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STEAM METHANE REFORMING WITH PROCESS CARBON DIOXIDE
CAPTURE AND AMMONIA FIRING

Cross Reference to Related Applications

[0001] This application claims priority to U.S. Provisional Application Ser. No. 63/295.514

filed on December 31, 2021, which is hereby incorporated by reference in its entirety.

Technical Field of the Invention

[0002] The present invention relates to an apparatus and method for hydrogen production using
existing industrial units. More specifically, embodiments of the present invention are related
to reducing the carbon footprint of a reforming unit via carbon capture and a reduction in

produced carbons.

Background of the Invention

[0003] In an effort to provide green energy, reducing carbon footprints of industrial units
is becoming increasingly important. Moreover, as hydrogen is quickly becoming the
preferred energy carrier of the future due to being carbon-free, production of hydrogen in

an environmentally sensitive manner is becoming increasingly more important.

[0004] Steam methane reforming (SMR) is one such industrial unit that is currently in use to
produce hydrogen. In a typical SMR, methane and steam are combined and reacted at high
temperatures to produce syngas (i.e., a mixture predominantly made up of hydrogen, carbon
monoxide, and carbon dioxide). This reaction is endothermic, and therefore, requires added
heat for the reaction to proceed, which is supplied by burning a fuel (typically a portion of the
methane feedstock) in the presence of oxygen to produce a flue gas consisting essentially of
carbon dioxide, water, and unreacted oxygen. If air is used to provide the oxygen, then the flue
gas will also contain nitrogen and nitrogen oxides (NOx). The syngas is typically upgraded
using a water-gas-shift to convert the carbon monoxide into carbon dioxide and additional
hydrogen. Finally, the syngas is sent to a purifier (typically a pressure swing adsorber
(“PSA™)), to produce a pure hydrogen stream and a PSA tail gas stream, which consists
primarily of carbon dioxide, some hydrogen, and unreacted methane. The PSA tail gas stream
is then used as fuel, recycled and combined with the process natural gas for reforming, or

recycled to the inlet of the PSA unit.
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[0005] Unfortunately, current steam reformer plants for H2 production do not have any CO»

capture installed. Thus all the COz is emitted to the atmosphere.

[0006] For existing SMRs, there are three primary locations for capturing the COa:

. #1 location: COz2 capture in the syngas, preferably downstream the CO Shift;
. #2 location: COz2 capture in the PSA tail gas; or
. #3 location: COz capture in the flue gas

[0007] Option #1 or #2 can also be combined with option #3 in order to reach an even
higher capture rate. It shall be noted that without a CO2 capture unit, all the CO2, either

from the process or the combustion will be emitted at the stack.

[0008] As an alternative to CO2 capture, it is also possible to use a decarbonized feedstock
such as ammonia (“NH3”). By using NH3 as the feed stream instead of CHa, the source of
carbon on the process side is eliminated. However, there are no suitable H2 production
processes available on the market and a production of H2 based on NH3 would be extremely

expensive today.

[0009] The problem with the current state of the art solutions is that a high CO2 capture
rate of more than 90% in a SMR plant can only be obtained by a flue gas capture unit.
However, this solution is not currently economically feasible, since the capture cost of CO»
from flue gas is significantly higher than the capture cost from process related CO:2 (Syngas

or PSA tail gas) by typically 30%.

[0010] A solution must be found to overcome the burden of having a Process Capture Unit
installed and then further decarbonize the hydrogen production, including reducing the

carbon within the flue gas.
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Summary of the Invention

[0011] The present invention is directed to an apparatus and process that satisfies at least one
of these needs. In certain embodiments, the invention may include installation of a more
economic process CO:2 capture unit first and then to replace the CO2 emission caused by
the combustion of remaining hydrocarbons by means of a hydrocarbon free fuel gas (e.g ,
NH3), such that the flue gas, which is the main CO:2 contributor of the process, has a
significantly reduced amount of CO:2 as compared to a flue gas produced by combustion
of CHa.

[0012] In certain embodiments, the task is to reach a high capture rate above 95% up to 99-
100% without using a CO2 capture unit on the flue gas, which is costly in terms of both
CAPEX & OPEX. This can be achieved by using ammonia as a fuel. Furthermore, as
ammonia has different combustion characteristics as compared to methane, slight
modifications to the existing hydrogen production facilities burner and firing system can
be made in order to increase the ammonia fuel content, or more preferably, fully replace

the hydrocarbon fuel with ammonia fuel.

[0013] Pure NH3 combustion is challenging due to the slow kinetics of the combustion
reaction (only 20% of the laminar burning velocity of methane), therefore many concepts
mentioned in literature are based on co-combustion of natural gas and ammonia (See, e.g.,

Osaka University, Taiyo Nippon Sansa, Nippon Steel for NG/ NHs, hitps:/resou.osakas

wacio/en/research/2017/20170626 2. last accessed October 20, 2021. However, use of

natural gas with the ammonia still results in an unwanted amount of carbon dioxide

production within the flue gas.

