flow

of fluid during normal operation. The term "downstream" will be interpreted accordingly.

[0033] The heated ammonia gas feed of the present invention is typically generated from
liquid ammonia which may be supplied at ambient pressure from either a pipeline or, more
typically, a refrigerated storage tank. Water is often added to ammonia to prevent stress
corrosion cracking in the storage tanks, trucks and ships used to transport ammonia. The
presence of water in the feed ammonia turns the feed into a multi-component stream, and the
evaporation of the feed stream would then require a higher temperature to achieve complete

evaporation.

[0034] A typical composition of the ammonia feed is shown in Table 1.



WO 2024/253893 PCT/US2024/031210

Component Composition

Ammonia 99.5 — 99.8 wt%

Maximum water content 0.5 wt%

Minimum water content 0.2 wt%

Oil 5 ppm max

Inerts (e.g., Ar) <10 ppm

Iron <1 ppm
TABLE 1

[0035] Oil may be present in the ammonia due to a boil-off gas compressor used for the
ammonia storage, either at the local storage tank, production location, or any other storage
tank in between. The presence of oil is an issue because it presents a blockage and/or
contamination risk. This may lead to malperformance in the heat exchangers or reduced
catalyst activity in the reactors. Therefore, if present, the oil may need to be removed in some
way. In this regard, the oil can be removed by passing the liquid ammonia through a bed of
activated carbon. However, it would also be possible to a select a particular catalyst for at
least the first catalyst in the fired reactor that cracks the oil into shorter chain hydrocarbons
which may then react with hydrogen or any water present to form, for example, carbon

monoxide, hydrogen, and methane.

[0036] Inert gases are not expected to be an issue, other than they could end up in the product
hydrogen. In this regard, helium can be present in ammonia derived from natural gas but

ammonia from renewable hydrogen will not contain helium.

[0037] The liquid ammonia is typically taken from storage and pumped from the storage
pressure (e.g., about 1 bar) to a pressure in a range from about 5 bar to about 60 bar, e.g.,
from about 10 bar to about 50 bar such as from about 10 bar to about 30 bar or from about 40
bar to about 50 bar. The temperature of the liquid ammonia increases slightly from the storage
temperature (e.g., about -34°C) to about -32°C. If liquid ammonia is taken from a pipeline, the

temperature of the liquid ammonia is usually higher, e.g., about +10°C.

[0038] The pumped liquid ammonia (at super-atmospheric pressure) is then typically pre-
heated to its boiling point, ideally by appropriate heat integration within the process.
Preferably, part of the pre-heating is achieved using a heat transfer circuit where the heat,
e.g., from the intercooling and aftercooling of a PSA offgas compressor, is recovered using a
heat transfer fluid such as an aqueous solution of a glycol, e.g., an aqueous solution
comprising from about 50 wt. % to about 60 wt. % of a glycol such as ethylene glycol or
propylene glycol, optionally together with heat from the flue gas and/or cracked gas, and used

to preheat the liquid ammonia. If no such integration is possible, such as if the compressor is

7
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not running, then heat from an external source, such as an electric heater, could be required

to preheat the ammonia.

[0039] The pre-heated liquid ammonia is typically then evaporated, and the resultant
ammonia gas heated further prior to being fed to the reactor tubes of the first fired reactor (or
indeed the preliminary reactor if part of the ammonia gas is to be cracked to form fractionally
cracked ammonia gas — see below). In this regard, the ammonia gas is typically superheated,
i.e., heated to a temperature above its boiling point, to a temperature of more than 350°C to

ensure a useful rate of reaction in the fired reactor.

[0040] The duty for the evaporation and further heating of the pre-heated liquid ammonia may
be provided by heat exchange with the cracked gas, the flue gas or a combination of both the
cracked gas and the flue gas. In preferred embodiments, the cracked gas is used to heat and
evaporate the pre-heated liquid ammonia by heat exchange and then the ammonia gas is
further heated by heat exchange with the flue gas and then by heat exchange with the cracked

gas.

[0041] The flowrate of the liquid ammonia (and hence the heated ammonia gas) is selected
to generate the hydrogen product at the required rate. In this regard, the flowrate of liquid
ammonia may be in a range from about 2500 kg/h to about 260000 kg/h, or from about 5000
kg/h to about 260000 kg/h, or from about 7500 kg/h to about 50000 kg/h.

[0042] In some cases, the heated ammonia gas at super-atmospheric pressure is fed initially
to a preliminary reactor so that a fraction, e.g., up to about 20 mol. % or from about 1 mol. %
to 15 mol. %, of the ammonia can be cracked over a catalyst to form a fractionally cracked
ammonia gas. Any suitable thermo-catalytic reactor may be used as the preliminary reactor
such as an adiabatic reactor where the heat of reaction is derived from the cracked gas and/or
the flue gas. However, an electrically heated reactor is preferred. |n addition, any catalyst
known for cracking ammonia, e.g., nickel-based catalysts, may be used in the preliminary

reactor. Suitable catalysts are discussed below in the context of the first catalyst.

[0043] However, the heated ammonia gas is typically fed directly to the catalyst-filled reactor

tubes of the fired reactor.

[0044] Any catalyst that cracks ammonia may be used as the first catalyst in the reactor tubes
of the fired reactor. In this regard, a large number of metals are known in the art to catalyze
the cracking of ammonia. These metals include transition metals such those in Group 6 of the
Periodic Table, e.g., chromium (Cr) and molybdenum (Mo); Group 8, e.g., iron (Fe), ruthenium

(Ru) and osmium (Os); Group 9, e.g., cobalt (Co), rhodium (Rh) and iridium (Ir); Group 10,
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e.g., nickel (Ni), palladium (Pd) and platinum (Pt); and Group 11, e.g., copper (Cu), silver (AQ)

and gold (Au). Metalloids such as tellurium (Te) may also be used.

[0045] The activity of some of these metals as catalysts for ammonia cracking has been
reported by Masel et al (Catalyst Letters, vol. 96, Nos 3-4, July 2004) to vary in the following

order:
Ru>Ni>Rh>Co>Ir>Fe>>Pt>Cr>Pd>Cu>>Te

[0046] The metals may be unsupported but are usually supported on a suitable support (or
substrate), typically a metal oxide support such as silica (SiO2), alumina (Al203), zirconia
(ZrO2) or a mixed metal oxide support such as spinel (MgAI204) or perovskite (CaTiO3).

Alternatively, the metal(s) may be supported on a zeolite.

[0047] As would be understood by the skilled person, the activity of a supported metal catalyst
will typically depend in part on the loading of the catalytically active metal on the support. In
this regard, the loading of the metal will vary according to the specific requirements but will
typically be in a range from about 0.1 wt % to about 70 wt %. The loading may be towards
the lower end of the range, e.g., from about 0.1 wt % to about 10 wt % or from about 0.2 wt %
to about 5 wt %, for the more active metals, e.g., ruthenium. For less active metals, e.g.,
nickel, the loading may be towards the upper end of the range, e.g., from about 20 wt % to
about 65 wt %.

[0048] Supported metal catalysts may be unpromoted or may be promoted with at least one
other metal, e.g., one or more Group 1 metals, e.g., lithium (Li), sodium (Na) and potassium
(K); Group 2 metals, e.g., magnesium (Mg) and calcium (Ca), or Group 13 metals, e.g.,

aluminum (Al), to improve activity as is well known in the art.

[0049] Examples of suitable catalysts are disclosed in US2015/0217278A, Masel et al
(above), Lamb et al (Int. J. Hydrogen Energy, 44 (2019) pp 3726-3736) and Boisen et al (J.
Catalysis 230 (2005) pp 309-312). In addition, bimetallic catalysts, or catalysts containing two
catalytically active metals, are also suitable for use with the present invention. Examples
include the composite metal or metal alloys or metal nanoclusters supported on perovskites,
composite oxides or nitrides, or mixed oxides or mixed nitrides disclosed in US2021/0001311A
such as CoNi-MgSrCeO4 and 1 wt % K-CoNi-MgSrCeO4.

[0050] The first catalyst may be selected from the group consisting of nickel-based catalysts,

ruthenium-based catalysts and iron-based catalysts.

[0051] The term "nickel-based catalyst" refers to a catalyst containing nickel as the sole (or at

least predominant) catalytically active metal, i.e., the metal responsible for catalyzing the
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cracking reaction. Nickel may be the only metal in the catalyst or alternatively one or more
other metals may be present, e.g., in a material supporting the nickel. The terms "ruthenium-

based catalyst" and "iron-based catalyst" are intended to be interpreted accordingly.

[0052] As mentioned above, water is usually present in the ammonia as a contaminant. The
water may be removed from the ammonia in which case catalysts which do not tolerate water,
e.g., iron-based catalysts, may be used in the reactors. However, water is not removed in
preferred embodiments to save capital and operational costs and to reduce energy
consumption. In these embodiments, catalysts that cannot tolerate water, e.g., iron-based
catalysts, are not typically used. Instead, the catalysts in the reactor tubes would be able to
tolerate up to 1 mol. % water in the ammonia feed. Such catalysts include nickel-based and

ruthenium-based catalysts.

[0053] The combustion process in the fired reactor is at least partially, and preferably entirely,
fueled internally using offgas generated during recovery of hydrogen from the cracked gas, or
a cracked offgas derived therefrom. In this regard, the fired reactor is typically sized for
combustion of the offgas, or the cracked offgas, only. That said, a trim fuel such as ammonia
or methane, preferably derived from biogas or from methanation of renewable hydrogen, may
be used to supplement the offgas or cracked offgas. It is generally desirable, however, to
minimize, or even eliminate, the use of such a trim fuel to reduce the carbon intensity of the

process.

