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— Application of liquid and gas expansion turbines can recover mechanical work (e.g.,
let-down of the CO,-laden solvent, liquid ammonia, purge and fuel gas).

Steam system and waste heat recovery were improved by the following measures:
increased pressure and superheating temperature of high-pressure steam; providing a
part of the process steam by natural gas feed saturation [651], {1033], [1040]-[1042};
inclusion of a steam superheater downstream of the secondary reformer [985], [1043].

Process Control and Process Optimization. Progress in instrumentation and
computer technology has led to increased use of advanced control systems and com-
puterized plant optimization. Advanced control systems [1044]-[1053] allow operat-
ing parameters to be kept constant in spite of variations in external factors such as
feedstock composition or ambient or cooling water temperatures. These systerns may
be operated in open loop fashion (set values changed manually by the operator} or in
closed tashion (set points automatically adjusted to optimum values by using a com-
puter model with input of operational and economic data). Also plant simulation
[1054] ~[1058] is possible by using extensive computer models of complete plants.
These models can simulate in real time the dynamic response to changes in operating
parameters, plant upsets, etc. Such systems are used for off-line optimization studies
and for operator training [1058], [1059].

The above list, by no means complete, is also a survey of options for plant revamps
(Chapter 6).

Many of these elements are strongly interrelated with each other and may affect
different sections of the plant concept. It is thus a demanding engineering task to arrive
at an optimum plant concept, which can only defined by the conditions set by the
feedstock price, the site influences, and the economic premises of the customer. An
evaluation of the individual merits of the described measures in terms of investment
and operational cost in a generalized form is not possible and can be done only from
case to case in real project studies.

To illustrate the forgoing discussion of the concept of the single-train steam reform-
ing plant, Figure 105 presents a modern low-energy ammonia plant with flow sheet and
process streams (UHDE process).

Figure 106 shows a simplified diagram of the steam system. Even in such an
advanced plant the quantity of steam generated from waste heat is as much as 3.4
times the weight of ammonia produced.

5.1.3. Minimum Energy Requirement for Steam
Reforming Process

The energy saving measures described in Section 5.1.2 have considerably reduced
the demand side (e.g., CO, removal, higher reforming pressure, lower steam to carbon
ratio, etc.). On the supply side, the available energy has been increased by greater heat
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Figure 105. Modern integrated single-train ammonia plant based on steam reforming of natural gas (Uhde process)
a) Sulfur removal; b} Primary reformer; ¢) Steam superheater; d) Secondary reformer: ¢) Waste heat boiler:

) Convection section: g) Forced draft fan; h) Induced draft fan; i) Stack; k) HT and LT shift converters:

) Methanator; m) CO, removal solvent boiler; n) Process condensate separator; o) €€}, absorber: p) Synthesis gas
compressor; q) Process air compressor; r) Ammonia converter; s) High-pressure ammonia separator: t) Ammenia
and hydrogen recovery from purge and flash gas

recovery. The combined effects on both sides have pushed the energy balance into
surplus. Because there is no longer an auxiliary boiler which can be turned down to
bring the energy situation into perfect balance, the overall savings usually could not be
translated into further actual reduction of the gross energy input to the plant (mainly
natural gas). In some cases this situation can be used advantageously. If the possibility
exists to export a substantial amount of steam, it can be economically favorable
(depending on feedstock price and value assigned to the steam) to deliberately increase
the steam export by using additional fuel, because the net energy consumption of the
plant is simultaneously reduced (Table 37).
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Table 37. [ncrease of plant efficiency by steam export (Gl/t Nti3)

Plant Difference
A B
Natural gas 27.1 32.6 + 5.5
Electric power 1.1 1.1
Steam export - 6.4 - 6.4
Total energy 28.2 27.3 -09

A reduction in gross energy demand, that is, a lower natural gas input to the plant,
can only be achieved by reducing fuel consumption, because the actual feedstock
requirement is determined by the stoichiometry. So the only way is to decrease the
firing in the primary reformer, which means the extent of reaction there is reduced.
This can be done by shifting some of the reforming duty to the secondary reformer
with surplus air or oxygen-enriched air, although this makes an additional step for the
removal of surplus nitrogen necessary. A more radical step in this direction is total
elimination of the fired primary reformer by using exchanger reformers like the ICI
GHR and the Kellogg KRES.

Based on pure methane, it is possible to formulate a stoichiometric equation (95) for
ammonia production by steam reforming:

CH, +0.3035 O, + 1131 N, + 1.393 H,0 —» CO, + 2262 NH, (95)
r———— o —————
1.4345 air
AH = —86 k/mol and AF = —101 ki/mol at 25°C
From a mere thermodynamic point of view, in an ideal engine or fuel cell, heat and
power should be obtainable from this reaction. Since real processes show a high degree

of irreversibility, a considerable amount of energy is necessary to produce ammonia
from methane, air and water. The stoichometric quantity of methane derived from the
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Table 38. Specific energy requirement for ammonia production comipared to the theoretical minimam

GJ/t Nl (LHV) % theory
Classical Haber — Bosch (coke) 80-90 (338-431)
Reforming, 0.5~ 10 bar (1953 - 55) 47-53 225254
Reforming, 30-35 bar {1965-75) 33-45 139-215
Low energy concepls (1975 —84) 29-33 139- 158
Modern concepts (since 1991) < 28 134
Steichiometric CH, demand 209 = 100

above reaction is 583 m’ per tonne of ammonia, corresponding to 20.9 G}/t NH,
(LHV), which with some justification could be taken as minimum value. If full recovery
of the reaction heat is assumed, then the minimum would be the lower heating value of
ammonia, which is 18.6 GJ/t NH;. Table 38 compares the specific energy requirement
for ammonia production by steam reforming with the theoretical minimum.

Comparison of energy consumption figures without precise knowledge of design and
evaluation criteria can be misleading. First of all the state of the ammonia product
should be noted. Relative to the delivery of liquid ammonia to battery limits at ambient
temperature, the production of 3 bar ammonia vapor at the same temperature would
save 0.6 GJ/t NH;, while delivery as liquid at — 33 °C would need an extra 0.3 GJ/t
NH;. The temperature of the available cooling medium has a considerable influence.
Increasing the cooling water temperature from 20 to 30 °C increases energy consump-
tion by 0.7 GJ/t NH;. A detailed energy balance, listing all imports and exports,
together with the caloric conversion factors used for steam and power is needed for
a fair comparison of plants. The beneficial effect of energy export to the net energy
consumption is discussed above. Gas composition is also of some importance. Nitrogen
content is marginally beneficial: 10 mol % nitrogen leads to a saving of about 0.1 GJ/t
NH,, whereas a content of 10 mol% carbon dioxide would add 0.2 GJ/t NH; to the
total consumption value [1060].

Energy requirements and energy saving possibilities are also discussed in [1016],
[1018], [1025]-[1031].

The energy consumption figures discussed so far represent a thermodynamic ana-
lysis based on the first law of thermodynamics. The combination of the first and
second laws of thermodynamics leads to the concept of ideal work, also called exergy.
This concept can also be used to evaluate the efficiency of ammonia plants. Excellent
studies using this approach are presented in [1061], [1062]. Table 39 [1061] compares
the two methods. The analysis in Table 39 was based on pure methane, cooling water
at 30 °C (both with required pressure at battery limits), steam/carbon ratio 2.5,
synthesis at 140 bar in an indirectly cooled radial converter.

Almost 70 % of the exergy loss in the process occurs in the reforming section and in
steam generation. From conventional first law analysis it can be seen that almost all of
the losses are transferred to the cooling water. As the analysis assumes water in liquid
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Table 39. Energy analysis of a low energy amtonia plaut (GI/ N1)

HITV LHV Ixeroy

Input

Natural gas consumption

Reformer feed 24.06

Reformer fuel 7.49

Auxiliary boiler fuel 0.34

Total consumption 32.49

Losses

Reforming 0,38 0,38 14t

Steam generation 0.33 0.33 2.9
Shift, CO, removal, methanation 1.30 1.30 .67

Synthesis 1.70 1.760 155
Turbines and compressors 6.50 6.50 (.04

Others (including stack 1.30 (1.68 ST
Total losses 11.51 10.89 1055
NH, product 20.98 17.12 20,14
Efficiency, % 64,60 58,40 65,00

state, the LHV analyses in Table 39 is not completely balanced. For a perfect balance
the heat of evaporation of water (as a fictive heating value) would have to be included.

5.1.4. Commercial Steam Reforming Ammonia
Plants

Especially with ammonia processes based on steam reforming technology it has
become a habit to differentiate between processes from various licensors and engineer-
ing contractors. This is not so much the case for partial oxidation plants (see Sec-
tion 5.2). Strong competition together with increased plant sizes and the associated
financial commitment has reduced the number of licensors and engineering contrac-
tors to a few companies capable of offering world-scale plants, often on a lump-sum
turnkey basis. In some cases these companies sub-license their processes and special
engineering know-how to competent engineering companies possessing no knowledge
of their own in the ammonia field. There are also several smaller companies with
specific and sometimes proprietary know-how which specialize in revamps of existing
plants or small plant concepts.

In the following, each of the commercially most important processes is discussed in
some detail and a shorter description of economically less important processes is given.
The process configuration offered and finally constructed by a given contractor may
vary considerably from case to case, depending on economic and site conditions and
the clients' wishes. Thus plants from the same contractor and vintage often differ
considerably. It is possible to categorize steam reforming plants according to their
configuration in the reforming section:
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1) Advanced conventional processes with high duty primary reforming and stoichio-
metric process air in the secondary reformer

2) Processes with reduced primary reformer firing and surplus process air

3} Processes without a fired primary reformer (exchanger reformer)

4) Processes without a secondary reformer using nitrogen from an air separation plant

In principle the amount of flue gas emitted should be related to the extent of fired
primary reforming, but generalizations are questionable, because sometimes the plant
layout, as dictated by site requirements, may considerably change the picture for the
specitic flue gas value,

5.1.4.1. Advanced Conventional Processes

Kellogg Low-Energy Ammonia Process [1031], [1063]-{1070]. The Kellogg pro-
cess is along traditional lines, operating with steam/carbon ratie of about 3.3 and
stoichiometric amount of process air and low methane slip from the secondary re-
former. The synthesis pressure depends on plant size and is between 140 and 180 bar.
Temperatures of the mixed feed entering the primary reformer and of the process air
entering the secondary reformer are raised to the maximum extent possible with
today's metallurgy. This allows reformer firing to be reduced and, conversely, the
reforming pressure to be increased to some extent to save compression costs. An
important contribution comes from Kellogg's proprietary cross-flow horizontal con-
verter, which operates with catalyst of small particle size, low inlet ammonia concen-
tration, and high conversion. Low-energy carbon removal systems (Benfield LoHeat,
aMDEA, Selexol) contribute to the energy optimization.