[0014] Hydrogen improves the combustion features of ammonia. Therefore, in certain
embodiments of the present invention, ammonia can be combined with off gases
containing hydrogen from the proposed SMR scheme. This leads to beneficial combustion
properties compared to pure usage of NHs. The mixture of off gas with NH3 allows the use
of standard burner designs and prevents excessive NOx formation. With a Hz content of
10-50% vol, more preferably 10-30%, a smooth combustion of NHs/air can be achieved,
as stable as classical methane/air mixture. In certain embodiments, an indicator may be
used to quantify the combustion stability. For example, the extinction stretch rate can evaluate

the capability of the flame to stay ignited when stretched by turbulent vortices. The higher it
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is, the stronger the flame and the more stable the combustion. This indicator can be readily

computed from dedicated software known to those of ordinary skill in the art.

[0015] In one embodiment, a method for producing hydrogen in a steam methane reformer
with reduced carbon emissions is provided. In this embodiment, the method can include the
steps of. heating a feed stream comprising methane in a first heat exchanger to produce a
heated feed stream, wherein the heated feed stream is at a temperature above 500°C;
introducing the heated feed stream into a reaction zone under conditions effective for catalytic
conversion of the heated feed stream to produce a reformed stream, wherein the reformed
stream comprises hydrogen, carbon monoxide, and unreacted methane; introducing the
reformed stream in the presence of steam to a shift conversion unit that is configured to produce
a shifted gas stream comprising hydrogen and carbon dioxide; and purifying the shifted gas
stream to produce a hydrogen product stream and a tail gas; wherein the conditions effective
for catalytic conversion of the heated feed stream comprise providing heat to the reaction zone
via combustion of a fuel and a hydrogen fuel stream in presence of an oxidizer, wherein the
fuel comprises ammonia, wherein a flue gas is produced by the combustion of the fuel and the

hydrogen fuel stream.

[0016] In optional embodiments of the method for producing hydrogen in an SMR:

. the hydrogen fuel stream and the fuel have a combined molar flow rate, wherein
a molar flow rate of the hydrogen combined to the combined molar flow rate is between 0.05
and 0.4, preferably between 0.1 and 0.25;

. the hydrogen fuel stream is combusted in an amount that is effective for
providing stable combustion behavior;

. the method can include the step of removing carbon dioxide from a stream
selected from the group consisting of a first stream, a second stream, and combinations thereof,
wherein the first stream is the shifted gas stream prior to purification in a hydrogen purification

unit, wherein the second stream is the tail gas;

. the hydrogen fuel stream comprises at least a first portion of the tail gas;
. a second portion of the tail gas is fed to the reaction zone;

. the oxidizer is oxygen-enriched combustion air;

. the fuel and the hydrogen fuel stream are fed to a common burner system;,
. the fuel and the hydrogen fuel stream are fed to separate burner systems;
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. the method can include the step of vaporizing liquid ammonia in an ammonia
vaporizer to produce gaseous ammonia, wherein ammonia in the fuel comprises the gaseous
ammonia from the ammonia vaporizer;

. the method can include the step of removing NOx from the flue gas using a
selective catalytic reduction unit;

. the method can include the step of controlling an amount of unreacted ammonia
in the flue gas;

. the fuel has an ammonia content greater than 50%; and/or

. the fuel comprising ammonia is preheated to a temperature above 300°C.

[0017] In another embodiment, a method for producing hydrogen in a steam methane reformer
with reduced carbon emissions can include a first mode of operation and a second mode of
operation, wherein during both modes of operation, the method comprises the steps of: heating
a feed stream comprising methane in a first heat exchanger to produce a heated feed stream,
wherein the heated feed stream is at a temperature above 500°C; introducing the heated feed
stream into a reaction zone under conditions effective for catalytically cracking the heated feed
stream to produce reformed stream, wherein the reformed stream comprises hydrogen, carbon
monoxide, and unreacted methane; introducing the reformed stream in the presence of steam
to a shift conversion unit that is configured to produce a shifted gas stream comprising
hydrogen and carbon dioxide; purifying the shifted gas stream to produce a hydrogen product
stream and a tail gas; and removing carbon dioxide from a stream selected from the group
consisting of a first stream, a second stream, and combinations thereof, wherein the first stream
is the shifted gas stream, wherein the second stream is the tail gas, wherein the conditions
effective for catalytically cracking the heated feed stream comprise providing heat to the
reaction zone via combustion of a fuel and a hydrogen fuel stream in the presence of an
oxidizer, wherein the hydrogen fuel stream comprises at least a first portion of the tail gas,
wherein a flue gas is produced by the combustion of the fuel and the hydrogen fuel stream,
wherein during the first mode of operation, the fuel comprises a hydrocarbon, wherein during
the second mode of operation, the fuel comprises ammonia, wherein the flue gas produced by
the second mode of operation comprises less carbon dioxide than the flue gas produced by the

first mode of operation.