[0054] The oxidant gas is typically air but may be an oxygen-enriched gas or pure oxygen as

appropriate.

[0055] The heated ammonia gas, or the fractionally cracked ammonia gas derived therefrom,
may be fed to the catalyst-containing tubes of the fired reactor at a temperature up to about
800°C, provided the material of the reactor walls can withstand the higher temperatures. For
lower temperature cycles, the feed is typically at a temperature in a range from about 400°C
to about 600°C, or from about 450°C to about 550°C, e.g., at about 500°C. For higher
temperature cycles, the feed may be at a temperature in the range of about 500°C to about
800°C, or from about 550°C to about 700°C, e.g., from about 600°C to about 650°C. The
skilled person would understand that operating at higher temperatures may be desired in

embodiments employing nickel-based catalysts.

[0056] The flame(s) of the burner(s) heat the catalyst-containing tubes of the fired reactor and
hence provide heat of reaction for the conversion of the heated ammonia gas. As mentioned
above, the rate of conversion of ammonia over a catalyst depends in part on temperature - as

temperature increases, so does the rate of conversion.

10
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[0057] As the skilled person would appreciate, the temperature at which a cracking process
takes place is, however, constrained by the materials used to form the reactor in order to avoid
nitriding. Therefore, there is a practical maximum temperature to which the inner walls of the
tubes of the fired reactor can be heated, and that maximum temperature will depend on the
material from which the tubes are made. For example, where the material used would begin
nitriding at an unacceptable rate at about 700°C, the tubes of a fired reactor made from that
material may have a maximum inner wall temperature of about 660°C once an appropriate
safety margin is taken into account. Similar constraints are encountered with an electrically

heated reactor.

[0058] The temperature of the inner wall of the tubes in the fired reactor will typically decrease
along the length of the tubes as the distance from the flame(s) increases. However, the
temperature of the inner wall will usually be in a range from about 400°C to about 800°C, e.g.,
from about 500°C to about 700°C.

[0059] The partially cracked ammonia gas typically has a mole fraction of ammonia of at least
about 40 mol. %, or at least about 50 mol. % or at least about 55 mol. %. The mole fraction
of ammonia in the partially cracked gas is typically no more than about 90 mol. %, or no more
than about 80 mol. %, or no more than about 70 mol. %, e.g., from about 60 mol. % to about
70 mol. %.

[0060] The temperature of the partially cracked ammonia after leaving the fired reactor may
be from about 525°C to about 625°C. In this regard, the partially cracked ammonia feed to
the electrically heated reactor is typically in a range of about 590°C to about 625°C, e.g., from
about 600°C to about 620°C. Thus, if the partially cracked ammonia is sufficiently hot on exit
from the fired reactor, then it may be fed directly to the electrically heated reactor without
heating. However, the partially cracked ammonia after leaving the fired reactor is typically at
a temperature towards the lower end of the range, e.g., in a range from about 525°C to about
575°C or from about 540°C to about 570°C, in which case the partially cracked ammonia is
usually heated before being fed to the electrically heated reactor. In this regard, the partially

cracked ammonia may be heated electrically and/or by heat exchange with the cracked gas.

[0061] The electrically heated reactor typically comprises an electrical heat source which
heats the walls of a reaction zone holding the second catalyst and provides the heat of reaction
necessary for the conversion of ammonia in the partially cracked ammonia gas. As with the
fired reactor, there is a practical maximum temperature to which the walls may be heated so

as to avoid significant nitriding.

[0062] An advantage of the electrically heated reactor over a fired reactor is that the inner wall

temperature may be controlled more precisely. Depending on the arrangement of the

11



WO 2024/253893 PCT/US2024/031210

electrical heat source, it is possible to maintain the entire surface of the wall of the reaction
zone that is in contact with the catalyst at an essentially constant temperature or to maintain
different temperatures in different locations of the wall or to vary the temperature(s) over time

of some part(s) or all of the wall as desired.

[0063] In embodiments in which the electrically heated reactor has catalyst-containing reactor
tubes, the inner wall temperature of the tubes is typically kept substantially constant at or near
the maximum temperature, e.g., about 660°C, to maximise conversion of the ammonia within
the tubes while keeping nitriding to a minimum. This would be particularly desirable in
embodiments in which the second catalyst is a nickel-based catalyst. If a more active catalyst,
e.g., a ruthenium-based catalyst, is used as the second catalyst, then it would be possible to
operate the electrically heated reactor at a lower temperature to take advantage of the

increased activity of the catalyst.

[0064] Heat transfer from the electrical heat source to the process can be radiative and/or
conductive, and/or convective via heating a transfer fluid. Preferably, heat transfer is radiative
by resistive heating elements placed so as to provide the required heat flux to the reaction

zone, e.g., the catalyst-containing tubes.

[0065] Any catalyst that cracks ammonia may be used as the second catalyst in the second
catalyst in the electrically heated reactor. Suitable catalysts are discussed above in the
context of the first catalyst. The first catalyst and the second catalyst may be differentin terms
of the identity of the catalytically active metal and/or the identity of any support and/or the
loading of the catalytically active metal on the support. However, the first and second catalysts
may comprise the same catalytically active metal, e.g., nickel. Indeed, in preferred
embodiments, the first and second catalysts are identical, e.g., the same nickel-based catalyst

is used as the first and second catalysts.

[0066] In embodiments in which the first and second catalysts are identical, at least 5%, or at
least 10%, or at least 15% of the total catalyst volume, i.e., the combined volume of the catalyst
in the fired reactor and the electrically heated reactor, is typically in the reactor tubes of the
fired reactor. The fired reactor usually has no more than about 50%, or no more than about
30%, or no more than about 20%, of the total catalyst volume. The proportion of the total
catalyst volume that is in the fired reactor may be from about 5% to about 50%, or from about
10% to about 30% or from about 15% to about 20%.

[0067] The remainder, e.g., the majority, of the total catalyst volume is in the electrically
heated reactor. In this regard, at least 50%, or at least 70% or at least 80% of the total catalyst
volume is typically in the electrically heated reactor. Usually, the electrically heated reactor

has no more than 95%, or no more than 90% or no more than 85% of the total catalyst volume.
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The proportion of the total catalyst volume that is in the electrically heated reactor may be from
about 50% to about 95%, or from about 70% to about 90% or from about 80% to about 85%.

[0068] The Inventors have determined that for an electrical cracker to have a lower carbon
intensity than a cracker using natural gas as the fuel, the electricity must have a carbon dioxide
intensity of no more than about 230 gCO2/kWh, e.g., no more than about 200 gCO2/kWh, or
no more than about 190 gCO2/kWh. It has been reported that the carbon intensity of the
national grid in some countries, e.g., Austria, France and Sweden, in 2022 already meets this
threshold (see https://ourworldindata.org/grapher/carbon-intensity-electricity). The present
invention would, therefore, already have particular application in these countries. However,
in view of the general trend to reduce the carbon intensity of national grids in recent years, it
is expected that the present invention will also have particular application in other countries in

the near future.

[0069] At least a portion, or at least the majority (e.g., over 50%, or over 75%, or over 90%),
or all, of the electricity required to power the electrically heated reactor may be generated,
e.g., locally, from at least one source of renewable energy, e.g., solar energy, wind energy
and/or tidal energy. The entire requirement of electricity may be generated locally from
renewable energy. Any remaining portion of the electricity required to power the electrically
heated reactor may be taken from hydrocarbon-fueled generators, battery storage and/or the

grid as necessary and/or required.

[0070] The fired reactor and the electrically heated reactor may be provided within the same
thermally insulated unit. For example, the heated ammonia gas, or the fractionally cracked
ammonia gas derived therefrom, may be passed through a single set of catalyst-containing
reactor tubes comprising a first section and a second section located downstream of the first
section, wherein the first section of the reactor tubes is heated in the fired reactor and the
second section of the reactor tubes is heated in the electrically heated reactor. In this case,
the fired reactor and the electrically heated reactor may advantageously be in the same

thermally insulated unit to maximise the effective use of the heat and minimize heat loss.

[0071] However, the fired reactor and the electrically heated reactor are typically in separate
thermally insulated units. Thus, in these embodiments, the partially cracked ammonia gas is
fed from the fired reactor in a first thermally insulated unit to the electrically heated reactor in

a second thermally insulated unit.

[0072] As mentioned above, any residual (or uncracked) ammonia in the cracked gas is
generally referred to as "ammonia slip". In this regard, the cracked ammonia typically has a
mole fraction of ammonia of at least about 0.1 mol. %, or at least about 1 mol. %. The mole

fraction of ammonia in the cracked gas is typically no more than about 5 mol. %. However,
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the cracking temperature and pressure typically dictate that the ammonia slip from the
electrically heated reactor is no more than 3 mol. % or no more than 2 mol. %, e.g., from about

1 mol. % to about 2 mol. % or from about 1.3 mol. % to about 1.5 mol. %.

[0073] The energy required to crack the heated ammonia gas is split between the different
reactors and the split will typically depend on the extent to which hydrogen is recovered from
the cracked gas. Nevertheless, from about 20% to about 80%, or from about 25% to about
50%, is typically provided by the combustion of the offgas (or cracked offgas) in the fired
reactor. In embodiments with high hydrogen recovery, e.g., up to about 95%, and low
ammonia slip, e.g., from about 1.3 mol. % to about 1.5 mol. %, from about 30% to about 35%
of the energy required in the process to crack the heated ammonia gas is typically provided in

the fired reactor.