When possibilities to export steam or power are limited, part of the secondary
reformer waste heat is used, in addition to steam generation, for steam superheating,
a feature in common with other modern concepts. Proprietary items in addition to the
horizontal converter are the traditional Kellogg reformer, transfer line and secondary
reformer arrangement, waste-heat boiler, and unitized chiller in the refrigeration
section.

According to Kellogg 27.9 GJ/t NH; can be achieved in a natural gas based plant
with minimum energy export, but with export of larger quantities of steam this value
could probably be brought down to about 27 GJ/t NH;. Figure 107 shows a simplified
flowsheet of the process [1069] with Selexol CO, removal unit.

Haldor Topsse Process. In addition to technology supply, Haldor Topsee also
produces the full catalyst range needed in ammonia plants. The energy consumption of
a basically classic plant configuration has been reduced considerably by applying
systematic analysis and process engineering. Descriptions and operational experience
are given in [464], [623], [1028], [1071]-[1082].

Topsoe offers two process versions. The first operates at steam/carbon ratio of 3.3
and with rather high residual methane content from the secondary reformer. Shift
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Figure 107. M. W. Kellogg's low energy process

a) Feed gas compressor; b) Desulfurization; d) Primary reformer; e) Air compressor; f) Secondary reformer; g} Heat
recovery: h) High temperature shift converter; i) Low temperature shift converter; j) Condensate stripper; k) CO,
absorber; 1) CO, flash drum; m) Recycle compressor; n) Semi-lean Pump; o) Stripper (other options are, e.g.,
Benfield or BASF aMDEA); p) Stripper air blower; q) €O, lean pump; r) Methanator feed preheater; s) Methanator;
t) Synthesis gas compressor; u} Dryer; v) Purge gas H, recovery; w) Ammonia converter; x) Start-up heater;

y) Refrigeration exchanger; z) Refrigeration compressor

conversion is conventional, the Benfield or Vetrokoke process is used for carbon
dioxide removal, and the synthesis pressure depends on plant size ranging between
140 and 220 bar when the proprietary Topsee two-bed radial converter S 200 is used. A
simplified flowsheet is presented in Figure 108.

An actual plant has reported a consumption of 29.2 GI/tNH [1080].

The second version has a $/C ratio of 2.5 and shift conversion with medium- and
low-temperature catalysts, both copper-based. For CO, removal Selexol or aMDEA is
chosen. The synthesis is performed at 140 bar with a Topsee two-bed S 200 radial
converter, followed by a single-bed radial S 50 converter (S 250 configuration). After
the converters, high-pressure steam is generated. An additional proprietary item is the
side-fired reformer.

For this most energy-efficient concept, so far not been demonstrated in an industrial
installation, a figure of 27.9 GI/tNH, is claimed for a stand-alone plant [1079].

Krupp —Uhde Process. Uhde (now Krupp — Uhde), in the ammonia business since
1928, markets a low-energy ammonia plant with classic process sequence and catalysts
[1083] - [1096]. High plant reliability at competitive overall costs was a major objective.
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Figure 108. Haldor Topsoe's low energy process
a) Desulfurization; b} Primary reformer; ¢) Secandary reformer; d) Shift conversion; €) CO, removal; ) Metha-
nation; g) Main compressor; h) Recycle compressor; i) Heat recovery; j) Converter

A process flow diagram together with the main process streams is presented in
Figure 105.

Key features are the high reforming pressure (up to 41 bar) to save compression
energy, use of Uhde's proprietary reformer design [1084] with rigid connection of the
reformer tubes to the outlet header, also well proven in many installations for hydrogen
and methanol service. Steam to carbon ratio is around 3 and methane slip from the
secondary reformer is about 0.6 mol % (dry basis). The temperature of the mixed feed
was raised to 580 °C and that of the process air to 600 °C. Shift conversion and
methanation have a standard configuration, and for CO, removal BASF's aMDEA
process is preferred, with the possibility of other process options, too. Synthesis is
performed at about 180 bar in Uhde's proprietary converter concept with two catalyst
beds in the first pressure vessel and the third catalyst bed in the second vessel.

After each converter vessel high pressure steam (125—130 bar, up to 1.5 t/t NH;) is
generated (Uhde also offers its own boiler design in cooperation with an experienced
boiler maker). Heat exchange between inlet and outlet of the first bed is performed in
the first vessel, and gas flow in all beds is radial. When only a minimum of energy
export (steam or power) is possible, the process heat from the secondary reformer
outlet is partly used to raise high-pressure steam, and partly for superheating high-
pressure steam. Refrigeration uses screw compressors with high operational flexibility
and efficiency.
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Achieved net energy consumption is about 28 GJ/t NH, and UHDE's engineers
expect values of below 27 GJ/t NH, when a gas turbine and large steam export is
included [1088].

LEAD Process (Humphreys & Glasgow, now Jacobs) [940], [1091]. The LEAD
process is a highly optimized conventional approach with synthesis at 125 bar and two
converter vessels, the first of which contains two catalyst beds with axial-flow quench-
ing, while the second has a third bed with small particle size catalyst and radial flow. A
consumption of 29.3 GJ/t NH; is claimed.

Exxon Chemical Process. The Exxon Chemical process [1092], [1093] was spectfi-
cally designed for the company's own site in Canada and so far not built for third
parties. It uses a proprietary bottom-fired primary reformer furnace and a proprietary
hot potash carbon dioxide removal system with a sterically hindered amine activator.
Synthesis loop and converter are licensed by Haldor Topspe A/S. Synthesis is carried
out at 140 bar in a Topsee S-200 converter and total energy consumption is reported to
be 29 GJ/t NH;.

Fluor Process. The Fluor process [280], [934], [940], [1094] uses the proprietary
propylene carbonate based CO, removal system with adsorption refrigeration using
low level heat downstream of the low-temperature shift. Methanation and CO, removal
are placed between the compression stages and thus operate at higher pressure. With a
value of 32 GJ/t NH; [934] this is not really a low-energy concept.

Lummus Process. For the Lummus process schemes [280], [940], [1095]-[1097] a
consumption of 29.6 [941] to 33.5 GJ/t NH, [1099] is quoted. In the synthesis section
either an axial flow quench converter or a radial flow converter with indirect cooling is
used. CO, removal is performed with a physical solvent, and there are no special
features compared to other conventional process configurations.

Integrating the ammonia and urea process into a single train was proposed by
Snamprogetti to reduce investment and operating costs [1099] (see also Chapter 7).

5.1.4.2. Processes with Reduced Primary Reformer
Firing

Braun Purifier Process [753], [940], {1100]-{1110]. Characteristic of the low-
energy Braun purifier process (originally C.F. Braun, later Brown & Root, now
M. W. Kellogg) is the reduced primary reformer duty, which is achieved by shifting
a proportion of the reforming reaction to the secondary reformer by using about 150 %
of the stoichiometric air flow. The excess nitrogen introduced in this way is removed
after the methanation step in a cryogenic unit known as a purifier [1105], which also
removes the methane and part of the argon. The result is a purer synthesis gas

180

Topsoe, Inc. — EX1003
Page 332 of 1210



Gas turdme Retosming T shifr (0, remova:

Methanation Orying Purifier Synthesis loop NHy recovery

Figure 109. The Braun puriﬁer ammonia process

a) Sulfur removal; b) Primary reformer; ¢) Convection section; d) Secondary reformer; €) Waste heat boiler;

£} Process air compressor: g) Gas turbine; h) High- and low-temperature shift converters; i) €O, removal solvent
reboiler; k) CO, absorber; ) €O, desorber; m) CO, stripper; n) Methanator; o) Driers; p) Purifier heat exchanger;
q) Expansion turbine; r) Purifier column; s} Synthesis gas compressor; t) Synthesis converters; u) Waste heat boiler;
v} High-pressure ammonia separator; w) Ammonia letdown vessel; x) Ammonia recovery from purge gas

compared to conventional processes, and only minimal purge from the loop is re-
quired. A typical flow diagram of this process is shown in Figure 109.

Synthesis is carried out in the proprietary Braun adiabatic hot-wall converter vessels
(Figure 94). Each catalyst bed (of which three are now used in newer plants [1104]) is
accommodated in a separate vessel with an inlet —outlet heat exchanger after the first
and high-pressure steam boilers after the following. The smaller furnace produces less
flue gas and consequently less waste heat, which makes it easier to design a balanced
plant with no energy export. The lower reforming temperature allows a reduction of
the steam/carbon ratio to about 2.75 without adverse effects on the HT shift, because
of the less reductive character of the raw gas on account of its higher CO, content. In
energy balanced plants, the use of waste heat in the secondary reformer effluent is split
between steam raising and steam superheating.

The concept shows great flexibility [1106] for design options. It is possible, for
example, to aim for minimal natural gas consumption, even at the cost of importing
some electric power. On the other hand, it is possible to improve the overall efficiency
further by exporting a greater amount of energy. In this latter case it is advantageous to
incorporate a gas turbine to drive the process air compressor. The hot exhaust (about
500 °C) of the turbine contains 16—17 mol % of oxygen and can serve as preheated
combustion air of the primary reformer. In addition it is possible to include an electric
generator to cover the plant demand and export the surplus. The Braun & Root process
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a) Desulfurization; b) Natural gas saturation; ¢) Process air compression; d1) Primary reformer; d2) Secondary
Reformer; €) Boiler; f) High temperature shift; g) Low temperature shift; h) Selexol CO, removal; h1) CO, absorber;
h2) Regenerator; i) Single stage compression: j} Methanation: k) Cooling and drying; 1) Circulator; m) Hydrogen
recovery; n) Ammonia converter; o) Refrigeration system
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can attain 28 GJ/t NH, in a balanced plant, but with steam export and realization of
the available improvement possibilities a value of 27 GJ/t NH, seems feasible.