[0018] In another embodiment, the method for producing hydrogen in a steam methane

reformer can include the steps of: heating a feed stream comprising methane in a first heat
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exchanger to produce a heated feed stream, wherein the heated feed stream is at a temperature
above 500°C; introducing the heated feed stream into a reaction zone under conditions effective
for catalytically cracking the heated feed stream to produce a reformed stream and a flue gas
stream, wherein the reformed stream comprises hydrogen, carbon monoxide, and unreacted
methane; introducing the reformed stream in the presence of steam to a shift conversion unit
that is configured to produce a shifted gas stream comprising hydrogen and carbon dioxide;
purifying the shifted gas stream to produce a hydrogen product stream and a tail gas; capturing
CO2 from the shifted gas stream or from the tail gas stream; storing liquid ammonia in a single
storage vessel; vaporizing the liquid ammonia to create a gaseous ammonia stream; and using
at least a portion of the gaseous ammonia as reformer fuel and using at least a portion of the

gaseous ammonia as reactant for the reduction of NOx of the flue gas stream.

[0019] In another embodiment, an apparatus for producing hydrogen in a steam methane
reformer with reduced carbon emissions is provided. The apparatus may include: a first heat
exchanger configured to heat a feed stream comprising methane to produce a heated feed
stream that is at a temperature above 500°C; a reaction zone in fluid communication with the
first heat exchanger, wherein the reaction zone is configured to receive the heated feed stream
under conditions effective for catalytically cracking the heated feed stream and catalytically
crack the heated feed stream to produce a reformed stream, wherein the reformed stream
comprises hydrogen, carbon monoxide, and unreacted methane; a shift conversion unit in fluid
communication with the reaction zone, wherein the shift conversion unit is configured to
receive the reformed stream in the presence of steam and produce a shifted gas stream
comprising hydrogen and carbon dioxide; and a hydrogen purification unit configured to
receive the shifted gas stream and purify the shifted gas stream to produce a hydrogen product
stream and a tail gas; an ammonia source; wherein the conditions effective for catalytically
cracking the heated feed stream comprise providing heat to the reaction zone via combustion
of a fuel and a hydrogen fuel stream in presence of an oxidizer, wherein the fuel comprises
ammonia from the ammonia source, wherein a flue gas is produced by the combustion of the

fuel and the hydrogen fuel stream.

[0020] In optional embodiments of the apparatus for producing hydrogen in an SMR:
. the hydrogen fuel stream and the fuel have a combined molar flow rate, wherein
a molar flow rate of the hydrogen combined to the combined molar flow rate is between 0.05

and 0.4, preferably between 0.1 and 0.25, more preferably about 0.20;
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. the hydrogen fuel stream is combusted in an amount that is effective for
providing a stable combustion behavior;

. the apparatus can also include a carbon dioxide removal unit that is configured
to remove carbon dioxide from a stream selected from the group consisting of a first stream, a
second stream, and combinations thereof, wherein the first stream is the shifted gas stream prior
to purification, wherein the second stream is the tail gas;

. the hydrogen fuel stream comprises at least a first portion of the tail gas;

. a conduit is in fluid communication with the carbon dioxide removal unit and
the reaction zone, such that the conduit is configured to send a second portion of the tail gas to

the reaction zone;

. the oxidizer is oxygen-enriched combustion air;

. the fuel and the hydrogen fuel stream are fed to a common burner system;,

. the fuel and the hydrogen fuel stream are fed to separate burner systems;

. the apparatus can also include an ammonia vaporizer configured to vaporize

liquid ammonia to produce gaseous ammonia, wherein ammonia in the fuel comprises the
gaseous ammonia from the ammonia vaporizer; and/or
. the apparatus can also include a NOx removal unit that is configured to remove

NOx from the flue gas using a selective catalytic reduction unit.

[0021] In yet another embodiment, an apparatus for producing hydrogen in a steam methane
reformer with reduced carbon emissions is provided. In this embodiment, the apparatus can
include: a first heat exchanger, a reaction zone, a shift conversion unit, a hydrogen purification
unit, and a CO2 removal unit, the apparatus being configured to operate in a first mode of

operation and a second mode of operation.

[0022] In certain embodiments, during both modes of operation, the apparatus can be
configured to: heat a feed stream comprising methane in the first heat exchanger to produce a
heated feed stream, wherein the heated feed stream is at a temperature above 500°C; introduce
the heated feed stream into the reaction zone under conditions effective for catalytically
cracking the heated feed stream to produce reformed stream, wherein the reformed stream
comprises hydrogen, carbon monoxide, and unreacted methane; introducing the reformed
stream in the presence of steam to the shift conversion unit that is configured to produce a
shifted gas stream comprising hydrogen and carbon dioxide; purifying the shifted gas stream

in the hydrogen purification unit to produce a hydrogen product stream and a tail gas; and
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removing carbon dioxide, using a CO2 removal unit, from a stream selected from the group
consisting of a first stream, a second stream, and combinations thereof, wherein the first stream

is the shifted gas stream, wherein the second stream is the tail gas.

[0023] In certain embodiments, the conditions effective for catalytically cracking the heated
feed stream can include the step of providing heat to the reaction zone via combustion of a fuel
and a hydrogen fuel stream in the presence of an oxidizer, wherein the hydrogen fuel stream
comprises at least a first portion of the tail gas, wherein a flue gas is produced by the

combustion of the fuel and the hydrogen fuel stream.