[0074] In preferred embodiments, the remainder of the energy requirement to crack the

heated ammonia is provided by the electrical heating in the electrically heated reactor.

[0075] The heat from the cracked gas and the flue gas is typically used to heat the feed
streams to the fired reactor, thereby reducing the overall energy consumed by the process. In
this regard, the temperature of the cracked gas may be up to about 700°C, e.g., typically from
about 600°C to about 680°C, or from about 625°C to about 675°C, e.g., about 655°C. The
temperature of the flue gas on exit from the fired reactor may be up to about 750°C. However,
the temperature drops due to heat leak and is typically from about 650°C to about 700°C, e.g.,

from about 675°C to about 695°C, on entry into the convection section.

[0076] The offgas from the hydrogen recovery unit contains residual ammonia in an amount,
e.g., from about 1 mol. % to about 10 mol. %, e.g., from about 3 mol. % to about 5 mol. %.
The residual ammonia in the offgas may be combusted with the oxidant gas in the burner(s)
of the fired reactor, i.e., the offgas is used as the fuel in the fired reactor without cracking the

residual ammonia.

[0077] In some embodiments, however, ammonia in the offgas is cracked in an offgas cracker
to produce the cracked offgas to aid combustion in the fired reactor. In this regard, the offgas
may be heated and then passed through in an adiabatic reactor comprising at least one bed

of catalyst.

[0078] In such embodiments, the offgas is typically heated by an electrical heater and/or by
heat exchange in at least one heat exchanger against cracked gas and/or flue gas. Typically,
the offgas is heated by heat exchange against the flue gas. The temperature of the resultant
heated offgas may be from about 575°C to about 625°C, e.g., from about 590°C to about
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600°C. In addition, the pressure of the offgas may be increased by a blower, a compressor

or a booster, if desired.

[0079] Any of the catalysts described above may be used in the bed(s) of the adiabatic reactor
although, in preferred embodiments, the catalyst is a nickel-based catalyst, e.g., the same

nickel-based catalyst used in fired reactor and/or the electrically heated reactor.

[0080] At least about 90 mol. % and up to about 98 mol. %, e.g., from about 93 mol. % to

about 95 mol. %, of the ammonia in the offgas is typically cracked in the offgas cracker.

[0081] Cracking the ammonia contained in the offgas means that, rather than cracking the
ammonia in the flames of the burners in the fired reactor, the majority of the cracking is now
performed outside of the main combustion reaction. Since cracking is an endothermic
reaction, the flame from the combustion of the cracked gas will be hotter, leading to more
energy going into the process-side reaction and not being used to crack the fuel ammonia. In
some cases, a duct burner may be used to heat the flue gas before cracking the offgas but

typically the process can be configured so as not to require a duct burner, as shown in Fig. 3.

[0082] Separating the fuel to provide a stream to the burners and other stream to the duct
burner allows better control of the combustion temperature but increases the complexity of
fuel and air supply as both need to be regulated to the duct burner and the main process
burners. Duct burners allow the temperature of the flue gas being used to heat the offgas
before the offgas cracker to be hotter (typically up to about 950°C, e.g., in a range from about
850°C to about 920°C, or from about 875°C to about 900°C) allowing the offgas to be hot
enough to enable the use of lower cost nickel-based catalyst rather than expensive ruthenium-
based catalyst. However, even without the duct heater, the offgas may be hot enough to use
the lower cost nickel-based catalyst, e.g., in a range from about 550°C to about 650°C,

typically about 595°C (which is the temperature in Fig. 3).

[0083] The cracked gas is cooled prior to hydrogen recovery. In preferred embodiments, the
cracked gas is cooled by heat exchange with the partially cracked gas and/or by providing at
least part of the heating and vaporization duty required to generate the heated ammonia gas
from liquid ammonia. After cooling, hydrogen is recovered from the cracked gas to form a

hydrogen product gas.

[0084] Recovery may be achieved in any suitable hydrogen recovery process, including a
pressure swing adsorption (PSA) process or by using one or more selectively permeable
membranes or by partial condensation and phase separation, or by way of a combination of
at least two of these processes, e.g., PSA and membrane separation. In preferred

embodiments, hydrogen recovery is achieved in a PSA process alone, i.e., without use of
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membrane separation or partial condensation and phase separation. In embodiments, an

PSA offgas comprising nitrogen gas, residual ammonia and residual hydrogen is generated.

[0085] The rate of recovery of hydrogen in the hydrogen recovery process is typically at least
85%, or at least 90%. Since residual hydrogen in the offgas is used as fuel for the burner(s)
in the fired reactor, there is typically an upper limit to the hydrogen recovery rate dictated by
the cracking process, in addition to a practical upper limit dictated by the hydrogen recovery
process itself. With these factors in mind, the upper limit is typically about 95%, e.g., 95% %
2%.

[0086] As acknowledged above, electrical crackers are known for use in producing hydrogen
gas from ammonia albeit on a significantly smaller scale than the present invention. In this
regard, the hydrogen gas product is typically produced by the process of the present invention
at a rate in a range from about 10 tonnes/day to about 1000 tonnes/day, or from about 20

tonnes/day to about 1000 tonnes/day, or from about 30 tonnes/day to about 200 tonnes/day.

[0087] Several factors influence the carbon intensity of cracking processes and two of these
factors are the amount of ammonia allowed to slip through the cracker and nature and amount
of the fuel combusted in the cracker. In this regard, the inventors have determined that an
appropriate balance between these factors may be achieved if the ammonia slip in the cracked
gas is in a range from about 1 mol. % to about 2 mol. %, and ideally from about 1.3 mol. % to
about 1.5 mol. %, and if the rate of hydrogen recovery from the cracked gas is in a range from
about 90% to about 95%, and ideally about 95% or as close to 95% as possible, with the

remaining hydrogen in the offgas and hence used as fuel in the fired reactor.

[0088] Regarding the apparatus, any design of fired reactor is in principle suitable for use with
the present invention. That said, the fired reactor is typically a top-fired furnace although a
bottom-fired furnace may alternatively be used. Accordingly, the outlet of the reactor tubes

may be at the top or bottom of the tubes.

[0089] The fired reactor may have a "box" design or a "can" design. In a box design, the
tubes are arranged in an array comprising a number of, e.g., two or more, rows and the burners
are located to direct the flames between the tubes within the array and on the outside of each
row at the end of the rows. The array of tubes and burners is contained within a rectangular
walled enclosure. Such a design is typically used for fired reactors intended to process larger
gas flows and hence such reactors will typically have at least 20 tubes, e.g., from 40 to 500
tubes or from 40 to 100 tubes. In a can design, the tubes are arranged around a central
burner. This configuration is typically preferred if the gas flow is considered low enough and

hence such reactors will typically have no more than 36 tubes, e.g., from 12 to 25 tubes.
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[0090] Similarly, any design of electrically heated reactor is in principle suitable for use with
the present invention. In this connection, the electrically heated reactor may be in the form of
a catalytic bed reactor, catalyst-containing reactor tubes, a catalyst-coated plate reactor, a
catalyst-coated tube reactor or a catalyst-coated flow channel reactor. However, in preferred
embodiments, the electrically heated reactor has catalyst-containing reactor tubes. In such
embodiments, as with the fired reactor, the electrically heated reactor may have a box design

or a can design depending on gas flow.

[0091] The electrical heat source can be in the form of one or more resistive heaters and/or
inductive heaters and/or microwave generators. The electrically heated reactor is typically a

radiant reactor and the electrical heat source is at least one resistive heating element.

[0092] The cooler(s) for cooling the cracked gas typically comprise at least one heat
exchanger arranged for cooling the cracked gas by heat exchange with partially cracked
ammonia gas. The cooler(s) also typically comprise at least one heat exchanger arranged for
cooling the cracked gas by heat exchange against ammonia to help provide the heated

ammonia gas feed to the fired reactor.

[0093] The apparatus may further comprise at least one heater arranged for heating partially
cracked ammonia gas located between the fired reactor and the electrically heated reactor.
In this regard, the heater may be an electrical heater and/or at least one heat exchanger
arranged for heating partially cracked ammonia gas by heat exchange with cracked gas. Such

a heat exchanger could also be referred to as the cooler for the cracked gas.

[0094] Any suitable design of heat exchanger may be used although a shell-and-tube type
heat exchanger is typically preferred. In such preferred embodiments for a cracked gas cooler,
the cracked gas may pass through the tube-side of the heat exchanger and the partially

cracked ammonia gas or ammonia gas feed may pass through the shell-side or vice versa.

[0095] The fired reactor and the electrically heated reactor may be within the same thermally
insulated unit to maximise effective use of the heat and minimize heat loss. For example, the
reactor tubes in the radiant section of the fired reactor may be a first section of a single set of
catalyst-filled reactor tubes which comprise a second section downstream of the first section,

the second section being the reaction zone of the electrically heated reactor.

[0096] Alternatively, the fired reactor and the electrically heated reactor may be in separate
thermally insulated units. In this regard, the reactors are typically easier to manufacture
separately. In addition, separate units typically provide better access for maintenance and

inspection.
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[0097] The hydrogen recovery unit may comprise a PSA unit (with or without a PSA recycle
compressor), one or more selectively permeable membrane units, or a partial condensation
and phase separation unit, or a combination of two or more of these types of units such as a
PSA unit and one or more membrane units. In preferred embodiments, the hydrogen recovery
unit is a PSA unit.