ICI AMV Process. The ICI AMV process [1034], [1083), [1111]-[1122], also
operates with reduced primary reforming (steam/carbon ratio 2.8) and a surplus of
process air in the secondary reformer, which has a methane leakage of around 1%. The
nitrogen surplus is allowed to enter the synthesis loop, which operates at the very low
pressure of 90 bar with an unusually large catalyst volume, the catalyst being a cobalt-
enhanced version of the classical iron catalyst. The prototype was commissioned 1985
at Nitrogen Products (formerly CIL) in Canada, followed by additional plants in China.
A flow sheet is shown in Figure 110.

In the Canadian plant, only the air compressor is driven by a steam turbine, which
receives the total steam generated in the plant and has an electric generator on the
same shaft. All other consumers, including synthesis gas compressor, are driven by
electric motors. Separate machines are used for makeup gas and recycle compression.
The makeup gas compressor is located upstream of the methanator to make use of the
compression heat to warm up the cold gas coming from the Selexol carbon dioxide
scrubber.

A further key feature is that about half of the process steam is supplied by feed gas
saturation. The synthesis converter is a three-bed design with quench between the first
two beds and an exchanger after the second bed to raise the gas temperature of the feed
to the first bed. Excess nitrogen and inerts (methane and argon) are removed by taking
a purge gas stream from the circulator delivery and treating it in a cryogenic unit
operating at loop pressure. The recovered hydrogen is returned to the circulator
suction. Demonstrated efficiency is 28.5 GJ/t NH;.
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Foster Wheeler AM2 Process. The Foster Wheeler AM2 process 10351, [1123],
also belongs to the group of processes that shift load from the primary to the secondary
reformer, but differs from the preceding concepts in that only 20-50% of the total
feedstock is treated in the tubular primary reformer. The remaining feed is directly sent
to the secondary (autothermal) reformer which operates with a high surplas of process
air (up to 200%) and a rather high methane slip of 2.75 % (dry basis). After conven-
tional shift, further purification is performed by Selexol CO, removal, methanation,
and molecular sieve drying. A cryogenic unit operating at synthesis pressure rejects the
nitrogen surplus from the loop. An energy consumption of 29.3 GJ/t NH; is claimed.

Humphreys & Glasgow BYAS Process. The Humphreys & Glasgow (now Jacobs)
BYAS process [1113], {1124], {1125] resembles the above-described processes in its
principal process features: a considerable proportion of the feed is sent directly to the
secondary reformer, bypassing the fired primary reformer; use of excess air in the
secondary reformer; installation of a cryogenic unit as last step of make-up gas
production to remove excess nitrogen, residual methane, and the majority of the argon.
As a consequence the inert level in the loop can be kept rather low, with only a small
withdrawal of purge gas. An energy consumption as low as 28.7 GJ/t NH; is claimed
[1126]. The process is especially suited for revamps, where it allows plant capacity to be
increased.

Jacobs Plus Ammonia Technology [1127] is especially tailored for small capacities
in the 300 to 450 t/d range, with a load shift from primary to secondary reformer and
use of excess process air. To produce a stoichiometric synthesis gas the surplus nitrogen
has to be rejected in the final purification. This is done in a PSA unit, which receives
the purge gas and part of the synthesjs gas taken ahead of the methanation step. All
nitrogen, methane, residual carbon oxides, and argon are adsorbed to give a stream of
pure hydrogen. Hydrogen and the remainder of the synthesis gas downstream of
methanation are mixed to achieve a 3:1 H,:N, gas compositicn, with a lower inerts
content than the synthesis gas after methanation. The consumption figure reported for
a totally energy-balanced plant is 28.8 GJ/t NH,, and with substantial steam export a
value of 26.8 GJ/t NH; is claimed.

Montedison Low-Pressure Process. The Montedison low-pressure process [940],
{1036}, [1128], [1129] involves a split flow to two primary reformers. About 65 % of the
feed —steam mixture flows conventionally through the radiant tubes of a fired primary
reformer followed by a secondary reformer. The balance of the feed - steamn mixture
passes through the tubes of a vertical exchanger reformer. This exchanger reformer has
a tube sheet for the catalyst tubes at the mixed feed inlet. There is no tube sheet at the
bottom of the tubes, where the reformed gas mixes directly with the secondary
reformer effluent. The combined streams flow on the shell side to heat the reformer
tubes in a manner similar to that described for the M. W. Kellogg KRES reformer, see
Sections 4.1.1.8 and 5.1.4.3). The process air flow is stoichiometric. Synthesis is
performed at 60 bar in a proprietary three-bed indirectly cooled converter with am-
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monia separation by water, from which ammonia is then recovered by distillation using
low-grade heat. Other process steps are conventional. As driver of the process air
compressor the installation of a gas turbine is suggested with use of the hot exhaust
as preheated combustion air for the fired primary reformer. For this process, which has
been tested in a 50 bar pilot plant, an energy consumption of 28.1 G)/t NH, is claimed
[1036].

Kellogg's LEAP Process. In the late 1970s Kellogg [280], [938], [940], [1130] pro-
posed a process which extends the basic idea of the concept described above even
further. The flow of the preheated gas stream mixture is split into three streams, with
47 % through catalyst tubes in the radiant section of the fired primary reformer, 12%
through catalyst tubes in the convection section, and 41% through the tubes of an
exchanger reformer heated by the effluent of a secondary reformer. It was intended to
operate the ammonia synthesis at the pressure of the front end by using no synthesis
gas compression or only a small booster. An enormous quantity of the classical
ammonia synthesis catalyst would have been necessary, and for recovery of the am-
monia from the loop a water wash with subsequent distillation was suggested, using
low-level heat in an integrated absorption refrigerator. A consumption below 28 GJ/t
NH; was calculated.

In the GIAP concept [1133] 46% of the feed is reformed in a traditional fired
reformer and 54 % in an exchanger reformer, heated by the effluent of the secondary
reformer. The parallel operation avoids the need for air separation to provide oxygen-
enriched air for the secondary reformer. In case of availability of oxygen at the site, the
fired reformer may be eliminated and the whole reforming job is performed in the
exchanger reformer/secondary reformer combination. A conventional HT and LT shift
conversion is used, followed by an MDEA CO,-removal unit. For final purification PSA
is applied; there is no methanation step. The synthesis is performed at a pressure level
of 72 — 80 bar using conventional ammonia catalyst in three identical blocks consisting
of a reactor, a boiler, and an econormizer. Ammonia is condensed at -10 and —27 °C. An
overall consumption of 27.7 GJ/t NH; is claimed.

5.1.4.3. Processes without a Fired Reformer (Exchanger
Reformer)

ICI LCA Process. The ICI LCA process [1131] - [1136] was a radical breakaway from
the design philosophy of the highly integrated large plant used successfully for the
previous 25 years. Figure 111 shows a diagram of the so-called core unit which includes
only the sections essential for ammonia production (up to 450 t/d). A separate utility
section, shown in Figure 112, supplies refrigeration, steam, electricity, includes cooling
and water-demineralization system, and, if needed, recovers pure carbon dioxide. Both
figures show the configuration of the first two plants built at Severnside (UK) with a
capacity of 450 t/d each.
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a) Process air compressor; b) Start-up air heater; ¢) Hydrodesulfurization; d) Saturator; e} GIIR: [} Secondary
reformer; g) Shift converter; h) Desaturator; i) PSA system; j) Methanator; k) Gas dryer; 1) Ammonia converter;
m) Two-stage flash cooling (one stage shown); n) Chiller; o) Catchpot: p) Flash vessel ) Synthesis gas compressor.
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Figure 112. Arrangement of core units and utility section

Feed gas is purified in a hydrodesulfurization unit operating at lower than usual
temperatures and passes through a saturator to supply a part of the process steam,
while the balance is injected as steam. Heated in an inlet— outlet exchanger to 425 °C
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Figure 113. Kellogg's Ammonia 2000 process (integrated KRES/KAAP process)

a) Air separation unit; b) Air compressor; ¢) Process heater; d) Sulfur removal; ¢) Autothermal reformer;

) Reforming exchanger; g) HTS; h) LTS; i) Condensate stripper; j) CO, absorber; k) CO, stripper; 1) Methanator;
m) Dryer; n) Synthesis gas compressor; o) KAAP ammonia converter; p) Purge gas recovery unit; q) Refrigeration
exchanger; r) Refrigeration compressor

the mixed feed enters the ICI gas heated reformer (GHR) [471]-[473] at 41 bar,
passing to the secondary reformer at 715 °C. The shell side entrance temperature of
the GHR (secondary reformer exit) is 970 °C, falling to 540 °C at the exit of the GHR.
Methane levels at the GHR exit and the secondary reformer are 25% and 0.67%
respectively (dry basis). Overall steam to carbon ratio is 2.5—2.7. The gas, cooled to
265 °C in the inlet/outlet exchanger, enters a single-stage shift conversion reactor with
a special copper — zinc - alumina-based catalyst that operates in quasi-isothermal fash-
ion and is equipped with cooling tubes in which hot water circulates, whereby the
absorbed heat is used for feed gas saturation, as described above. CO, removal and
further purification is effected by a PSA system, followed by methanation and drying.

Synthesis operates at 82 bar in a proprietary tubular converter loaded with a cobalt-
enhanced formulation of the classical iron catalyst. Purge gas is recycled to the PSA
unit, and pure CO, is recovered from the PSA waste gas by an aMDEA wash. Very little
steam (60 bar) is generated in the synthesis loop and from waste gases and some
natural gas in the utility boiler in the utility section, and all drivers are electric.

The original intention was to design an ammonia plant which can compete with
modern large capacity plants in consumption and specific investment, and, by means
of lower energy integration, to achieve greater flexibility for start-up and reduced-load
operation, needing minimum staffing. The basic plant features (GHR, isothermal shift,
and synthesis) can in principle be applied to larger capacities. The flow sheet energy
consumption is 29.3 GJ/t NH;.
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Kellogg Ammonia 2000 Process [398], [476]-[478]. Kellogg has combined its
KAAP synthesis loop (see Sections 4.5.2 and 4.5.3) with its KRES exchanger reformer/
autothermal reformer combination (see Section 4.1.1.8) in Ammonia 2000, an opti-
mized integrated concept for green-field plants, intended for use in world-scale single-
train plants in the 1800 t/d range. Figure 113 presents a simplified flow diagram.