[0024] In certain embodiments, during the first mode of operation, the fuel comprises a
hydrocarbon, and during the second mode of operation, the apparatus is in fluid communication
with an ammonia source such that the fuel comprises ammonia, and the flue gas produced by
the second mode of operation comprises less carbon dioxide than the flue gas produced by the

first mode of operation.

[0025] In an additional embodiment, the ammonia may be pre-split by thermal
decomposition over a catalyst at elevated temperature in order to further increase the
content of hydrogen in the fuel and improve combustion performance. Ni or Ru being

non-limiting examples of acceptable catalyst.

[0026] Ammonia is typically stored in liquid form (either cryogenic at -33°C and ambient
pressure, or at elevated pressure (~10 bar) at ambient temperature). Therefore, in order to
ensure a reliable ammonia fuel supply, an ammonia fuel storage tank and ammonia fuel
vaporizer can be included. In the case of the unlikely event gaseous ammonia will be available,

the liquid ammonia system can be avoided.

[0027] In case of a phased installation approach, an ammonia fuel system can be installed

completely independent to the hydrocarbon fuel and PSA tail gas fuel system.

Brief Description of the prior Art Drawings

[0028] These and other features, aspects, and advantages of the present invention will become
better understood with regard to the following description, claims, and accompanying
drawings. It is to be noted, however, that the drawings illustrate only several embodiments of
the invention and are therefore not to be considered limiting of the invention’s scope as it can

admit to other equally effective embodiments.
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[0029] FIG. 1 shows a prior art embodiment of a hydrogen production facility in accordance

where COz is captured from the synthesis gas in a hydrogen production process.

[0030] FIG. 2 shows an embodiment of a hydrogen production facility in accordance with an

embodiment of the present invention.

[0031] FIG. 3 shows an embodiment of a hydrogen production facility in accordance with an

embodiment of the present invention.

[0032] FIG. 4 shows an embodiment of a hydrogen production facility in accordance with an

embodiment of the present invention.

Detailed Description

[0033] While the invention will be described in connection with several embodiments, it will
be understood that it is not intended to limit the invention to those embodiments. On the
contrary, it is intended to cover all the alternatives, modifications and equivalence as may be

included within the spirit and scope of the invention defined by the appended claims.

[0034] In a preferred embodiment, the claimed process scheme includes a steam methane
reformer, a CO-Shift conversion unit, a H> purification unit, a cryogenic CO2 capture unit
and the usage of hydrogen and/or ammonia or preferably a mixture of ammonia and

hydrogen as make up fuel for the reformer.

[0035] FIG. 1 describes a typical hydrogen production process as known and considered
as prior art. A hydrocarbon feedstock 1, typically natural gas, is used. In order to condition
the feedstock to be processed by the steam methane reformer 51 certain feed pretreatment
measures can occur and are summarized as pretreatment unit 50. These might include, but
are not limited to, the removal of steam reforming catalyst poisons (e.g., sulphur, chloride,
heavy metals). The feedstock might be heated and enriched with steam as required to
achieve effective steam methane reforming process conditions. The pretreated steam
reformer feedstock 2 is sent to the steam methane reformer 51 for generation of a hydrogen,
CO2 and CO containing syngas 3. In order to increase the hydrogen and CO2 yield in the
synthesis gas, a CO shift converter 52 is used. CO2 product 15a can be separated from
syngas by a CO:z capture unit 53 using conventional physical or chemical solvent based

technologies (e.g.., amine wash or methanol wash technologies). The Hz rich gas 5 after
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the CO2 removal might be further purified by a dedicated Hz purification unit 54 to increase
the H> purity of the hydrogen product 6 as required.

[0036] Alternatively to a CO:2 capture in syngas, CO2 might be captured from the PSA off
gas 7 using a dedicated COz2 separation unit 55. The remaining PS A offgas gas 8 might be
used as fuel for the steam methane reformer 51. The heat demand of the steam reformer 51
is typically higher than the heat supplied by combusting the remaining PSA off gas 8. In order
to close the heat balance of the steam reformer, a defined hydrocarbon stream is used as make-
up fuel 9. During the combustion of the PSA offgas or hydrocarbon make up fuel, NOx might
be formed, and a DeNOX unit 57 might be required to reduce the NOx values below
environmentally allowable thresholds. In order to also capture CO2 from the resulting DeNOX
stream 11, a CO2 capture unit 56 in the flue gas system might be installed to generate a CO2

product stream 15¢ and a flue gas stream 10, 11, 12.

[0037] As mentioned above from a production cost perspective (considering operational
expenditure and investment costs) the flue gas CO> capture unit (56) is the most expensive
solution versus CO2 capture from syngas 4 or PSA tail gas 7. This prior art process, while
providing a high overall CO2 capture rate, provides a costly flue gas CO: capture unit (56) that
is just not economically feasible. Embodiments of the present invention are intended to

overcome this problem.