[0098] The apparatus may comprise an adiabatic reactor comprising an inlet in fluid flow
communication with the outlet of the second outlet of the hydrogen recovery unit, a catalyst
bed having an upstream end in fluid flow communication with the inlet and a downstream end
in fluid flow communication with an outlet for cracked offgas which is in fluid flow

communication with the at least one inlet for fuel in the radiant section of the fired reactor.

[099] The catalyst in the bed of the adiabatic reactor may be any suitable catalyst for
cracking ammonia as described above in the context of the first catalyst. In preferred
embodiments, however, the catalyst is a nickel-based catalyst, e.g., the same nickel-based

catalyst as the first and second catalysts.

[0100] In embodiments comprising an adiabatic reactor for cracking ammonia in the offgas,
the apparatus may further comprise a duct burner for raising the temperature of the flue gas.
Heat from the heated flue gas may then be transferred to the offgas by heat exchange to

provide necessary heat of reaction to crack the ammonia in the adiabatic reactor.

[0101] Due to the high ammonia concentration in the feed gas, the cracking reactors, e.g., the
shell and tubes of both the fired reactor and the electrically heated reactor, are typically
constructed from materials resistant to ammonia and/or nitriding, particularly where higher
cracking temperatures are used. Suitable materials include nickel-based alloys comprising at
least 40 wt. % or at least 50 wt. % nickel. Such alloys typically have no more than 90 wt. %,
or no more than 80 wt. % nickel. The alloys will typically comprise one or more other metals

selected from chromium, cobalt, molybdenum and iron.

[0102] Specific examples of suitable nickel-based alloys include UNS N06600, N06625,
NO6601, N06617, N0B6025, N06230, NO7214, N08811. In some embodiments, austenitic

nickel-chromium based superalloys such as Inconel may be used.

[0103] The unified numbering system (UNS) is an alloy designation system that is widely
accepted in North America. Each UNS number relates to a specific metal or alloy and defines

its specific chemical composition, or in some cases a specific mechanical or physical property.

[0104] Other suitable materials include cobalt-based alloys such as UNS R30188. In addition,
high temperature alloys that are less resistant to ammonia nitriding, such as UNS N08811 or
cast alloys such as HPNb, HP Micro-Alloyed, MA-1 (MetalTek International, USA), may be
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suitable, particularly when surface modified or coated by a corrosion resistant layer such as
aluminization; aluminization and then pre-oxidation; or a ceramics coating. Nitriding resistant

alloys can also be used with surface modification or coating for improved performance.
[0105] Aspects of the invention include:
[0106] #1. A process for cracking ammonia comprising:

providing a heated ammonia gas at super-atmospheric pressure;

combusting a fuel with an oxidant gas to heat reactor tubes containing a first catalyst

in a fired reactor to produce a flue gas;

feeding the heated ammonia gas, or a fractionally cracked ammonia gas derived
therefrom, to the reactor tubes in the fired reactor to cause cracking of ammonia and produce

a partially cracked ammonia gas comprising hydrogen gas and nitrogen gas;

passing the partially cracked ammonia gas over a second catalyst in an electrically
heated reactor to cause cracking of further ammonia and produce a cracked gas comprising

hydrogen gas, nitrogen gas and residual ammonia gas;
cooling the cracked gas to provide cooled cracked gas; and

recovering hydrogen from the cooled cracked gas to produce a hydrogen gas product

and an offgas comprising nitrogen gas, residual hydrogen gas and residual ammonia gas,

wherein the offgas, or a cracked offgas derived therefrom, is used as at least part of the fuel

combusted with the oxidant gas.

[0107] #2. A process according to #1 comprising heating the partially cracked ammonia
gas prior to passing the partially cracked ammonia gas over the second catalyst in the

electrically heated reactor.

[0108] #3. A process according to #2, wherein the partially cracked ammonia gas is

heated electrically and/or by heat exchange with the cracked gas.

[0109] #4. A process according to any of #1 to #3, wherein the partially cracked ammonia
gas has a mole fraction of ammonia in a range from about 10 mol. % to about 90 mol. %, or
from about 20 mol. % to about 80 mol. %, from about 50 mol. % to about 80 mol. %, or from
about 60 mol. % to 70 mol. %.
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[0110] #5. A process according to any of #1 to #4, wherein the cracked gas has a mole
fraction of ammonia in a range from 0.1 mol. % to about 5 mol. %, or from about 1 mol. % to

about 2 mol. %, or about 1.3 mol. % to about 1.5 mol. %.

[0111] #6. A process according to any of #1 to #5, wherein from about 20% to about 80%,
or from about 25% to about 50%, or from about 30% to about 35%, of the energy required in
the process to crack the heated ammonia gas is provided by the combustion of the offgas, or

of the cracked gas derived therefrom, in the fired reactor.

[0112] #7. A process according to #6, wherein the remainder of the energy required in the
process to crack the heated ammonia gas is provided by the electrical heating in the

electrically heated reactor.

[0113] #8. A process according to any of #1 to #7, wherein the first and second catalysts
are identical and from about 50% to about 95%, or from about 70% to about 90%, or from
about 80% to about 85%, of the total catalyst volume is located in the electrically heated

reactor.

[0114] #9. A process according to any of #1 to #8, wherein the partially cracked ammonia

gas is cracked in reactor tubes containing the second catalyst.

[0115] #10. A process according to any of #1 to #9, wherein the heated ammonia gas, or
the fractionally cracked ammonia gas derived therefrom, is passed through a single set of
catalyst-containing reactor tubes comprising a first section and a second section located
downstream of the first section, wherein the first section of the reactor tubes is heated in the
fired reactor and the second section of the reactor tubes is heated in the electrically heated

reactor.

[0116] #11. A process according to any of #1 to #10, wherein the electrically heated reactor

heats radiatively using at least one resistive heating element.

[0117] #12. A process according to any of #1 to #11, wherein the offgas, or the cracked

offgas derived therefrom, provides the entire fuel requirement of the fired reactor.

[0118] #13. A process according to any of #1 to #12, wherein the offgas is cracked in an
adiabatic reactor comprising at least one catalyst bed to produce the cracked offgas which is

then fed as the fuel to the fired reactor.
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[0119] #14. A process according to any of #1 to #13, wherein the hydrogen product gas is
produced at a rate in a range from about 10 tonnes/day to about 1000 tonnes/day, or from
about 20 tonnes/day to about 1000 tonnes/day, or from about 30 tonnes/day to about 200

tonnes/day.

[0120] #15. A process according to any of #1 to #14, wherein at least a portion, or at least
the majority, or all, of the electricity used to power the electrically heated reactor has a carbon
dioxide intensity of no more than about 230 gCO2/kWh, or no more than about 200
gCO2/kWh, or no more than about 190 gCO2/kWh.

[0121] #16. A process according to any of #1 to #15, wherein at least a portion, or at least
the majority, or all, of the electricity used to heat the second catalyst is generated from at least

one source of renewable energy.

[0122] #17. Apparatus for cracking ammonia comprising:

a fired reactor for partially cracking heated ammonia gas at super-atmospheric

pressure, the fired reactor comprising:

a radiant section comprising at least one inlet for fuel and oxidant gas in fluid
flow communication with at least one burner, reactor tubes containing a first
catalyst having upstream ends in fluid flow communication with an inlet for
heated ammonia gas at super-atmospheric pressure and downstream ends in

fluid flow communication with an outlet for partially cracked ammonia gas; and

a convection section in fluid flow communication with the radiant section and

comprising an outlet for flue gas;

an electrically heated reactor for cracking partially cracked ammonia gas, said
electrically heated reactor comprising an inlet in fluid flow communication with the
partially cracked ammonia gas outlet of the radiant section of the fired reactor, a
reaction zone comprising a second catalyst, at least one electrical heat source for

heating the reaction zone, and an outlet for cracked gas;

a hydrogen recovery unit, preferably a PSA unit, for recovering hydrogen gas from

cracked gas comprising:
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a first inlet in fluid flow communication with the cracked gas outlet of the

electrically heated reactor;

a first outlet for hydrogen gas; and

a second outlet for offgas comprising nitrogen gas, residual hydrogen gas and
residual ammonia gas in fluid flow communication with the at least one inlet for

fuel of the radiant section of the fired reactor,

wherein the apparatus comprises at least one cooler arranged for cooling cracked gas located

between the electrically heated reactor and the hydrogen recovery unit.

[0123] #18. Apparatus according to #17, wherein the at least one cooler comprises at least

one heat exchanger arranged for cooling cracked gas by heat exchange against ammonia.

[0124] #19. Apparatus according to #17 or #18 comprising at least one heater arranged for
heating partially cracked ammonia gas located between the fired reactor and the electrically

heated reactor.

[0125] #20. Apparatus according to #19, wherein the at least one heater comprises an
electrical heater and/or at least one heat exchanger arranging for heating partially cracked

ammonia gas by heat exchange with cracked gas.

[0126] #21. Apparatus according to any of #17 to #20, wherein the first and second
catalysts are identical and from about 50% to about 95%, or from about 70% to about 90%, or
from about 80% to about 85%, of the total catalyst volume is located in the reaction zone of

the electrically heated reactor.