Desulfurized gas is mixed with steam and then split into two streams in approximate
ratio 2:1. These are separately heated in a fired heater. The smaller of the two enters
the exchanger reformer at 550550 °C, while the remainder is passed directly to the
autothermal reformer at 600-640 °C. The exchanger reformer and the autothermal
reformer use conventional nickel-based primary and secondary reforming catalysts,
respectively. To satisfy both the stoichiometry and the heat balance, the autothermal
reforme; is fed with enriched air (30% O,). The required heat for the endothermic
reaction in the tubes of the exchanger reformer comes from the gases on the shell side,
comprising a mixture of the effluent from the autothermal reformer and the gas
emerging from the tubes. The shell side gas leaves the vessel at 40 bar.

Synthesis proceeds at about 90 bar in a four-bed radial-flow converter (hot-wall
design) with interbed exchangers. The first bed is charged with conventional iron-based
catalyst for bulk conversion and the others with Kellogg's high activity ruthenium-
based catalyst, allowing an exit ammonia concentration in excess of 20% to be
obtained. The other process steps are more along traditional lines. The overall energy
consumption claimed for this process can be as low as 27.2 GJ/t NH;.

The LCA and Ammonia 2000 processes are environmentally favorable because
atmospheric emissions of both nitrogen oxides and carbon dioxide are dramatically
reduced as there is no reforming furnace.

Chiyoda Process [1137]. In this process the traditional fired primary reformer is
also replaced by an exchanger reformer and the heat balance requires excess air in the
secondary reformer with the consequence of a cryogenic unit as final step in the make-
up gas preparation to remove the surplus of nitrogen. Additionally, gas turbines are
proposed as drivers for the process air compressor and synthesis gas compressor with
the hot exhaust being used for steam generation and feed gas preheating.

5.1.4.4. Processes without a Secondary Reformer
(Nitrogen from Air Separation)

KTI PARC Process. The KTI PARC ammonia process [651]}, [1138] - [1144] uses the
following process elements: air separation unit, classical primary reformer at 29 bar,
standard HT shift, power generation in a Rankine cycle with CFC to generate electric
power (optional), carbon dioxide removal {optional, only when pure CO, product is
required), PSA, nitrogen addition, synthesis loop. In this concept four sections of the
classical process sequence (secondary reforming, LT shift, CO, removal, methanation)
can be replaced by the fully automatic high-efficiency PSA system, which has a
proprietary configuration (UOP) in which nitrogen flushing enhances hydrogen recov-
ery. The overall efficiency ranges from 29.3 to 31.8 GJ/t NH;.
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Figure 114. Comparison of Linde LAC process with a conventional process

Linde LAC Process. The recently announced Linde LAC process [1145]-[1149]
consists essentially of a hydrogen plant with only a PSA unit to purify the synthesis gas,
a standard cryogenic nitrogen unit, and an ammonia synthesis loop. In principle it is
similar to the PARC process, but designed for world-scale capacities. A 1350 t/d plant
is presently under construction. Figure 114 compares the LAC process to a conventional
one. If pure CQ, is needed, it can be recovered by scrubbing the off-gas from the PSA
unit at low pressure or, probably with better energy efficiency, by installing the CO,
removal unit directly in the synthesis gas train ahead of the PSA system. The synthesis
converter and loop are based on ICI and Casale know-how. According to Linde the
process should consume about 28.5 GJ/t NH; or, with inclusion of pure CO, recovery,
29.3 GJ/t NH,.

Humphreys & Glasgow MDF Process (now Jacobs) [280], [1097], [1098],
[1151]-{1153]. This concept has a configuration similar to the Linde LAC process.
Energy consumption with inclusion of pure CO, recovery (which is optional) is
32.8 GJ/t NH,;.

5.2. Ammonia Plants based on Partial
Oxidation

5.2.1. Ammonia Plants based on Heavy
Hydrocarbons

Although partial oxidation processes can gasify any hydrocarbon feedstock, on
account of its higher energy consumption and investment costs, commercial use of
this technology is restricted to the processing of higher hydrocarbons, which can
contain as much as 7% sulfur. Where natural gas is unavailable or the heavy feedstock
can be obtained at a competitive price, this gasification technology can be an economic
choice.
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There are two commercially proven partial oxidation routes for heavy feedstocks: the
Shell process and the Texaco process. Recently Lurgi has come out with an own partial
oxidation variant, named LurgiSVZ MPG Process (Section 4.1.2.2). In contrast to the
steam reforming, for which most contractors have their own proprietary technology for
the individual process steps, the engineering firms which offer ammonia plants based
on heavy hydrocarbons have often to rely for the individual process stages on different
licensors. Lurgi, for example, has built very large capacity ammonia plants that use
Shell's gasification process, its own proprietary version of the Rectisol process, Linde's
air separation and liquid nitrogen wash, and Topsee's technology for synthesis con-
verter and loop.

Independent, experienced engineering companies, not directly active in ammonia
plant design may be used as general contractors to coordinate a number of subcon-
tractors supplying the different technologies required. This is in line with the fact that
the degree of energy integration is usually lower than in steam reforming technology,
because in absence of a large fired furnace, there is no large amount of flue gas and
consequently less waste heat is available. Therefore, a separate auxiliary boiler is
normally included to provide steam for mechanical energy and power generation.
Nevertheless, some optimization has successfully reduced the overall energy consump-
tion, for which in older installations values of around 38 GJ/t NH, were reported. In
recent commercial bids, values as low as 33.5 GJ/t NH; have been quoted.

The arguments presented above suggest describing the two principal routes, Shell
and Texaco, which differ in the gasification process, rather than listing all individual
contractor design approaches. Figure 115 shows the classical sequence of process steps
for both cases.

Processes Using Shell Gasification (e.g., Lurgi) [521]-[531]. A cryogenic air
separation plant provides oxygen for the gasification and the nitrogen for the liquid
nitrogen wash and for supplying the stoichiometric amount for the synthesis of
ammonia. Oil enters the alumina-lined gasification vessel through a central jet in
the burner nozzle. A substantial pressure drop is needed to ensure atomization of
the oil and proper mixing with oxygen, fed through the annulus between the jet and
the outer case of the burner nozzle. The temperature in the gasification vessel (gen-
erator) is between 1200 and 1400 °C, and the pressure between 35 and 65 bar.

The hot gas contains soot, formed because of insufficient mixing of the reactants,
and fly ash. A waste-heat boiler, a proprietary item of the Shell process, raises 100 bar
steam and cools the gas to 340 °C. Soot is removed from the raw gas in a two-stage
water wash. Older installation used an elaborate technique to remove the soot from the
water by extraction with naphtha and light oil to form soot pellets which could be
burnt or recycled to the feed oil. In newer installations the carbon—water slurry is
filtered off in automatic filters, and the moist filter cake is subjected to a controlled
oxidation in a multiple-hearth furnace.

A selective Rectisol unit with methanol of about — 30 °C as solvent is used to remove
H,S and COS (together with some CO,) to less than 0.1%. The removed sulfur-rich
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(B) process (standard configuration)

fraction is sent to a Claus plant for recovery of elemental sulfur or converted to sulfuric
acid. The gas is heated subsequently by heat exchange, supplied with steam in a
saturator, and then fed to shift conversion, which proceeds stepwise with intermediate
heat removal. The gas is cooled by a direct water cooler, and the hot water is recycled
to the saturator.

A second Rectisol wash stage follows to remove CO, by absorption at — 65 °C in
methanol, which is regenerated by flashing and stripping. Molecular sieve adsorption
then removes residual traces of methanol and CO,. To remove residual CO a liquid
nitrogen wash is applied for final purification with the advantage of also lowering the
argon content in the makeup gas, which is adjusted by nitrogen addition to the
stoichiometric ratio N,:H, = 1:3. Converter and synthesis loop configuration depend
on the licensor chosen. Plant descriptions are given in [1154]-[1157].

Processes Using Texaco Gasification (e.g., Foster Wheeler, Linde, Uhde). Tempera-
tures in the generator are similar to those in the Shell process; units with operating
pressures up to 90 bar are in operation [513], [532], [533], [537], [540]—[542]. Some
modern installations (e.g., Linde) use pumps for liquid oxygen instead of oxygen
compressors. In contrast to the Shell arrangement, oxygen enters the gasifier through
the central nozzle of the burner, and oil is fed through the annular space between
central nozzle and outer burner tube. Instead of a waste-heat boiler a direct water
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quench is applied for cooling the raw synthesis gas, which is subsequently scrubbed
first in a Venturi scrubber and then in a packed tower to remove the soot. Texaco also
offers a version operating with a waste-heat boiler instead of a water quench. Although
this is preferable when producing CO-rich synthesis gases (e.g., methanol or oxogas),
quench is thought to be more economical when hydrogen-rich gases are manufactured.
Soot recovery from the water is performed by extraction with naphtha. The soot—
naphtha suspension is mixed with feed oil, and the naphtha is distilled off and recycled
to the extraction stage. The shift reaction uses a cobalt—molybdenum —alumina cat-
alyst [630], [640] —[643] which is not only sulfur-tolerant but also requires a minimum
sulfur content in the gas for proper performance. The conversion is subdivided into
stages with intermediate cooling by raising steam., The following Rectisol process has a
somewhat more elaborate configuration than the version used in the Shell route. The
large amount of carbon dioxide formed in shift conversion lowers the H,S concentra-
tion in the sour gas, and for this reason a special concentration step is required for
methanol regeneration to obtain pure CO, and a fraction sufficiently rich in H,S for a
Claus plant or a sulfuric acid plant. The remaining process steps are identical with the
Shell route. Figure 116 gives an example of a Linde flow diagram. Descriptions of plants
using the Texaco process can be found in {6301, {1158].

Topsoe Process. A concept using enriched air instead of pure oxygen and methana-
tion instead of a liquid nitrogen wash was proposed by Topsee [1159], [1160]. A Sheli
gasifier with a waste-heat boiler or a Texaco generator with a quench are equally well
suited to this process. After soot removal, shift conversion is performed on a sulfur-
tolerant catalyst in several beds with intermediate cooling, leaving a residual CO
content of 0.6 mol%. An appropriate process (Rectisol or amine based) removes the
sour gases H,S, COS, and CO,, and this is followed by methanation. Makeup gas
drying, compression, and synthesis loop have no special features. The anticipated
energy consumption is 34.8 GI/t NH;. A basically similar synthesis gas preparation,
but based on gasification with pure oxygen, is already used in large commercial plant
in Japan [1161].