[0038] As shown in FIG.2, the claimed process includes a CO2 capture unit 55 in the PSA
offgas 7a or alternatively a syngas CO2 capture unit 53. In order to avoid the costly flue gas
CO2 capture unit (56 from FIG. 1) the hydrocarbon make up fuel (9 from FIG. 1) is replaced
with carbon-free ammonia fuel 13. In certain embodiments, at least a first portion of the PSA
off gas 8a can be mixed with the ammonia fuel 13. However, because these off gases 8a contain
carbon, in certain embodiments of the invention, a portion of the off gases 8b can be recycled
and combined with preheated feed 2 for further reaction and recovery. In embodiments in
which stream 8a is decreased or non-existent, the amount of ammonia fuel can be further
increased. In another optional embodiment (not shown), at least a part of the PSA off gas 8b
can be recycled to the hydrogen purification unit 54 to recover the Ha contained in the off gas

and to increase the overall Hz product yield.

[0039] Flue gas (10), generated from combustion of NH3 (13a) and, in certain embodiments,

very small amount of off-gasses 8a, contains significantly lower CO2 ( less than 5% as

10
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compared to flue gas (10) in figure 1). Therefore, embodiments of the invention allow for
treatment of the flue gas 10 in a DeNOX unit 57 without further carbon capture units, such as

required in prior art methods shown in FIG. 1.

[0040] The FIG. 3 illustrates an additional aspect of the invention. When combustion of pure
ammonia fuel or in a mixture with hydrogen the formation of NOx is enhanced an additional
measure for mitigation might be necessary. Modern SMR plant might have already a DeNOx
unit installed where older plant might not have or might have only reserved provision for future
revamp. In the DeNOx plant, ammonia is used as reactant for the reduction of NOx to N2 and
H20. Ammonia is a toxic and flammable substance and the storage requires various safety
precautions and thus lead to additional handling cost. In order to lower the capital expenditure
of the system a combined liquid ammonia storage (58) and vaporization system (59) is
foreseen. Thus the amount of ammonia containing equipment and piping systems are reduced.
The liquid ammonia (14) from storage vessel 58 is vaporized by the ammonia vaporization
system (59). The gaseous ammonia is the used as steam reformer fuel 13a and as reactant 13b

for the DeNOX unit.

[0041] FIG. 4 provides another embodiment of the present invention in which dedicated CO2
separation unit 55 is preferably a cryogenic type separation device that is configured to separate
CO2 and hydrogen from the PSA off gas stream 7a. These units are well known in the art, and
will not be discussed herein in any detail. This unit can produce carbon dioxide 15b, a
hydrogen stream 16, and off gas 8. As before, off gas 8a can be used for fuel, and second off
gas 8b can be recycled to a location upstream the SMR 51. In this embodiment, hydrogen
stream 16 can be split, with one portion being used as fuel, which helps with flame stability,
while the other portion can be recycled to the PSA for further refinement. In certain
embodiments, flow off gas 8a can be reduced or even eliminated entirely if flow rate of
hydrogen stream 16 is sufficient for combustion purposes. This advantageously further reduces

CO2 in the resulting flue gas 10.

[0042] In certain embodiments, approximately 20% vol hy drogen can be added to the ammonia
fuel in order to achieve more stable combustion behavior and minimize the NOx emissions. In
the embodiment with a syngas amine unit, the PSA tail gas will contain enough hydrogen to

allow for this preferable NH3+H2 gas mixture.

11
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[0043] In an embodiment in which a syngas amine wash unit (no matter whether COz capture
for Hz production or CO2 removal because of a downstream coldbox for H2 and CO production)
is used, the trim fuel ratio can be higher, meaning the ratio of additional fuel versus waste fuel
streams (PSA or CB offgas) is higher, and the effect of replacing natural gas with ammonia on
the CO: emissions is relatively higher compared to low trim fuel ratio plant setups (w/o COz
removal). In optional embodiments, there can also be other parameters in plant
design/operation that influence the trim fuel ratio — so in a revamp case the operating

parameters of the SMR could be adjusted to maximize the ammonia as fuel.

[0044] In the embodiment having a Cryocap Hz, where the PS A tail gas is used as feed for the
capture unit, the residue from the Cryocap (which contains some Hz but also some CH4, CO
and CO2) is recycled in majority to the SMR feed gas and preferably at more than 70% or 90%.
Only a minority part is sent to fuel gas to ensure that there's no accumulation of inert gases (N2,
Ar,...) in the flue gas. To obtain the required suitable fuel mixture for NH3; combustion the

amount of fuel gas from CryoCAP can be adjusted.

[0045] Alternatively, oxygen-enriched combustion air (23%) can be used to improve flame

stability, increase the flame temperature and thus, the heat flux to the tubes.

[0046] In a further embodiment, preheating of ammonia at a temperature above 300°C can be
used to improve the flame stability, increase the reactiveness of the ammonia and decrease the
amount of unburnt ammonia content in the flue gases as well as the amount of NOx in the flue

gases.