[0127] #22. Apparatus according to any of #17 to #21, wherein the reaction zone of the

electrically heated reactor comprises reactor tubes filled with the second catalyst.

[0128] #23. Apparatus according to #17 to #22, wherein the fired reactor and the electrically

heated reactor are within the same thermally insulated unit.

[0129] #24. Apparatus according to #17 to #23, wherein the reactor tubes in the radiant

section of the fired reactor are a first section of a single set of catalyst-filled reactor tubes
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which comprise a second section downstream of the first section, the second section being

the reaction zone of the electrically heated reactor.

[0130] #25. Apparatus according to #17 to #24, wherein the fired reactor and the electrically

heated reactor are in separate thermally insulated units.

[0131] #26. Apparatus according to #17 to #25, wherein the electrically heated reactor is a

radiant reactor and the electrical heat source is at least one resistive heating element.

[0132] #27. Apparatus according to #17 to #26 comprising an adiabatic reactor comprising
an inlet in fluid flow communication with the second outlet of the hydrogen recovery unit, a
catalyst bed having an upstream end in fluid flow communication with the inlet and a
downstream end in fluid flow communication with an outlet for cracked offgas, said cracked
gas outlet being in fluid flow communication with the at least one inlet for fuel in the radiant

section of the fired reactor.

[0133] The invention will now be described by way of example only with reference to the

figures.

[0134] In Fig. 1, a stream 2 of liquid ammonia at about -32°C is removed from storage (not
shown) and fed to a pump P101 where it is pumped to produce a stream 4 of pressurised
liquid ammonia at a pressure of about 46 bar which is pre-heated by heat exchange with a
heat transfer fluid which in this case is an aqueous solution of a glycol, typically about 55 wt.
% ethylene glycol or propylene glycol, in heat exchanger E271 to produce stream 6 of pre-
heated liquid ammonia at about 55°C. An electric heater may be used to ensure that the
temperature of the glycol solution being fed to the heat exchanger E271 is sufficient to pre-

heat the liquid ammonia to the required temperature.

[0135] The pre-heated liquid ammonia in stream 6 is further heated by heat exchange in heat
exchanger E312 to produce a stream 8 of further heated liquid ammonia. The further heated
liquid ammonia in stream 8 is then evaporated by heat exchange in heat exchanger E311 to
produce a stream 10 of ammonia vapor. The ammonia vapor in stream 10 is then superheated
by heat exchange in heat exchanger E310 to produce a stream 12 of heated ammonia gas at
about 260°C.

[0136] The heated ammonia gas in stream 12 is further heated by heat exchange in heat

exchanger E2102 to produce a stream 14 of superheated ammonia gas at about 420°C. For
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convenience, heat exchanger E2102 is indicated as a single unit. However, there may be in
reality two separate heat exchangers with a selective catalytic reactor (SCR) located in

between.

[0137] The superheated ammonia gas in stream 14 is fed at about 420°C and about 43 bar
to afirst adiabatic reactor vessel C141 and passed through a bed of ruthenium-based catalyst.
Some of the ammonia gas is cracked over the catalyst to form a stream 16 of intermediate
gas that contains some cracked ammonia. The mole fraction of ammonia in the gas passing

through the first adiabatic reactor vessel C141 drops from almost 1 to about 0.9.

[0138] The intermediate gas is at about 360°C before being heated by heat exchange in heat
exchanger E2103 to produce a stream 18 of superheated intermediate gas which is then fed
at about 590°C to a second adiabatic reactor vessel C142 and passed through a bed
containing an upstream layer of nickel-based catalyst and a downstream layer of a ruthenium-
based catalyst to produce a stream 20 of partially cracked ammonia gas. The mole fraction
of ammonia in the gas passing through the second adiabatic reactor vessel C142 drops from
about 0.9 to about 0.6.

[0139] The catalyst bed of the second adiabatic reactor vessel C142 has two layers - a layer
of nickel-based catalyst over a layer of ruthenium-based catalyst to use the heat more
efficiently and hence maximize ammonia conversion. The catalyst volumes are also
optimized, i.e., minimizing the volume of the ruthenium-based catalyst by limiting the exit
temperature of the second adiabatic reactor vessel to about 390°C. The Inventors found that
reducing this temperature any further increases the volume required of the ruthenium-based

catalyst.

[0140] The ruthenium-based catalyst is the same in both the first and second adiabatic reactor

vessels. However, different ruthenium-based catalysts may be used.

[0141] The partially cracked ammonia in stream 20 is heated by heat exchange in a heat
exchanger (or "economizer") E305 prior to being fed as stream 22 at a pressure of about 38
bar to catalyst-filled tubes in the radiant section F201 of a furnace (or reactor). Heating the
feed to the tubes increases the amount of cracking that can be done with the heat from the
burners by reducing the duty required to heat the partially cracked stream to the reaction
temperature. Ultilizing the cracked stream from the tubes allows efficient use of this high
temperature stream. The inlet temperature of the direct fired tube furnace is limited to about

500°C to limit the inner wall temperature of the cracker tubes.
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[0142] A stream 62 of air passed through forced draft fan K212 before being pre-heated by
heat exchange in heat exchanger E2142 to produce a stream 64 of pre-heated air. The pre-
heated air of stream 64 is fed to the burners (not shown) of the furnace F201 alongside a
stream 70 of natural gas as trim fuel. Pre-heating the air in this way helps reduce the fuel

requirement.

[0143] The tubes in the radiant section F201 of the furnace are filled with two types of
ammonia cracking catalysts in two different layers. A ruthenium-based catalyst is used in the
first layer within each tube so that the faster reaction rate allows the metals temperature to be
kept to within the design limit of about 660°C. The second layer in the tubes, downstream of

the first layer, contains a lower cost but less active nickel-based catalyst.

[0144] A stream 24 of cracked gas exits the radiant section F201 of the direct fired tube
furnace at about 640°C and is then fed to economizer E305 to provide the duty required to
heat the partially cracked ammonia, thereby reducing the temperature of the cracked gas to
about 530°C.

[0145] The economizer E305 is depicted as a shell-and-tube style heat exchanger with the
partially cracked ammonia gas passing through the tubes and the cracked gas passing
through the shell side. However, this arrangement could be reversed or indeed a different

style of heat exchanger could be used.

[0146] A stream 26 of cracked gas is then fed from the economizer E305 to heat exchanger
E310 to provide the duty required to superheat the ammonia gas, thereby further reducing the

temperature of the cracked gas to about 389°C.

[0147] A stream 28 of cracked gas is then fed from heat exchanger E310 to heat exchanger
E311 to provide the duty required to evaporate the further heated liquid ammonia, thereby

reducing the temperature of the cracked gas even further to about 109°C.

[0148] A stream 30 of cracked gas is then fed from heat exchanger E311 to heat exchanger
E312 to provide the duty required to further heat the heated pressurized liquid ammonia,

thereby reducing the temperature of the cracked gas further again to about 70°C.

[0149] Each of the heat exchangers E310, E311 and E312 is depicted as an individual shell-
and-tube style heat exchanger with the ammonia passing through the tubes and the cracked

gas passing through the shell side. However, this arrangement could be reversed for at least
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one, e.g., all, of these heat exchangers. Alternatively, the heat exchangers could be combined
into a single shell-and-tube style heat exchanger or indeed a different style of heat exchanger

could be used.

[0150] A stream 32 of cracked gas from heat exchanger E312 is then cooled further by heat
exchange with the heat transfer fluid in cooler E323 and then fed as stream 34 to PSA system
U501 where it is separated into a stream 40 of hydrogen gas which is removed as product,
and a stream 42 of PSA offgas comprising nitrogen gas, residual hydrogen gas and residual
ammonia gas. The hydrogen gas in stream 40 may be fed to a hydrogen liquefaction unit (not

shown) to produce liquid hydrogen.

[0151] All of the PSA offgas in stream 42 may be sent directly as fuel (stream 60) for
combustion in the furnace F201. Alternatively, stream 42 may be divided into divided into two

portions.

[0152] A first portion of the PSA offgas in stream 44 is heated by heat exchange in a heat
exchanger E2112 to produce a stream 60 of warmed PSA offgas which is then fed to the
burners in the furnace F201, together with air feed 64 and, optionally the natural gas feed 70
as required. A minimum amount of natural gas is used as trim fuel to provide the balance of

fuel required in the fired section.

[0153] A second portion may be sent as stream 46 to a multistage compression unit K681 for
compression. The compression unit K681 has five stages with an intercooler between each
stage, together with an aftercooler following the last stage. Heat is recovered from the
compressed gas in the intercoolers and the aftercooler by heat exchange with the heat transfer
fluid. Heat may also be recovered from the lube oil used in the compression unit and, where
a positive displacement compression unit is used, from the cylinder(s) of the compression unit

using the heat transfer fluid.

[0154] For convenience, the intercoolers and aftercooler are indicated by a single heat
exchanger (labelled as E6816A-E) that recovers heat from a stream 48 of compressed PSA
offgas by heat exchange with a stream 52 of the heat transfer fluid to produce a stream 50 of

cooled compressed PSA offgas and a stream 54 of warmed heat transfer fluid.

[0155] The heat transfer fluid warmed in the cooler E323 and in the intercoolers and
aftercooler E6816A-E is then used to provide the duty required to preheat the liquid ammonia

by heat exchange in heat exchanger E271.