Foster Wheeler Air Partial Oxidation process [1035], [1162] is a proposed mod-
ification of the Texaco gasification process. It is intended to operate at 70 bar with
highly preheated air (815 °C) instead of pure oxygen. The synthesis gas purification
train comprises soot scrubbing followed by shift conversion, acid gas removal (for
example Selexol), and methanation. The gas is dried and finally fed to a cryogenic unit,
which removes the surplus nitrogen by condensation together with methane, argon,
and residual carbon monoxide. The rejected nitrogen is heated and expanded in a
turbine, which helps to drive the air compressor.

A major aspect in the design concept is the separation of nitrogen and oxygen. A
conventional air separation plant is based on the fractional distillation of oxygen and
nitrogen, which differ in boiling point by only 13 °C. In the cryogenic unit for the
Foster Wheeler process a lesser quantity of nitrogen is separated from hydrogen with a
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Figure 116. Ammonia production based on heavy fuel oil (Linde flow scheme with Texaco gasification)

a) Air separation unit; b) Soot extraction; ¢) CQ, absorption; d) Methanol/H, O distillation; ) Stripper; {) Hot
regenerator; g) Refrigerant; h) Dryer: ) Liquid N, scrubber; j) Syngas compressor; k) NH; reactor

Malerial Balanee

much higher boiling point difference (57 °C). According to Foster Wheeler this leads ta
considerable saving in capital investment and energy consumption compared to the
traditional approach using pure oxygen from an air separation plant and a liquid
nitrogen wash for gas purification. A figure of 35.6 —~37.6 GJ/t NH, is claimed for heavy
oil feedstock and 31.4 —32.7 for natural gas as feedstock. A similar variant also using
air instead of pure oxygen is offered by Humphreys & Glasgow (now Jacobs) [1163].
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5.2.2. Ammonia Plants Using Coal as Feedstock

In the early days the entire ammonia industry was based on coal feedstock. Today
coal or coke (including coke oven gas) is no longer of major economic importance. In
1990, for example, only 13.5 % of the world ammonia capacity was based on this raw
material [410]. Apart from a few plants operating in India and South Africa, the
majority of coal-based ammonia plants is found in China. Commercially proven coal
gasification processes are Lurgi (dry gasifier), British Gas/Lurgi (slagging gasifier),
Winkler/HTW, Koppers—Totzek, Shell, Texaco, and Dow [544]-[546]. So far the
Koppers — Totzek, Texaco, and Lurgi processes have commercial importance for am-
monia production [548] - [554]. Pressureless Winkler gasification, which was used on
large scale in the 1930s and 1950s, later found limited application in some countries.
The Shell process, demonstrated commercially in another application with a capacity
equivalent to a world-scale ammonia plant, is a potential candidate for ammonia
production processes.

In recent years little development work has been done on complete ammonia plant
concepts based on coal. The traditional leading ammonia contractors have to rely on
proprietary processes licensed from different companies, which similarly tend not to
have specific ammonia technology of their own. Again, compared to a steam reforming
plant, the degree of integration is considerably lower; power generation facilities are
usually separate. Thus it is difficult to identify specific ammonia processes for the
individual contractors and the following descriptions serve as examples, without striv-
ing for completeness.

The Koppers—Totzek Process gasifies coal dust with oxygen in the temperature
range 1500 — 1600 °C at about atmospheric pressure. For a more detailed description of
the gasification, refer to Section 4.1.2.3 and [546], [555] - [561]. The cooled gas, free of
coal dust and fly ash, contains about 60 % of CO. The next step is compression to about
30 bar, followed by sulfur removal at —38 °C with chilled methanol (Rectisol process).
Steam is added for the shift conversion, carried out stepwise with intermediate heat
removal and with a standard HTS catalyst. A second Rectisol stage, operating at —58 °C
and 50 bar, removes the CO,, and the final purification step is a liquid nitrogen wash.
Any of the well known converter and synthesis loop concepts may be used, with no
purge or minimal purge, due to the practically inert-free makeup gas. Several plants are
operating in South Africa [1164], [1165] and India [1166].

The atmospheric-pressure gasification is a considerable disadvantage of this process
route, which substantially inecreases equipment dimensions and costs, as well as the
power required for synthesis gas compression. An energy input of 51.5 GJ/t Nli;
(LHV) has been reported. According to [563], the atmospheric ACGP gasifier (Section
4.1.2.3) could lower the consumption to 44 GJ/t NH, (HHV).

Lurgi Process. Lurgi [544], [545], [578]-[582], [1167] offers a concept using its
proprietary Lurgi dry bottom gasifier, described in Section 4.1.2.3. The moving-bed
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generator, which can handle any sort of coal (ash content may exceed 3G %), operates at
30 bar, and the product gas contains up to 15% CH,, higher hydrocarbons. trouble.
some phenolic material, and tars. After washing with process condensates to remove
ash and dust, the gas is cooled further with recovery of waste heat. Several process
steps treat the separated gas liquor to recover tar, phenols, and some ammonia. Shift
conversion, Rectisol process, and liquid nitrogen wash are the further operations in the
production of makeup gas. The liquid nitrogen wash produces a methane-rich fraction,
which is separately processed in a steam reformer, and the reformed gas rejoins the
main stream at the Rectisol unit for purification. The gasification has a power con-
sumption of 32-34 GJ/t NH;, and steam generation consumes 18-22 GJ/t NH,,
resulting in a total energy consumption of 5056 Gj/t NH,.

The Texaco Coal Gasification Process [545], [564]—[571], [1168]—[1172] (see
Section 4.1.2.3) originates from Texaco's partial oxidation process for heavy oilf frac-
tions and processes a coal —water slurry containing 60-70% coal. A lock hopper
system removes ash and glassy slag as a suspension from the quench compartment
of the generator. The process can handle bituminous and sub-bituminous coal but not
lignite. The further gas purification steps used to arrive at pure makeup gas correspond
to those described for an ammonia plant using the Texaco partial oxidation of heavy oil
fractions.

Ube Industries commissioned a 1000 t/d ammonia plant in 1984 using Texaco's coal
gasification process [1161], [1173]. An energy consumption of 44.3 GJ/t NH; is stated,
which is lower than the 48.5 GJ/t NH; quoted for another Texaco coal gasification-
based ammonia plant [544].

The other coal gasification technologies were discussed in Section 4.1.2.3, but so far
no newer ammonia concepts are bases on them.
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6. Modernization of Older Plants
(Revamping)

6.1. Revamping Objectives

With rising feedstock prices and hard competition in the market, many producers
have looked for possibilities to “revamp” or modernize their older, less efficient plants
so that they can stay competitive. Most revamp projects have been combined with a
moderate capacity increase because some of the original equipment was oversized and
only specific bottlenecks had to be eliminated, not entailing excessive cost. As the
market possibilities for a company do not increase in steps of 1000 or 1500 t/d but
slowly and continuously, such a moderate capacity addition will involve less risk and
will often be more economical than building a new plant.

For a revamp project first an updated base-line flow sheet of the existing plant
should be prepared from which the proposed improvement can be measured
[1174]-[1176]. Depending on the objective {energy saving and/or capacity increase)
the following guidelines should be kept in mind: maximum use of capacity reserves in
existing equipment; shifting duties from overtaxed units to oversized ones; if possible,
simple modifications of existing equipment are preferable to replacement; the amount
of additional equipment should be kept to a minimum [1175].

6.2. Revamping Options

To give an exhaustive list or description of the individual modification options is
beyond the scope of this article, but reviews on this subject and useful information are
given in [1027], [1177]-[1192]. Section 5.1.2 describes modifications that lower the
energy consumption in newer plant generations compared to the first generation of
single-train ammonia plants, and this also represents an overview of the revamp
options for existing steam reforming plants.

Just a few of the frequently used revamp possibilities should be mentioned here. In
steam reforming plants it is often possible to lower the steam/carbon ratio by using
improved reforming catalysts and copper-promoted HT shift catalysts. More active LT
shift catalysts lower the residual CO content, which will reduce H, loss (methanation)
and inert content in the makeup gas. Drying of the makeup gas, addition of hydrogen
recovery from purge gas, and installing a more effective CO, removal are other options.
With the aMDEA system, for example, which can be flexibly tailored to fit into existing
process configurations, it is, for example, possible to simply replace the MEA solvent
with the promoted aMDEA solution, with zero or only minor equipment modification.

Other measures, involving more additional hardware and engineering work, are
introduction of combustion air preheating and reducing the primary reformer load.
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This latter option is used when the revamp objective is capacity increase and the
primary reformer is identified as a bottleneck. One possibility is to increase the duty
of the secondary reformer and use air in excess of the stoichiometric demand. Elegant
variants of this principle are the Jacobs BYAS process (1113], [1124]. [1125] and the
Foster Wheeler AM2 process {1035], [1123], {1193]. Another method is to perform a part
of the primary reforming in a pre-reformer {462]-[469] that uses low-level heat.
Alternative methods to enlarge the reforming capacity make use of the process heat
of the secondary reformer in an exchanger reformer such as ICI's GHR [1194] or
Kellogg's KRES [478]. If oxygen is available, installation of a parallel autothermal
reformer or a parallel Uhde CAR unit [483)], [4851—[488] (see also Section 4.1.1.8)
could be considered. Description of executed revamp proiects are given in [1126],
[1196] -[12011.

Similarly, numerous modernization possibilities exist for partial oxidation plants,
and they may even outnumber those for steam reforming plants. Common to both
plant types is the potential for improvement of the synthesis loop and converter.
Application of indirect cooling and smaller catalyst particles are frequently chosen
to reduce energy consumption through lower pressure drop, reduced synthesis pres-
sure, higher conversion, or a combination thereof. Apart from replacing existing
converters, in situ modification of the internals of installed converters is a very
economic approach. Topsee [1182], [1202] mostly uses its Series 200 configuration;
and Ammonia Casale [905]-1908), [1203]-[1207] its proprietary ACAR technology,
with which more than 90 plants have been revamped so far. With a “split-flow”
configuration Kellogg proposed an in situ revamp option to change its four-bed quench
converter into a two-stage intercooled converter (with two parallel beds for the second
stage) using smaller catalyst particles of 1.5-3.5 mm and 3 -6 mm [1208], [1205]. A
promising loop modernization option for the future will be the Kellogg KAAP process
[398], [1210].