[0047] As the NOx emissions are typically higher with ammonia fuel, a selective catalytic
reduction (“SCR”) unit can be installed to treat the high NOx levels. In an embodiment where
an SCR unit is already existing, an upgrade might be necessary depending on the performance

with higher NOx inlet conditions.

[0048] Furthermore, because of the slow kinetics of ammonia combustion, ammonia is
expected to be present in a significantly high concentration in the flue gases. It is therefore
possible to make use of the ammonia already existing in the flue gas to optimally reduce the
NOx through the SCR, ideally without injecting additional ammonia. There exists several
strategies to control the amount of ammonia in the flue gases. The first is to play on the overall
combustion air ratio, by either acting on the air flow rate, and/or on the fuel flow rate. Second,

preheating ammonia can result in the control of its combustion kinetics and thus, can be

12
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considered as an effective way to control its content in the flue gases. Third, adding hydrogen
in the fuel makes it possible to further control the flue gases composition. Last, preheating
oxidizer temperature can be used to control the overall kinetics of the flame and thus, the

amount of residual ammonia in the flue gases.

[0049] In an embodiment where no SCR/SNCR unit is already existing, the previous ammonia

control strategies could also be implemented. Thiz wav, the fumace could get the SNCR

[0050] Operational flexibility:

[0051] It is projected that the SMR can operate in two modes: Conventional mode (with natural
gas plus PSA tail gas (or residue from cryocap)) and NHs/Hz off gas mode (no Natural gas
injection). The first mode may be used for the first years of operation of the plant, and the
second mode later on when CO2 emissions must be further reduced. In this case, burners and

fuel system are designed accordingly.

[0052] Table I and Table II below show comparative data that compares an embodiment of the
prior art (using NG as fuel) with results in which the fuel is at least partially replaced with
ammonia (stream 13a) (i.e., 85% ammonia or 100% ammonia). As can be seen, there is a

significant reduction in carbon dioxide emission.

Table I: Comparison of Prior Art with Embodiments of the Invention

Case A Trim fuel replacement
Base case 85% 100%
Hydrogen production Nm3/hr 167343 167343 167343
CO2 emission kg/hr 55594 27338 22351
CO2 emission kg CO2/kg H2 3.69 1.81 1.48
% reduction in CO2 emissi% - 50.8% 59.8%

13
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Table II: Another Comparison of Prior Art with Embodiments of the Invention

Case B Trim fuel
replacement
Base case 100%
Hydrogen production Nm3/hr 25100 25100
CO2 emission kg/hr 16086 8904
CO2 emission kg CO2/kg H2 7.11 3.94
% reduction in CO2 emissi% - 44.6%

[0053] As used herein, stable combustion behavior can be determined by measuring an
extinction stretch rate of the flame produced by certain embodiments of the invention. In
certain instances, combustion can be considered stable as long as the extinction stretch rate of
a flame produced according to certain embodiments of the present invention is within 15%,
preferably within 10%, more preferably within 5% of the extinction stretch rate of a flame
produced using methane, off-gasses and air. While the invention has be described primarily in
accordance with a steam methane reforming production unit, the invention can be equally
applied to other hydrogen production facilities such as, but not limited to, autothermal
reforming. In essence, embodiments of the invention include the combination of reducing COz
in the flue gas by using a fuel gas comprised of ammonia, as well as carbon capture on the
resulting process streams (i.e., streams that result from the conversion of the feed stream to

hydrogen).

[0054] While the invention has been described in conjunction with specific embodiments
thereof, it is evident that many alternatives, modifications, and variations will be apparent to
those skilled in the art in light of the foregoing description. Accordingly, it is intended to
embrace all such alternatives, modifications, and variations that fall within the spirit and broad
scope of the appended claims. The present invention may suitably comprise, consist or consist
essentially of the elements disclosed and may be practiced in the absence of an element not
disclosed. Furthermore, language referring to order, such as first and second, should be
understood in an exemplary sense and not in a limiting sense. For example, it can be recognized

by those skilled in the art that certain steps or devices can be combined into a single step/device.

14
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[0055] The singular forms "a", "an", and "the" include plural referents, unless the context
clearly dictates otherwise. The terms about/approximately a particular value include that

particular value plus or minus 10%, unless the context clearly dictates otherwise.

[0056] Optional or optionally means that the subsequently described event or circumstances
may or may not occur. The description includes instances where the event or circumstance

occurs and instances where it does not occur.

[0057] Ranges may be expressed herein as from about one particular value, and/or to about
another particular value. When such a range is expressed, it is to be understood that another
embodiment is from the one particular value and/or to the other particular value, along with all

combinations within said range.
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CLAIMS

We claim:

1. A method for producing hydrogen in a steam methane reformer with reduced carbon
emissions, the method comprising the steps of:

heating a feed stream comprising methane in a first heat exchanger to produce a heated
feed stream, wherein the heated feed stream is at a temperature above 500°C;

introducing the heated feed stream into a reaction zone under conditions effective for
catalytic conversion of the heated feed stream to produce a reformed stream, wherein the
reformed stream comprises hydrogen, carbon monoxide, and unreacted methane;

introducing the reformed stream in the presence of steam to a shift conversion unit that
is configured to produce a shifted gas stream comprising hydrogen and carbon dioxide; and

purifying the shifted gas stream to produce a hydrogen product stream and a tail gas;

wherein the conditions effective for catalytic conversion of the heated feed stream
comprise providing heat to the reaction zone via combustion of a fuel and a hydrogen fuel
stream in presence of an oxidizer, wherein the fuel comprises ammonia,

wherein a flue gas is produced by the combustion of the fuel and the hydrogen fuel

stream.