26



WO 2024/253893 PCT/US2024/031210

[0166] The cooled compressed PSA offgas in stream 50 is fed to a phase separator C6816
in which any condensate is removed as stream 56. The compressed PSA offgas is then
recycled to the PSA system U501 as stream 58 to recover further hydrogen. In this way, the
recovery of hydrogen may be increased from 85% (without the recycle) to 95% (with the

recycle).

[0157] As indicated above, the process can be operated without compression unit K681,
resulting in lower hydrogen recovery in the PSA unit 501. Reducing hydrogen recovery will
obviously result in less hydrogen gas product. However, reduced hydrogen recovery may still
be desirable as the carbon intensity (Cl) for the process is lowered as more hydrogen would
be in the offgas thereby reducing the requirement for natural gas as trim fuel and reducing

carbon dioxide emissions.

[0158] A stream 72 of flue gas at about 686°C passes from the radiant section F201 to the
convection section 90 of the furnace F201 where it first provides the duty required to heat the
intermediate gas from stream 16 in heat exchanger E2103 thereby reducing the temperature
of the flue gas which is then used (as stream 74) to provide the duty required to further heat
the heated ammonia gas from stream 12 in heat exchanger E2102 thereby reducing the
temperature of the flue gas further. Therefore, the flue gas provides heating duty in a direction
countercurrent to the flow of feed gas to the radiant section F201 of the direct fired tube

furnace.

[0159] The cooled flue gas is then used (as stream 76) to provide the duty required to heat
the air from stream 62 in heat exchanger E2142 thereby reducing the temperature of the flue
gas further. The further cooled flue gas is then used (as stream 78) to provide the duty
required to heat the PSA offgas from stream 44 in heat exchanger E2112 thereby cooling the

flue gas further.

[0160] The cooled flue gas leaves the convection section 90 of the direct fired tube furnace
F201 as stream 80 at a temperature of about 121°C, i.e., above the dew point of water, passes
through an induced draft fan K211 and then leaves the process as stream 82. All of the
practical energy has been extracted from the flue gas at this point which may now be vented

to atmosphere, optionally after further processing if required depending on its composition.

[0161] Oil may be present in the liquid ammonia in an amount up to about 5 ppm from boil-off
gas compressors (not shown) used with ammonia storage tanks (not shown), either at the

location where the ammonia is produced, or onsite where the ammonia is cracked, or indeed
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anywhere in transit between the two sites. The presence of oil in the ammonia may cause
difficulties as the ammonia cracking catalysts may not tolerate the oil. Thus, it may be
desirable to remove the oil before the ammonia is exposed to the catalysts. Oil may be
removed by passing the ammonia through a bed of activated carbon or other suitable

adsorbent.

[0162] If oil is to be removed from the ammonia, then an oil removal unit (not shown) may be
located in stream 2 (i.e., in the feed line to the pump P101), in stream 4 (i.e., between pump
P101 and glycol heater E271), in stream 6 (i.e., between glycol heater E271 and heat
exchanger E312), in stream 8 (i.e., between heat exchangers E312 and E311) or in stream
10 (i.e., between heat exchangers E311 and E310).

[0163] Fig. 2 depicts a process according to the present invention in which the offgas is used
in the fired reactor F201 without cracking. The processes of Figs. 1 and 2 have many features
in common and, for convenience, the same reference numerals have been used to identify

these features. The following is a discussion of the different features of the process in Fig. 2.

[0164] Stream 14 of superheated ammonia gas at about 330°C is further heated by heat
exchange in heat exchanger (or "economizer") E305 to produce further heated ammonia gas
at about 500°C which is fed as stream 216 at a pressure of about 47 bar to catalyst-filled tubes
of a fired reactor F201 where part of the ammonia in the gas is cracked into hydrogen gas and
nitrogen gas. In this embodiment, the tubes in the fired reactor F201 are filled with a nickel-

based catalyst.

[0165] The reactor F201 is sized to consume the available fuel from the PSA offgas in stream

60. No other fuel (including natural gas) is used in this embodiment to fire the reactor F201.

[0166] A stream 218 of partially cracked ammonia gas exits the fired reactor F201 at about
550°C and then is fed to a heat exchanger (or "economizer") E306 where it is heated to
produce a stream 220 of heated partially cracked ammonia gas which is in turn further heated

by an electric heater E304.

[0167] In other embodiments, one or both of electrical heater E304 and heat exchanger E306
could be omitted entirely and the partially cracked ammonia gas heated in an initial section of
the tubes in the electrically heated reactor F202 that is devoid of catalyst. Alternatively, the

volume of catalyst could be increased, e.g., by increasing the length of or number of reactor
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tubes, although the Inventors believe that heating the partially cracked ammonia gas prior to

feeding to the reactor tubes is more efficient.

[0168] The further heated partially cracked ammonia gas is fed as stream 222 to catalyst-
filled tubes of an electrically heated reactor F202 where the rest of the cracking of the ammonia
in the gas takes place. In this embodiment, the tubes in the electrically heated reactor F202

are filled with the same nickel-based catalyst used in the tubes of the fired reactor F201.

[0169] Cracked gas exits the electrically heated reactor F202 at about 655°C and is then fed
first as stream 224 to the heat exchanger E306 to provide the duty required to heat the partially
cracked ammonia gas in stream 218 and then as stream 226 to the heat exchanger E305 to

provide the duty required to heat the superheated ammonia gas in stream 14.

[0170] Fig. 3 depicts a process according to the present invention in which the offgas is used
in the fired reactor F201 after cracking. The processes of Figs. 1 to 3 have many features in
common and, for convenience, the same reference numerals have been used to identify the
common features. The following is a discussion of the different features of the process in Fig.
3.

[0171] Stream 44 of PSA offgas is heated by heat exchange with flue gas in heat exchanger
E2112 in the convection section 90 of the fired reactor F201 to produce a stream 360 of heated
offgas at about 310°C. The heated offgas is further heated by heat exchange with flue gas in
heat exchanger E2000 located upstream of heat exchanger E2112 (with respect to the flow of
flue gas) in the convection section 90 of the fired reactor F201 to produce a stream 362 of
further heated offgas at about 595°C.

[0172] The further heated offgas is fed to an adiabatic reactor C140 and passed through a
bed of nickel-based catalyst where most, e.g., about 94%, of the residual ammonia is cracked
into additional hydrogen and nitrogen to form a stream 364 of cracked offgas which is then fed

as the fuel to the fired reactor F201.

[0173] Finally, it should be noted that heat exchangers E2112 and E2142 have swapped
positions in the flowsheet of Fig. 3 compared with Figs. 1 & 2 in order to demonstrate an
alternative heat integration scheme that may provide more efficient heat integration for the
illustrated process as it allows the PSA offgas to be heated to a higher temperature against
the flue gas in E2112.
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[0174] Fig. 4 depicts one arrangement of a fired reactor F201 and an electrically heated

reactor F202 provided within a single thermally insulated unit 408.

[0175] Stream 216 of heated ammonia gas at super-atmospheric pressure is depicted for
convenience as divided into a series 216a of smaller streams feeding a single set of catalyst-
containing reactor tubes 402a/402b. The reactor tubes have two sections, a first section 402a
and a second section 402b located downstream of the first section 402a. The first section
402a of the tubes is located in the fired reactor F201 and the second section 402b of the tubes

is located in the electrically heated reactor F202.

[0176] Burners 404 are located at the top of the fired reactor F201 and heat the first section
402a of the tubes. Resistive heating elements 406 are located within the electrically heater
reactor F202 and heat the second section 402b of the tubes. A dividing wall 410 separates
one half of the catalyst-filled tubes in the second section 402b from the other half of the tubes
in the second section 402b and supports resistive heating elements located between rows of

tubes.

[0177] The heated ammonia gas is partially cracked in the first section 402a of the reactor
tubes and the partially cracked gas passes directly into the second section 402b of the reactor

tubes where further ammonia is cracked to produce cracked gas.

[0178] Streams 224a of cracked gas are depicted for convenience as collected from the
downstream ends of the reactor tubes 402a/402b and combined to form stream 224 of cracked

gas.

[0179] Fig. 5 depicts another arrangement of a fired reactor F201 and an electrically heated

reactor F202 provided within a single thermally insulated unit 508.

[0180] Stream 216 of heated ammonia gas at super-atmospheric pressure is depicted for
convenience as divided into a series 216a of smaller streams feeding catalyst-containing
reactor tubes 502 in the fired reactor F201. Burners 504 are located at the top of the fired
reactor F201 and heat the reactor tubes 502. The heated ammonia gas is partially cracked in

the reactor tubes 502 to produce partially cracked ammonia gas.

[0181] Streams 512a of partially cracked ammonia gas are depicted for convenience as
collected from the downstream ends of the reactor tubes 502 and combined to form stream

512 of partially cracked ammonia gas.
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[0182] Stream 512 is depicted for convenience as divided into a series 512b of smaller
streams feeding catalyst-containing reactor tubes 514 of the electrically heated reactor F202.
Resistive heating elements 506 are located within the electrically heated reactor F202 and
heat the reactor tubes 514. A dividing wall 510 separates one half of reactor tubes 514 from

the other half and supports resistive heating elements 506 located between rows of tubes 514.

[0183] The partially cracked ammonia gas is cracked in the tubes 514 of the electrically
heated reactor F202 to produce cracked gas which is depicted for convenience as collected
from the downstream ends of the reactor tubes 514 as streams 224a and combined to form

stream 224.

[0184] The present invention will now be illustrated by the following non-limiting examples.