The fact that more than 40% of world ammonia plants are older than 20 years
suggests that there is a major potential for revamp projects, even in plants which have
already made modifications.
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7. Integration of Other Processes
into an Ammonia Plant

There are—at least theoretically—many possibilities to integrate other processes
into an ammonia plant. To a limited extent this is possible with an existing ammonia
plant, but in this case the production rate of the side product should be small
compared to ammonia production. A very simple case with practically no interference
with the operation of ammonia production (only a small loss of production if it is not
compensated by an adequate increase of synthesis gas generation) is the production of
pure hydrogen from the synthesis purge gas by PSA, for example. Carbon monoxide
may be produced from a sidestream upstream of the HT shift. With the use of the
COSORB process it should be posible to produce in typical 1000 t/d ammonia plant
2000 m*/h CO with only 2% more feed and 3 % additional fuel according to calcula-
tions of KTI [650]. Hydrogen production from a sidestream by using PSA is of course
possible, too. Designing a grass-root steamn reforming plant for a sizeable co-production
of, e.g., methanol seems to be economically not very promising, especially if a flexible
production rate for the two products is required. Because of the high degree of energy
integration in a steam reforming plant an investment penalty is most likely. But in the
less integrated partial oxidation plant this seems to be an attractive option, and there
are several large installations producing ammonia, methanol, and hydrogen {1214],
[1215]. A few years ago, when ammonia prices were low and the methanol prices were
sky-rocketing, some producers considered total conversion of an ammonia plant to
methanol, but looking at the fonger term the prices usualy develop in parallel.

Under favorable conditions, when the front end of an existing ammonia plant has
capacity reserves, and the bottleneck is, for example, compression and synthesis, and
probably also CO, removal, a revamp to incorporate parallel methanol production
might be economically attractive. Options for a partial retrofit are described in [1216];
[1496]; an example for a co-production in a side stream with a separate methanol loop
is given in Figure 117 {1217].

Integrating ammonia and urea production {1218] has been discussed frequently in
the past, in most cases with respect to energy and CO, supply. For total conversion of
the ammonia, the CO, produced in partial oxidation plants suffices but is at deficit in
plants based on steam reforming of natural gas.

An integration of ammonia und urea on the process side has been suggested for
example by Toyo Koatsu [1219], [1220], M. W. Kellogg [1221] and Snampregetti
[1222] - [1224]. In these ideas the main point of integration is the carbon dioxide
removal stage, which is performed by washing with an ammonium carbamate/ammo-
nia solution. The Snamprogetti concept uses a falling film adsorber. A falling film
absorber could also be applied for ammonia recovery from the synthesis loop with the
aquaeous ammonia being sent directly to the urea reactor. The introduction of the raw
CO,-containing synthesis gas into the urea reactor was even proposed in one publica-
tion,
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Figure 117. Methanol co-production (sidestream loop}
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8. Material Considerations for
Equipment Fabrication

8.1. Hydrogen Attack

In several steps of the ammonia production process, especially in the synthesis
section, the pressure shells of reaction vessels as well as the connecting pipes are in
contact with hydrogen at elevated pressure and temperature with a potential risk of
material deterioration {1211]-[1213], [1484].

Chemical Hydrogen Attack. Under certain conditions chemical hydrogen attack
[1225], [1226], [1228] can occur. Hydrogen diffuses into the steel and reacts with the
carbon that is responsible for the strength of the material to form methane, which on
account of its higher molecular volume cannot escape. The resulting pressure causes
cavity growth along the grain boundaries, transforming the steel from a ductile to a
brittle state. This may finally reach a point where the affected vessel or pipe ruptures,
in most cases without any significant prior deformation. This phenomenon was already
recognized and principally understood by BoscH et al. [1] when they developed the
first ammonia process. The resistance of steel against this sort of attack can be
enhanced by alloy components which react with the carbon to form stable carbides
(e.g., molybdenum, chromium, tungsten, and others). The rate of deterioration of the
material depends on the pressure of the trapped methane, the creep rate of the
material, and its grain structure. Areas highly susceptible to attack are those which
have the greatest probability of containing unstable carbides, such as welding seams
[1227}. The type of carbides and their activity are strongly influenced by the guality of
post-weld heat treatment (PWHT). The risk of attack may exist at quite moderate
temperatures (ca. 200 °C) and a hydrogen partial pressure as low as 7 bar.

Numerous studies, experiments and careful investigations of failures have made it
possible to largely prevent hydrogen attack in modern ammonia plants by proper
selection of hydrogen-tolerant alloys with the appropriate content of metals that form
stable alloys. Of great importance in this field was the work of NELSON [1226], {1228],
[1229], who summarized available experimental and operational experience in graphi-
cal form. These Nelson diagrams give the stability limits for various steels as a function
of temperature and hydrogen partial pressure. In [1230], [1231], CLASS gives an
extensive survey, still valid today, on this subject. Newer experience gained in industrial
applications required several revisions of the original Nelson diagram. For example,
0.25 and 0.5 Mo steels are now regarded as ordinary nonalloyed steels with respect to
their hydrogen resistance [1228].

Physical Hydrogen Attack. A related phenomenon is physical hydrogen attack,
which may happen simultaneously with chemical attack. It cccurs when adserbed

209

Topsoe, Inc. — EX1003
Page 351 of 1210



Material Considerations for Equipment Fabrication

molecular hydrogen dissociates at higher temperatures into atomic hydrogen, which
can diffuse through the material structure. Wherever hydrogen atoms recombine to
molecules in the material structure (at second-phase particles or material defects such
as dislocations) internal stress becomes established within the material. The result is a
progressive deterioration of the material that lowers its toughness until the aftected
piece of equipment cracks and ultimately ruptures.

The phenomenon is also referred to as hydrogen embrittlement. 1t is most likely to
occur in welds that not received proper PWHT. Holding a weld and the heat-affected
zone for a prolonged period at elevated temperature (an operation known as soaking)
allows the majority of included hydrogen to diffuse out of the material. But this may
not be sufficient if moisture was present during the original welding operation (for
example if wet electrodes or hygroscopic fluxes were used), because traces of atomic
hydrogen are formed by thermal decomposition of water under the intense heat of the
welding procedure. Highly critical in this respect are dissimilar welds, such as those
between ferritic and austenitic steels [1232], where the formation of martensite, which
is sensitive to hydrogen attack, may increase the risk of brittle fracture.

At higher temperature and partial pressure, hydrogen is always soluble to a minor
extent in construction steels. For this reason it is advisable not to cool vessels too
rapidly when taking them out of service, and to hold them at atmospheric pressure for
some hours at 300 °C so that the hydrogen can largely diffuse out (soaking). In contrast
to the hydrogen attack described above this phenomenon is reversible.

It has been reported {1233}, {1234} that hot-wall converters in which the pressure
shell is in contact with ammonia-containing synthesis gas at 400 °C have developed
cracks in circumferential welding seams to a depth nearly approaching the wall thick-
ness in places. This was surprising because the operating conditions for the material (2
1/4Cr-1Mo) were well below the Nelson curve. One investigation [1235] concluded that
hydrogen attack had occurred by a special mechanism at temperatures lower than
predicted by the Nelson diagram. Nitriding proceeding along microcracks could trans-
form carbides normally stable against hydrogen into nitrides and carbonitrides to give
free active carbon, which is hydrogenated to methane. High residual welding stress and
internal pressure are considered to be essential for the propagation of the cracks. A
rival theory [1234], [1236] attributes the damage to physical hydrogen attack resulting
from the use of agglomerated hygroscopic flux in combination with insufficient soak-
ing. However, no problems were experienced for the same converter design in other
cases where non-hygroscopic flux was used for welding and a more conservative vessel
code was adopted, leading to less stress on account of thicker walls. Recent unpub-
lished observations seem to support the nitriding mechanism.
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8.2. Nitriding

Nitriding is a problem specific to the ammonia converter. It occurs in the presence
of ammonia on the surface of steel at temperatures above 300 °C [1237]-[1240]. With
unalloyed and low-alloy steels, the nitride layer grows with time to a thickness of
several millimeters. Austenitic steel, used for the converter basket, develops very thin
but hard and brittle nitride layers, which tend to flake off. In the nitrided areas, the risk
of formation of brittle surface cracks exists.

8.3. Temper Embrittlement

For heat-resistant steels long-term service at temperatures above 400 °C (e.g., high-
pressure steam pipes) can lead to a decline in impact strength. Normally, transition
temperatures (precipitous decline of notched bar impact values) of below 0°C are
encountered, but this can increase to 60 °C and more (temper embrittlement).

The susceptibility to temper embrittlement can be reduced by controlling the level of
trace elements (Si, Mn, P, Sn) in steels [1241], [1242]. Vessels for which temper
embrittlement is anticipated should not be pressurized below a certain temperature.

8.4. Metal Dusting

Metal dusting [1243] - [1249] is a corrosion phenomenon which has come into focus
again in the last few years with the introduction of exchanger reformer technology and
the operation of steam superheaters in the hot process gas downstream of the second-
ary reformer waste heat boiler. Conventional carburization is a familiar problem with
high-temperature alloys in steam reforming furnaces caused by inward migration of
carbon leading to formation of carbides in the metal matrix. It happens at high
temperatures, typically above 800 °C, and the carbon originates from cracking of
hydrocarbons. In contrast, metal dusting occurs at 500-800 °C on iron —nickel and
iron—cobalt based alloys with gases containing carbon monoxide. The Boudouard
reaction, strongly catalyzed by iron, nickel, and cobalt, is generally regarded as the
source of the carbon in this case. It is assumed that thermodynamically favored sites
exist for these elements at the surface and enhance the carbon deposition if the gas
composition corresponds to a carbon activity >1 [1247], [1248].

As the name implies, the affected material disintegrates into fine metal and metal
oxide particles mixed with carbon. Depending on the defects in a protective oxide film
on the metal surface and the ability of the material to sustain this film, an induction
period may be observed until metal dusting manifests itself as pitting or general attack.
A possible mechanism was proposed by GRaABKE [1250] and HocumanN [1251].
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At least from a theoretical point of view, alloys formulated te form chromium,
aluminum, or silicon oxide films should exhibit an increased resistance. Efforts to find
solutions for this problem are continuing, but at present the following situation must
be accepted: virtually all high-temperature alloys are vulnerable to metal dusting;
higher steam/carbon ratios reduces this sort of corrosion; improvements may be
expected by additional surface coating (for example with alaminum). With materials
such as Inconel 601, 601H, 625 and similar alloys it is at least possible to reduce the
attack to a level which is tolerable in practical operation. The active sites at the metal
surface which catalyze the Boudourd reaction can be poisoned by H,S, thus inhibiting
the initiation of metal dusting [1248].