2. The method as claimed in Claim 1, wherein the hydrogen fuel stream and the fuel have
a combined molar flow rate, wherein a molar flow rate of the hydrogen combined to the

combined molar flow rate is between 0.05 and 0.4, preferably between 0.1 and 0.25.

3. The method as claimed in Claim 1, wherein the hydrogen fuel stream is combusted in

an amount that is effective for providing stable combustion behavior.

4. The method as claimed in Claim 1, further comprising the step of removing carbon
dioxide from a stream selected from the group consisting of a first stream, a second stream,
and combinations thereof, wherein the first stream is the shifted gas stream prior to purification

in a hydrogen purification unit, wherein the second stream is the tail gas.

5. The method as claimed in Claim 1, wherein the hydrogen fuel stream comprises at least

a first portion of the tail gas.

16



WO 2024/136886 PCT/US2022/054001

6. The method as claimed in Claim 1, wherein a second portion of the tail gas is fed to the

reaction zone.

7. The method as claimed in Claim 1, wherein the oxidizer is oxygen-enriched combustion

air.

8. The method as claimed in Claim 1, wherein the fuel and the hydrogen fuel stream are

fed to a common burner system.

9. The method as claimed in Claim 1, wherein the fuel and the hydrogen fuel stream are

fed to separate burner systems.

10.  The method as claimed in Claim 1, further comprising vaporizing liquid ammonia in
an ammonia vaporizer to produce gaseous ammonia, wherein ammonia in the fuel comprises

the gaseous ammonia from the ammonia vaporizer.

1L The method as claimed in Claim 1, further comprising removing NOx from the flue gas

using a selective catalytic reduction unit.

12. The method as claimed in Claim 11, further comprising the step of controlling an

amount of unreacted ammonia in the flue gas.

13. The method as claimed in Claim 1, wherein the fuel has an ammonia content greater
than 50%.

14. The method as claimed in Claim 1, wherein the fuel comprising ammonia is preheated

to a temperature above 300°C.

15. A method for producing hydrogen in a steam methane reformer with reduced carbon
emissions, the method comprising a first mode of operation and a second mode of operation,
wherein during both modes of operation, the method comprises the steps of:

a) heating a feed stream comprising methane in a first heat exchanger to produce a heated

feed stream, wherein the heated feed stream is at a temperature above 500°C;
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b) introducing the heated feed stream into a reaction zone under conditions effective for
catalytically cracking the heated feed stream to produce reformed stream, wherein the
reformed stream comprises hydrogen, carbon monoxide, and unreacted methane;
¢) introducing the reformed stream in the presence of steam to a shift conversion unit that
is configured to produce a shifted gas stream comprising hydrogen and carbon dioxide;
d) purifying the shifted gas stream to produce a hydrogen product stream and a tail gas;
and
e) removing carbon dioxide from a stream selected from the group consisting of a first
stream, a second stream, and combinations thereof, wherein the first stream is the
shifted gas stream, wherein the second stream is the tail gas,
wherein the conditions effective for catalytically cracking the heated feed stream
comprise providing heat to the reaction zone via combustion of a fuel and a hydrogen fuel
stream in the presence of an oxidizer, wherein the hydrogen fuel stream comprises at least a
first portion of the tail gas,

wherein a flue gas is produced by the combustion of the fuel and the hydrogen fuel
stream,

wherein during the first mode of operation, the fuel comprises a hydrocarbon,

wherein during the second mode of operation, the fuel comprises ammonia,

wherein the flue gas produced by the second mode of operation comprises less carbon

dioxide than the flue gas produced by the first mode of operation.

16. A method for producing hydrogen in a steam methane reformer comprising the steps
of:

a) heating a feed stream comprising methane in a first heat exchanger to produce a heated
feed stream, wherein the heated feed stream is at a temperature above 500°C;

b) introducing the heated feed stream into a reaction zone under conditions effective for
catalytically cracking the heated feed stream to produce a reformed stream and a flue
gas stream, wherein the reformed stream comprises hydrogen, carbon monoxide, and
unreacted methane;