REFERENCE EXAMPLE

[0185] The process depicted in Fig. 1 has been simulated by computer (Aspen Plus, ver. 10,
Aspen Technology, Inc., Massachusetts, USA) for a plant designed to produce 30 tonnes/day

hydrogen (stream 40). The ammonia slip was 1.33 mol. % and hydrogen recovery was 95%.

[0186] The activities of the ruthenium-based catalyst and nickel-based catalyst in the
adiabatic reactors and in the tubes were modelled using rate equation No. 9 given in Lamb et
al (Int. J. Hydrogen Energy, 44 (2019) pp 3726-3736) as a basis. For the purpose of the
simulation, it was assumed that the activity of the ruthenium-based catalyst conformed to the
rate equation but that the activity of the nickel-based catalyst was 20% of that predicted by the

rate equation.

[0187] The results are depicted in Table 2.

2 4 6 12 14 16 18 20 22 24
Composition,

......................... 0l e e
Hydrogen : 00 { 00 : 00 ' 00O . 00 | 78 : 78 [ 300 { 300 : 73.9
"""""""""" N|trogen000000000026269999246
””””””””” Ammonia | 998 998 998 998 998 895 i8es 04 ie0M UTIETTT
ST Twater 02T 02 02 T 02 02 02 o2 T 02 1T 02 01
””””””””””” Oxygen | 00 00 7o oo o0 o0 T 00 o0 T o0 T o0
T Argon 00T 00T 0.0 o0 T 007 oo T 0.0 o T 00
Carbon Dioxide 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
.................... i g s b
Ethane 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
"""""""""" Pentane | 00 | 00 { 00 00 00 00 P00 00 o0 oo
""""""""""" Butane | 00 | 00 | 00 . 00 | 00 00 [ 00 {00 i 00 o0
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Pentane

4477 | 4477 MTT MTT 4477 4724 4721 5580 | 5589 | 8829

''''''''''''''''''''''''' 7626476264 76264 76264 76264 76264 76264 76264

46.0 44.8 42.8 M3 40.3 38.8 38.4 354

53.0

7131

125532 [ 19402.2 1 194022 1 19402.2

Temperature, °C 5301 | 500 1350 7500 1380 300 2367 6859 3044 Ui3E T

TABLE 2

[0188] The results indicate that, with a 1.33 mol. % ammonia slip (stream 24) from the cracker
(tube furnace 201) and 95% recovery of hydrogen in the PSA, 7626 kg/h of ammonia is
required (stream 2) as feed, together with 472.7 kg/h of natural gas (stream 70) as fuel in

addition to the PSA offgas (stream 60) in order to fire the cracker.
EXAMPLE 1

[0189] The process depicted in Fig. 2 has been simulated by computer (Aspen Plus, ver. 10,
Aspen Technology, Inc., Massachusetts, USA) for a plant designed to produce 35 tonnes/day

hydrogen (stream 40). The ammonia slip was 1.33 mol. % and hydrogen recovery was 95%.

[0190] The activity of the nickel-based catalyst used in the tubes of the fired reactor F201 and
the tubes of the electrically heated reactor F202 was modelled using rate equation No. 9 given
in Lamb et al (as above) as a basis. For the purpose of the simulation, it was assumed that

the activity of the nickel-based catalyst was 20% of that predicted by the rate equation.
[0191] The results are depicted in Table 3.
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2 4 6 8 10 12 14 216 218 220
Composition, mol%
Hydrogen 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 25.9 25.9
Nitrogen 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.6 8.6
Ammonia | 99.8 99.8 99.8 99.8 99.8 99.8 99.8 99.8 65.3 65.3
Water 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Oxygen 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Argon 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Carbon Dioxide 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Flowrate, kmol/hr 521.7 | 521.7 521.7 521.7 521.7 521.7 521.7 521.7 630.7 630.7
Flowrate, kg/hr 8886 8386 8386 8886 8386 8386 8886 8886 8886 8886
Pressure, bar (a) 1.0 48.0 47.6 47.2 46.8 46.8 46.8 46.8 41.8 41.8
Temperature, °C -33.7 -32.1 53.0 76.6 93.9 202.5 330.0 500.0 550.4 597.5
222 224 226 26 28 30 32 34 40
Composition, mol%
Hydrogen | 259 74.0 74.0 74.0 74.0 74.0 74.0 74. 100.0
Nitrogen 8.6 24.7 24.7 24.7 24.7 24.7 24.7 24.7 0.0
Ammonia | 65.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 0.0
Water 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0
Oxygen 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Argon 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Carbon Dioxide 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Flowrate, kmol/hr 630.7 1029 1029 1029 1029 1029 1029 1029 723.4
Flowrate, kg/hr 8886 8386 8386 8886 8386 8386 8886 8886 1458
Pressure, bar (a) 41.3 38.3 38.3 38.3 37.9 375 371 36.7 36.0
Temperature, °C 610.0 | 654.3 611.8 471.2 3725 95.3 56.9 50.0 50.0
44 60 62 63 64 72 76 78 80 82
Composition, mol%
Hydrogen | 12.4 12.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Nitrogen | 83.0 83.0 76.6 76.6 76.6 85.2 85.2 85.2 85.2 85.2
Ammonia 4.3 4.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Water 0.3 0.3 1.9 1.9 1.9 13.9 13.9 13.9 13.9 13.9
Oxygen 0.0 0.0 20.6 20.6 20.6 0.7 0.7 0.7 0.7 0.7
Argon 0.0 0.0 0.9 0.9 0.9 0.3 0.3 0.3 0.3 0.3
Carbon Dioxide 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Flowrate, kmol/hr 306.0 | 306.0 154.0 154.0 154.0 444.2 444.2 444.2 444.2 444.2
Flowrate, kg/hr 7428 7428 4431 4431 4431 11858 11858 11858 11858 11858
Pressure, bar (a) 1.4 1.4 1.0 1.1 1.0 1.0 1.0 1.0 1.0 1.0
Temperature, °C 35.0 300.0 20.0 24.3 4411 677.8 461.1 320.0 1371 140.1
TABLE 3

[0192] The results indicate that, with a 1.33 mol. % ammonia slip (stream 224) from the
electrically heated reactor F202 and 95% recovery of hydrogen in the PSA, the process is able
to crack 8886 kg/h of ammonia using only the PSA offgas in the fired reactor F201, together

with an electrically fired reactor F202.

[0193] Table 4 shows the breakdown of process and electrical carbon intensity ("CI") and how

these figures change with grid electrical Cl for the processes depicted in Figs. 1 and 2.

At 230 gCO,/kWh Electrical Grid Units Fig 1 Fig 2
Direct CO2 emissions kg/hr 1272 0
Hydrogen produced kag/hr 1250 1458
Electricity consumption MW 1.4 8.1
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Carbon Intensity from combustion kgCO2/MJ H> 8.5 0
Carbon Intensity from electricity kgCO2/MJ H> 2.2 10.6
Total cracker Carbon Intensity kgCO2/MJ H» 10.7 10.6
At 190 gCO,/kWh Electrical Grid Units Fig 1 Fig 2
Direct CO2 emissions kg/hr 1272 0
Hydrogen produced kg/hr 1250 1458
Electricity consumption MW 1.4 8.1
Carbon Intensity from combustion kgCO2/MJ H> 8.5 0
Carbon Intensity from electricity kgCO2/MJ H» 1.8 8.8
Total cracker Carbon Intensity kgCO2/MJ H> 10.3 8.8
TABLE 4

[0194] From these figures, it may be concluded that, at 190 gCO»/kWh, the process according
to the present invention (Fig. 2) has a significantly lower total cracker carbon intensity (8.8
kgCO2/MJ Hz compared with 10.3 kgCO2/MJ H.) than the reference process (Fig. 1). Indeed,

even at 230 gCO,/kWh, the total cracker carbon intensity of both cycles is about equal.
EXAMPLE 2

[0195] The process depicted in Fig. 3 has been simulated by computer (Aspen Plus, ver. 10,
Aspen Technology, Inc., Massachusetts, USA) for a plant designed to produce 35 tonnes/day

hydrogen (stream 40). The ammonia slip was 1.33 mol. % and hydrogen recovery was 95%.

[0196] The activity of the nickel-based catalyst used in the tubes of the fired reactor F201, the
tubes of the electrically heated reactor F202 and in the adiabatic reactor C140 was modelled
using rate equation No. 9 given in Lamb et al (as above) as a basis. For the purpose of the
simulation, it was assumed that the activity of the nickel-based catalyst was 20% of that

predicted by the rate equation.

[0197] The results are depicted in Table 5.