8.5. Hydrogen Sulfide Corrosion

Corrosion by hydrogen sulfide in partial oxidation plants can be controlled by the
use of austenitic steels, but special care to ensure proper stress relief of welds is
advisable to avoid stress corrosion cracking in these plants caused by traces of chlorine
sometimes present in the feed oil.

8.6. Stress Corrosion Cracking

Stress corrosion cracking (SCC) of many steels in liquid ammonia is a peculiar
phenomenon. It occurs at ambient temperature under pressure as well as in atmo-
spheric storage tanks at — 33 °C. Extensive studies [1252]-[1265] have defined the
conditions under which SSC in liquid ammonia is likely to occur and how it may
largely be prevented, but the mechanism is so far not fully understood. Preventive
measures include maintaining a certain water content in the ammonia and excluding
even traces of oxygen and carbon dioxide. Welds in pressurized vessels must be
properly stress-relieved, and in atmospheric tanks it is important to select the appro-
priate welding electrodes, avoid excessive differences of the thickness of plates welded
together and choose the correct geometry of welding seams (see also Section 9.1.1).
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9. Storage and Shipping

Producing and processing ammonia requires storage facilities to smooth out fluctua-
tions in production and usage or shipments. If manufacture and use occur in separate
locations, then appropriate transport must be arranged [1266]. This may be by ocean-
going ships, river barges, rail or tank cars, or by pipelin:. Ammonia is usually handled
in liquid form, but in some cases delivery of ammonia vapor to downstream consumers
on site may have some advantage due to savings of refrigeration energy in the ammonia
plant. If there is an opportunity for on-site usage or marketing of aqueous ammonia,
obtained as a byproduct of purge-gas scrubbing or, less frequently, deliberately pro-
duced, storage and handling facilities for this product will also be needed, but com-
pared to liquid ammonia the demand is negligible.

Liquid ammonia is a liquefied gas. Its storage and distribution technologies therefore
have much in common with other liquefied gases. Reference {399, vol. IV] summarizes
the literature on storage, handling, and transportation of ammonia.

9.1. Storage

Three methods exist for storing liquid ammonia [1267], {1268]:

1) Pressure storage at ambient temperature in spherical or cylindrical pressure vessels
having capacities up to about 1500 t

2) Atmospheric storage at ~ 33 °C in insulated cylindrical tanks for amounts to about
50000 t per vessel

3) Reduced pressure storage at about 0 °C in insulated, usually spherical pressure
vessels for quantities up to about 2500 t per sphere

The first two methods are preferred, and there is growing opinion that reduced-
pressure storage is less attractive [399}. However, in many cases, the combination of
atmospheric and pressure storage may be the most economic concept (Fig. 118). The
determining factors for the type of storage—apart from the required size—are tem-
perature and the quantity of ammonia flowing into and out of storage [1269].

Characteristic features of the three types of storage are summarized in Table 40
[402]. For pressurized storage, spheres with a capacity up to 1500 t have been con-
structed, in which case the ratio tonnes ammonia per tonne of steel will become about
6.5.
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Table 40. Characteristic features of ammonia storage tanks

Type Typical pressure, Design tempera- ¢ ammonia per t  Capacity, t am- Refrigeration
bar ture, °C steel monia compressor

Pressure storage  16-18 ambient 2.8 < 2707 none

Semi-refrigerated 3-5 ca. 0 10 450-2700 single stage

storage

Low-temnperature  1.1-1.2 - 33 41-45 450045 000 two-stage

storage

) Refers to cylindrical tanks ("bullets”); spherical vessels see Section 9.1.1.

From synthesis piant Liquid ammania

15-2.0MPza

To ronsumers

inerts to flare ar scrubber

- -

Figure 118. Ammonia terminal with loading and unloading facilities
a) Sphere at ambient temperature; b} Tank at ambient pressure (refrigerated); ¢) Puraps; d) Compressors; e) Air-
cooled condenser; [} Barge with pressure tank; @) Barge for ammonia at ambient pressure; h) Booster; ) Rail car or

truck; k) Heater

9.1.1. Pressure Storage

This system is especially suitable for:

— Storing small quantities of ammonia

— Balancing production variations with downstream units processing pressurized am-

monia

— Loading and unloading trucks, tank cars, and marine vessels carrying pressurized

ammonia
— Entrance to or exit from pipeline systems

Usually, cylindrical pressure vessels are designed for about 2.5 MPa. The larger
spherical vessels are designed only for about 1.6 MPa to avoid wall thicknesses above
30 mm. A coat of reflecting paint or, frequently in hot climates, an outer covering of
insulation may be used on the vessels to avoid solar radiation heating. Spraying the
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vessel with water is very effective against intense solar radiation but does stain and
damage the paint. As a rule, liquid ammonia fed to storage from a synthesis loop
carries inert gases with it. Besides the prescribed safety relief valves, pressure control is
provided for the storage drum by controlled bleeding of the inert gases through a
pressure-reducing valve, for example, into a water wash system (Fig. 118).
Sometimes high-strength or fine-grained steels are used in making pressure vessels.
These may be susceptible to stress corrosion cracking by ammonia. Safely avoiding this
hazard requires careful thermal stress relief after completing all welding on the vessel.
The shape of the vessel depends above all on its capacity:

Cylindrical, usually horizontal for up to about 150t

Spherical vessels resting on tangentially arranged support columns but also more
recently, for static and safety reasons, in a suitably shaped shallow depression for
about 2501500 t.

Ancillary equipment, designed for at least 2.5 MPa (25 bar): meters and flow con-
trols for pressurized ammonia feed and effluent streams; centrifugal pumps for dis-
charging into liquid ammonia supply piping and for liquid ammeonia loading; equip-
ment for safe pressure relief for ammonia vapor and inerts (see Fig. 118 and [1268)).
Design of pressure storage tanks and the related safety aspects are discussed in [1270].

Stress corrosion cracking (see also in Section 8.6 in pressurized ammonia vessels
and tanks is a problem which has been discussed in many papers [1252]-[1265],
[1271]-11276]1. The mechanism of this phenomenon, the influence of water, and the
role of oxygen are not yet completely understood, in spite of extensive research. A
review is given in [1277]. As it is generally accepted that addition of water may inhibit
stress corrosion [1263], [1264] it has become a widely used practice to maintain a
water content of 0.2% in transport vessels [1264]. Protection may also be achieved by
aluminum or zinc metal spray coating {1275], [1277]. More recent research [1273],
{12771, however, has shown that water may not give complete protection.

The prevailing opinion was that stress corrosion should occur in atmospheric storage
tanks [1278]. Therefore, it was somewhat surprising when cases of stress corrosion in
atmospheric ammonia tanks were reported [1279]-[1281]. Descriptions of further
incidents, inspection techniques, and repair procedures can be found in [1276],
[1282] - [1289], [1290].

In 1995, the capital investment, including ancillary equipment, for a 1000-t pressur-
ized ammonia storage facility amounted to about § 3.5 x 10° (6 x 10° DM).

9.1.2. Low-Temperature Storage

Modern single-train plants need to have large-volume storage facilities available to
compensate for ammonia production or consumption outages. Storage equivalent to
about 20 days is customary for this. Moreover, transporting large amounts of ammonia
by ship or pipeline and stockpiling to balance fluctuations in the ammonia market have
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great importance. Therefore, correspondingly large storage facilities are necessary at
ship and pipeline loading and unloading points.

For comparable large storage volumes, the capital investment costs for atmospheric
pressure storage are substantially lower than for pressure storage. In spite of higher
energy costs for maintaining the pressure and for feed into and out of atmospheric
storage, it is still more economical than pressure storage. This applies especially to
storage of ammonia coming from the synthesis loop at low temperature and loading
and unloading of refrigerated ships.

For atmospheric storage at —33 °C single tanks with a capacity up to 50000t of
ammonia are available [1290]. Design pressure is usually 1.1-1.5 bar (plus the static
pressure of the ammonia). The cylindrical tanks have a flat bottom and a domed roof
and are completely insulated. Refrigeration is provided by recompression of the boil-
off, usually with two-stage reciprocating compressors. Incoming ammonia of ambient
temperature is flashed to — 33 °C before entering the tank, and the vapors from the
flash vessel are also fed to the refrigeration unit. Refrigeration units have at least one
stand-by unit, mostly powered by a diesel engine. Single-wall and double wall tanks are
used in the industry.

Single-Wall Tanks. The single-wall tank has a single-shell designed for the full
operating pressure. Mats or panels of rock wool or foamed organics (e.g., in-situ
applied polyurethane foam) are used for insulation of single wall tanks. The outside
insulation must be completely vapor tight to avoid icing and requires the highest
standards of construction and maintenance to avoid hazardous deterioration by me-
teorological influences. A metal sheet covering is normally applied, and sometimes a
bond wall of reinforced concrete or steel is added [1291], [1292].

Double-wall tanks are known in various designs. In the simplest version an inner
tank designed for storage temperature and pressure is surrounded by a second tank.
The annular space between the two walls is filled with insulation material, for example,
Perlite. The main purpose of the outer shell is to contain and hold the insulation.
Today's usual practice is to design the outer shell to the same standard as the inner
shell. This so-called double-integrity tank concept provides an additional safety mea-
sure as the outer tank can hold the full content if the inner shell fails.

Further safety provisions include surrounding the tanks by dikes or placing them in
concrete basins to contain the liquid ammonia in the event of a total failure. Discus-
sions of such secondary containment are found in [1285], [1291]-[1293].

Two principle “double integrity” designs are used as shown in Figure 119. In Fig-
ure 119 A and B the inner tank has a solid steel roof and is pressure-tight, whereas the
gap between inner and outer shell, which can withstand the full hydrostatic pressure at
operating temperature, is only covered by the water-tight insulation. The insulation for
the inner shell may fill the total annular space [e.g., lightweight concrete [1294] or
Perlite (B)] or may consist of an organic foam attached to the outside of the inner shell

(A).
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3 Figure 119. Arrangements of refrigerated ammo-
nia tanks

a) Waterproof roofing: b} Steel roof: ¢) Inner steel
shell; d) Foamed organic materials or rock wool:
¢) Healing coils; f) Stay bolts; g) Inner steel base;
h) Concrete ring wall; iy Loose Perlite or light-
weight concrete and rock wool; j) Quter steel sheil
and base; k) Cellular glass or lightweight concrete;
I} Suspended deck with insulation; m) Pile foun-
dation; n) Steel roof and shell or prestressed con-
crete lined for vapor containment; o) Loose Perlite
or insulation on liner or in space

In the design according to Figure 119 C the outer tank is pressure-tight. The inner
tank has a suspended roof and the insulation fills the annular gap, which contains an
atmosphere of ammonia vapor.