¢) introducing the reformed stream in the presence of steam to a shift conversion unit that
is configured to produce a shifted gas stream comprising hydrogen and carbon dioxide;

d) purifying the shifted gas stream to produce a hydrogen product stream and a tail gas;

e) capturing CO2 from the shifted gas stream or from the tail gas stream;

f) storing liquid ammonia in a single storage vessel;
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g) vaporizing the liquid ammonia to create a gaseous ammonia stream; and
h) using at least a portion of the gaseous ammonia as reformer fuel and using at least a
portion of the gaseous ammonia as reactant for the reduction of NOx of the flue gas
stream.
17.  An apparatus for producing hydrogen in a steam methane reformer with reduced carbon
emissions, the apparatus comprising:

a first heat exchanger configured to heat a feed stream comprising methane to produce
a heated feed stream that is at a temperature above 500°C;

a reaction zone in fluid communication with the first heat exchanger, wherein the
reaction zone is configured to receive the heated feed stream under conditions effective for
catalytically cracking the heated feed stream and catalytically crack the heated feed stream to
produce a reformed stream, wherein the reformed stream comprises hydrogen, carbon
monoxide, and unreacted methane;

a shift conversion unit in fluid communication with the reaction zone, wherein the shift
conversion unit is configured to receive the reformed stream in the presence of steam and
produce a shifted gas stream comprising hydrogen and carbon dioxide; and

a hydrogen purification unit configured to receive the shifted gas stream and purify the
shifted gas stream to produce a hydrogen product stream and a tail gas;

an ammonia SOurce;

wherein the conditions effective for catalytically cracking the heated feed stream
comprise providing heat to the reaction zone via combustion of a fuel and a hydrogen fuel
stream in presence of an oxidizer, wherein the fuel comprises ammonia from the ammonia
source,

wherein a flue gas is produced by the combustion of the fuel and the hydrogen fuel

stream.

18.  The apparatus as claimed in Claim 17, wherein the hydrogen fuel stream and the fuel
have a combined molar flow rate, wherein a molar flow rate of the hydrogen combined to the
combined molar flow rate is between 0.2 and 0.5, preferably between 0.25 and 0.35, more

preferably about 0.30.

19.  The apparatus as claimed in Claim 17, wherein the hydrogen fuel stream is combusted

in an amount that is effective for providing a stable combustion behavior.
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20.  The apparatus as claimed in Claim 17, further comprising a carbon dioxide removal
unit that is configured to remove carbon dioxide from a stream selected from the group
consisting of a first stream, a second stream, and combinations thereof, wherein the first stream

is the shifted gas stream prior to purification, wherein the second stream is the tail gas.

21. The apparatus as claimed in Claim 17, wherein the hydrogen fuel stream comprises at

least a first portion of the tail gas.

22, The apparatus as claimed in Claim 17, wherein a conduit is in fluid communication
with the carbon dioxide removal unit and the reaction zone, such that the conduit is configured

to send a second portion of the tail gas to the reaction zone.

23. The apparatus as claimed in Claim 17, wherein the oxidizer is oxygen-enriched

combustion air.

24, The apparatus as claimed in Claim 17, wherein the fuel and the hydrogen fuel stream

are fed to a common burner system.

25.  The apparatus as claimed in Claim 17, wherein the fuel and the hydrogen fuel stream

are fed to separate burner systems.

26. The apparatus as claimed in Claim 17, further comprising an ammonia vaporizer
configured to vaporize liquid ammonia to produce gaseous ammonia, wherein ammonia in the

fuel comprises the gaseous ammonia from the ammonia vaporizer.

27. The apparatus as claimed in Claim 17, further comprising a NOx removal unit that is

configured to remove NOx from the flue gas using a selective catalytic reduction unit.

28.  An apparatus for producing hydrogen in a steam methane reformer with reduced carbon
emissions, the apparatus comprising a first heat exchanger, a reaction zone, a shift conversion
unit, a hydrogen purification unit, and a CO2 removal unit, the apparatus being configured to
operate in a first mode of operation and a second mode of operation, wherein during both modes
of operation, the apparatus is configured to:

a) heat a feed stream comprising methane in the first heat exchanger to produce a heated

feed stream, wherein the heated feed stream is at a temperature above 500°C;
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b) introduce the heated feed stream into the reaction zone under conditions effective for
catalytically cracking the heated feed stream to produce reformed stream, wherein the
reformed stream comprises hydrogen, carbon monoxide, and unreacted methane;
¢) introducing the reformed stream in the presence of steam to the shift conversion unit
that is configured to produce a shifted gas stream comprising hydrogen and carbon
dioxide;
d) purifying the shifted gas stream in the hydrogen purification unit to produce a hydrogen
product stream and a tail gas; and
e) removing carbon dioxide, using a CO2 removal unit, from a stream selected from the
group consisting of a first stream, a second stream, and combinations thereof, wherein
the first stream is the shifted gas stream, wherein the second stream is the tail gas,
wherein the conditions effective for catalytically cracking the heated feed stream
comprise providing heat to the reaction zone via combustion of a fuel and a hydrogen fuel
stream in the presence of an oxidizer, wherein the hydrogen fuel stream comprises at least a
first portion of the tail gas,

wherein a flue gas is produced by the combustion of the fuel and the hydrogen fuel
stream,

wherein during the first mode of operation, the fuel comprises a hydrocarbon,

wherein during the second mode of operation, the apparatus is in fluid communication
with an ammonia source such that the fuel comprises ammonia,

wherein the flue gas produced by the second mode of operation comprises less carbon

dioxide than the flue gas produced by the first mode of operation.
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