2 4 6 8 10 12 14 216 218 220 222
Composition,
mol%

Hydrogen 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 27.8 27.8 27.8
Nitrogen 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 9.3 9.3 9.3
Ammonia 99.8 99.8 99.8 99.8 99.8 99.8 99.8 99.8 62.8 62.8 62.8

Water 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Oxygen 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Argon 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Carbon Dioxide 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Flowrate, kmol/hr 5214 | 5214 | 5214 | 5214 [ 5214 | 5214 | 5214 | 521.4 | 640.0 | 640.0 | 640.0
Flowrate, kg/hr 8880 8880 8880 8880 8880 8880 8880 8880 | 8880 | 8880 | 8880
Pressure, bar (a) 1.0 48.0 47.6 47.2 46.8 46.8 46.8 46.8 41.8 41.8 41.3
Temperature, °C -33.7 -32.1 53.0 76.6 93.9 2025 | 300.0 | 500.0 | 558.5 | 580.4 | 610.0
224 226 26 28 30 32 34 40 44 360
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Composition,
mol%
Hydrogen 74.0 74.0 74.0 74.0 74.0 74.0 74.0 100.0 12.5 12.5
Nitrogen 24.7 24.7 24.7 24.7 24.7 24.7 24.7 0.0 83.1 83.1
Ammonia 1.2 1.2 1.2 1.2 1.2 1.2 1.2 0.0 4.2 4.2
Water 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.3 0.3
Oxygen 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Argon 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Carbon Dioxide 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1029. 1029. 1029. 1029. 1029. 1029. 1029.
Flowrate, kmol/hr 0 0 0 0 0 0 0 723.4 | 305.6 | 305.6
Flowrate, kg/hr 8880 8880 8880 8880 8880 8880 8880 1458 7422 7422
Pressure, bar (a) 38.3 38.3 38.3 37.9 37.5 371 36.7 36.0 1.4 1.4
Temperature, °C 655.2 635.4 4711 3725 95.4 56.9 50.0 50.0 35.0 308.8
362 364 62 63 64 70 72 74 76 78 80
Composition,
mol%
Hydrogen 12.5 17.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Nitrogen 83.1 81.8 77.3 77.3 77.3 85.5 85.5 85.5 85.5 85.5 85.5
Ammonia 4.2 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Water 0.3 0.3 1.1 1.1 1.1 13.5 13.5 13.5 13.5 13.5 13.5
Oxygen 0.0 0.0 20.7 20.7 20.7 0.7 0.7 0.7 0.7 0.7 0.7
Argon 0.0 0.0 0.9 0.9 0.9 0.3 0.3 0.3 0.3 0.3 0.3
Carbon Dioxide 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Flowrate, kmol/hr 305.6 317.6 151.7 151.7 151.7 441.5 4415 | 4415 | 4415 | 4415 | 4415
1180 1180 1180 1180
Flowrate, kg/hr 7422 7422 4377 4377 4377 11800 [ 11800 0 0 0 0
Pressure, bar (a) 1.4 1.2 1.0 1.1 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Temperature, °C 595.0 530.0 15.0 19.2 451 691.0 5011 328.8 | 138.8 | 130.0 [ 131.7
TABLE 5

[0198] The results indicate that, with a 1.33 mol. % ammonia slip (stream 224) from the
electrically heated reactor F202 and 95% recovery of hydrogen in the PSA, the process is able

to crack 8880 kg/h of ammonia using only the cracked PSA offgas in the fired reactor F201,
together with an electrically fired reactor F202.

[0199] While the invention has been described with reference to the preferred embodiments
depicted in the figure, it will be appreciated that various modifications are possible within the
spirit or scope of the invention as defined in the following claims.

[0200] In this specification, unless expressly otherwise indicated, the word "or" is used in the
sense of an operator that returns a true value when either or both of the stated conditions are
met, as opposed to the operator "exclusive or" which requires only that one of the conditions
is met. The word "comprising" is used in the sense of "including" and incorporates "consisting
of" rather than meaning "consisting of" exclusively.

[0201] All prior teachings above are hereby incorporated herein by reference. No
acknowledgement of any prior published document herein should be taken to be an admission

or representation that the teaching thereof was common general knowledge in Australia or
elsewhere at the date thereof.
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CLAIMS
1. A process for cracking ammonia comprising:
providing a heated ammonia gas at super-atmospheric pressure;

combusting a fuel with an oxidant gas to heat reactor tubes containing a first catalyst

in a fired reactor to produce a flue gas;

feeding the heated ammonia gas, or a fractionally cracked ammonia gas derived
therefrom, to the reactor tubes in the fired reactor to cause cracking of ammonia and produce

a partially cracked ammonia gas comprising hydrogen gas and nitrogen gas;

passing the partially cracked ammonia gas over a second catalyst in an electrically
heated reactor to cause cracking of further ammonia and produce a cracked gas comprising

hydrogen gas, nitrogen gas and residual ammonia gas;
cooling the cracked gas to provide cooled cracked gas; and

recovering hydrogen from the cooled cracked gas to produce a hydrogen gas product

and an offgas comprising nitrogen gas, residual hydrogen gas and residual ammonia gas,

wherein the offgas, or a cracked offgas derived therefrom, is used as at least part of the fuel

combusted with the oxidant gas.

2. The process of Claim 1 comprising heating the partially cracked ammonia gas prior to
passing the partially cracked ammonia gas over the second catalyst in the electrically heated

reactor.

3. The process of Claim 2, wherein the partially cracked ammonia gas is heated

electrically and/or by heat exchange with the cracked gas.

4. The process of Claim 1, wherein the partially cracked ammonia gas has a mole fraction
of ammonia in a range from about 10 mol. % to about 90 mol. %, or from about 20 mol. % to
about 80 mol. %, or from about 50 mol. % to about 80 mol. %, or from about 60 mol. % to 70

mol. %.

5. The process of Claim 1, wherein the cracked gas has a mole fraction of ammonia in a
range from 0.1 mol. % to about 5 mol. %, or from about 1 mol. % to about 2 mol. %, or about

1.3 mol. % to about 1.5 mol. %.

6. The process of Claim 1, wherein from about 20% to about 80%, or from about 25% to

about 50%, or from about 30% to about 35%, of the energy required in the process to crack
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the heated ammonia gas is provided by the combustion of the offgas, or of the cracked gas

derived therefrom, in the fired reactor.

7. The process of Claim 6, wherein the remainder of the energy required in the process
to crack the heated ammonia gas is provided by the electrical heating in the electrically heated

reactor.

8. The process of Claim 1, wherein the partially cracked ammonia gas is cracked in

reactor tubes containing the second catalyst.

9. The process of Claim 1, wherein the heated ammonia gas, or the fractionally cracked
ammonia gas derived therefrom, is passed through a single set of catalyst-containing reactor
tubes comprising a first section and a second section located downstream of the first section,
wherein the first section of the reactor tubes is heated in the fired reactor and the second

section of the reactor tubes is heated in the electrically heated reactor.

10. The process of Claim 1, wherein the offgas is cracked in an adiabatic reactor
comprising at least one catalyst bed to produce the cracked offgas which is then fed as the

fuel to the fired reactor.
11. Apparatus for cracking ammonia comprising:

a fired reactor for partially cracking heated ammonia gas at super-atmospheric

pressure, the fired reactor comprising:

a radiant section comprising at least one inlet for fuel and oxidant gas in fluid
flow communication with at least one burner, reactor tubes containing a first
catalyst having upstream ends in fluid flow communication with an inlet for
heated ammonia gas at super-atmospheric pressure and downstream ends in

fluid flow communication with an outlet for partially cracked ammonia gas; and

a convection section in fluid flow communication with the radiant section and

comprising an outlet for flue gas;

an electrically heated reactor for cracking partially cracked ammonia gas, said
electrically heated reactor comprising an inlet in fluid flow communication with the
partially cracked ammonia gas outlet of the radiant section of the fired reactor, a
reaction zone comprising a second catalyst, at least one electrical heat source for

heating the reaction zone, and an outlet for cracked gas;

a hydrogen recovery unit, preferably a PSA unit, for recovering hydrogen gas from

cracked gas comprising:
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a first inlet in fluid flow communication with the cracked gas outlet of the

electrically heated reactor;
a first outlet for hydrogen gas; and

a second outlet for offgas comprising nitrogen gas, residual hydrogen gas and
residual ammonia gas in fluid flow communication with the at least one inlet for

fuel of the radiant section of the fired reactor,

wherein the apparatus comprises at least one cooler arranged for cooling cracked gas located

between the electrically heated reactor and the hydrogen recovery unit.

12. The apparatus of Claim 11, wherein the at least one cooler comprises at least one heat

exchanger arranged for cooling cracked gas by heat exchange against ammonia.

13. The apparatus of Claim 11 comprising at least one heater arranged for heating partially

cracked ammonia gas located between the fired reactor and the electrically heated reactor.

14. The apparatus of Claim 13, wherein the at least one heater comprises an electrical
heater and/or at least one heat exchanger arranging for heating partially cracked ammonia

gas by heat exchange with cracked gas.

15. The apparatus of Claim 11, wherein the first and second catalysts are identical and
from about 50% to about 95%, or from about 70% to about 90%, or from about 80% to about
85%, of the total catalyst volume is located in the reaction zone of the electrically heated

reactor.

16. The apparatus of Claim 11, wherein the reaction zone of the electrically heated reactor

comprises reactor tubes filled with the second catalyst.

17. The apparatus of Claim 11, wherein the reactor tubes in the radiant section of the fired
reactor are a first section of a single set of catalyst-filled reactor tubes which comprise a
second section downstream of the first section, the second section being the reaction zone of

the electrically heated reactor.

18. The apparatus of Claim 11, wherein the fired reactor and the electrically heated reactor

are in separate thermally insulated units.

19. The apparatus of Claim 11, wherein the electrical heat source is a radiant heat source

comprising at least one resistive heating element.

20. The apparatus of Claim 11 comprising an adiabatic reactor comprising an inlet in fluid
flow communication with the second outlet of the hydrogen recovery unit, a catalyst bed having

an upstream end in fluid flow communication with the inlet and a downstream end in fluid flow
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communication with an outlet for cracked offgas, said cracked gas outlet being in fluid flow

communication with the at least one inlet for fuel in the radiant section of the fired reactor.
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