Because of the static loading, cellular glass or lightweight concrete [1294] is used for
the floor insulation in all cold tank systems. A foundation as shown in Figure 119 A
and B requires underground heating to prevent formation of a continuous ice sheet
under the tank, which could lift it. If, as in Figure 119 C, the tank bottom is on piles
above ground level, heating is unnecessary.

The tanks are fabricated by welding on site, from steels which retain their notch
ductility strength at low temperature. Corresponding to the decreasing static pressure,
steel plate thickness in the cylindrical shell is reduced stepwise from bottom to top.
Technical details and design questions are treated in [399 Vol V], [1293],
[1295] - [1297]. Influence of climatic conditions on design and operation is considered
in [1298]. Specific cases and foundation problems are discussed in [1296],
[1299]-[1301]. Retrofitting of existing storage tanks is described in [1302], [1307].
Maintenance and inspection procedures are covered in [1303]-[1309]. For stress
corrosion occurred in atmospheric tanks see Section 9.1.1.

A rough budget figure of the capital investment in 1996 for double-integrity tank
with a capacity of 20000t is around 15 x 10° DM. For large capacity storage
(> 20 000 t) presently 600—800 DM/t NH; have to be invested [1476]. Inclusion of
facilities to receive or deliver pressurized ammonia at ambient temperature would add
a few millions more. Additional costs may result from high safety standards (e.g., dikes,
emmission monitering systems, ammonia sensors, and computerized control systems)
and long transfer lines to shipping terminals.

Energy consumption would also increase considerably, to about 80 kWh/t ammonia
throughput. In addition, substantial investment will be necessary for a complete
terminal including, for example, a jetty and equipment for ship loading and facilities
for loading rail and/or tank cars.
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9.1.3. Underground Storage

For years, the liquefied petroleum gas (LPG) industry has used pressurized under-
ground liquefied gas storage. This technique has been applied to ammonia also.
DuPont has operated a rock cavern in the United States with a capacity of 20 000 t.
Norsk Hydro has one in Norway at 50 000 t. Because of the contaminants occurring in
liquid ammonia stored this way and the lack of suitable construction sites, no further
storage facilities of this kind have been built for a long time. Underground fertilizer
ammonia storage was planned in Russia [1310].

9.1.4. Storage of Aqueous Ammonia

To allow storage and transportation at temperatures up to 35 °C, the eoncentration
of aqueous ammonia should not exceed 25%, because of its vapor pressure. A small
facility uses mostly cylindrical vessels. The capacity of the transporting equipment
determines the storage volume, e.g., at least 40 m’ storage volume for 30 m® tank
cars. For larger capacities, tanks are used. If it is necessary to avoid contaminating the
aqueous ammonia by iron hydroxide, austenitic (stainless) steels may be used instead
of the usual carbon steels.

9.2. Transportation

9.2.1. Transportation in Small Containers

The most common containers are:

— Cylindrical steel bottles and pressurized flasks for about 20-200 kg anhydrous
ammonia to meet the requirements of laboratories, small refrigeration systems,

and the like
— Polyethylene canisters, metal casks, and the like for 25 % aqueous ammonia.

9.2.2. Transportation in Trucks and Rail Cars

The most widely used methods are:

With pressure vessels for anhydrous ammonia (maximum allowable operating
pressure about 2.5 MPa)
With atmospheric pressure vessels for 25% aqueous ammonia
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With vessels designed for elevated pressure for high-concentration aqueous ammo-
nia (maximum allowable operating pressure in accordance with the ammonia
content up to 1.6 MPa).

A modern rail car loading station for anhydrous and aqueous ammonia is described
in [1311], [1312].

The distribution in rail cars (capacities normally up to 100 m’; Jumbo rail cars
150 m*) and trucks primarily serves to supply smaller processing operations and
wholesale merchants. However, rail transport of liquid ammonia may to some extent
supplement large marine and pipeline shipments. Reference [1318] examines rail
freight cost. Normally, shipping liquid ammonia by truck is used only where other
means of transport are not available, e.g., in the agricultural practice of direct fertiliza-
tion.

9.2.3. Shipping in Ocean-Going Vessels and
River Barges

Regarding the transport volume, shipping of anhydrous ammonia is far more
important than transport by rail. In 1991, for example, a total of 10 x 10°¢t of
anhydrous ammonia was transported by ocean-going vessels (IFA statistics). Overseas
shipping gained great momentum through exports from producers in countries with
low natural gas prices or low-price policies [1314]. A comparison of shipping costs is
given in [1315]; for more up-to-date information consult the journal Nifrogen, pub-
lished by British Sulfur, which regularly reports shipping prices. Most river barges have
loading capacities of 400 to 2500 t and mostly have refrigerated load, but a few are
pressure vessels. Ocean-going vessels may transport as much as 50000t of fully
refrigerated ammonia.

9.2.4. Transport by Pipelines

Transport of large volumes of ammonia by pipeline [1315], [1316] over great dis-
tances is far more economical than by river barge or rail. In the USA the MidAmerica
Pipeline System (MAPCO) extends from northern Texas, across Oklahoma, Kansas,
Nebraska and Iowa and ends in Minnesota, all intensive agricultural areas. The total
length is 1754 km. The Gulf Central Pipeline is with 3057 km the longest system and
connects the major producers along the Texas and Louisiana Gulf coast with terminals
in Arkansas, Iowa, Illinois, Indiana, Nebraska, and Missouri [1317], [1324], [1325].
Another shorter system (132 km) is the Tampa Bay Pipeline (Florida). MidAmerica
Pipeline, for example, has a peak delivery capacity of 8000t/d for a number of
destinations {1318], the hold up is about 20 000 t. Maintenance is described in [1319].
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As ammonia is transported at a temperature of at least 2 °C (pressure between 22
and 100 bar) it has to be warmed up at the supplier terminal and cooled down again to
—33 °C at the receiver terminal. Main branches have diameters of 200 and 250 mm
(8-10 in). Exact knowledge of the p— V- T properties is important [1320]. Automatic
lock valves are installed at intervals of 10 miles, so that the volume which can be
released between two valves is limited to 400 t.

The world's longest ammonia pipeline has been in operation since 1983 in Russia,
connecting the large production facilities Togliatti/Gordlovka with the terminals Gri-
gorowski/Odessa at the Black Sea over a distance of 2424 km [1315]. Apart from some
short pipeline connections, most of them shorter than 50 km, there is no significant
pipeline transport in Europe, where ammonia is predominantly further processed in
downstream facilities on site and where no widespread direct application to agricul-
tural crops exists.
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10. Quality Specifications and
Analysis

The quality of the ammonia product depends to some extent on the operating
conditions of the production plant and storage. For example, water content from a
synthesis loop receiving a dry make-up gas is about zero, whereas plants which receive
the feedgas after a methanation without further drying may give a water content of
0.1-0.2%. Oil may be introduced by the seal oil of the synthesis compressor, but on
account of its low solubility in liquid ammonia it usually settles out on storage, so that
only a minor concentration will remain in commercial deliveries. There are two
commercial qualities of anhydrous ammonia: commercial (technical) grade (ammonia
as received from production and storage) and refrigeration grade (technical product
purified by distillation [1321] or molecular sieve adsorption). Table 41 lists the com-

Table 41. Minimum quality requirements for ammonia

Quality Commercial grade Refrigeration grade

uUsa FRG USA FRG
Purity wi%, min 99.5 99.5 99.98 99.98 *
Water wt%, max 0.5 0.2 0.015 0.2
fuerts ** mL/g, max not spec'd not spec'd 0.1 0.08
Oil ppm by wt 5.0 5.0 3.0 not spec'd

Free of H,S, pyridine, and naphthene

* Allowable boiling point change on vaporization of 5-97% of the test sample, 0.9 °C
** The noncondensable gases dissolved in ammonia are H,, N,, CHy, and Ar. Their amounts depend on the
methods of synthesis and storage. The inerts amount to about 50 ml/kg for atmospheric storage.

mercial specifications. The relevant standards are US Specification OA-445a, Supple-
ment 5 (1963) and, in Germany, DIN 8960 {1972) for refrigeration-grade ammonia. To
inhibit stress corrosion cracking a water content of at least 0.2% for shipped and
pipelined liquid ammonia is generally recommended and is mandatory in the USA.

Various concentrations and purities of agueous ammonia are on the market. Mostly,
the concentration is 25—30% NH; and the iron content less than 10 ppm. Shipping in
pressure vessels is necessary for ammonia contents above 25% because of its elevated
vapor pressure. For more stringent purity requirements for aqueous ammonia, the
containers should be made of seawater-resistant aluminum (magnesium alloyed) or
austenitic steels.

Analysis. Ammonia is readily detectable in air in the range of a few parts per million
by its characteristic odor and alkaline reaction. Specific indicators, such as Nessler's
reagent (Hg] in KOH), can detect ammeonia in a concentration of 1 ppm, For the
quantitative determination of ammonia in air, synthesis gas, and aqueous solutions,
individual (manual) and continuous (recorded) analyses can be made (for a measure-
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ment station for automatic determination of ammonium/ammonia, see [1322]). The
methods used include, among others:

Acidimetry and volumetric analysis by absorption
Gas chromatography

Infrared absorption

Thermal conductivity measurement

Electrical conductivity measurement
Measurement of heat of neutralization

Density measurement (for aqueous ammonia)

Normally, the water content of liquid ammonia is determined volumetrically as the
ammonia-containing residue on evaporation or gravimetrically by fully vaporizing the
ammonia sample and absorbing the water on KOH.

The oil content of liquid ammonia can be tested gravimetrically by first evaporating
the ammonia liquid and then concentrating the ether extract of the residue. Iron,
aluminum, calcium (ammonia catalyst) and other impurities can then be determined in
the ether-insoluble residue.

The inert gas content is analyzed volumetrically after the vaporized ammonia has
been absorbed in water. Then the inert gas composition is analyzed chromatographi-
cally.
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{I. Environmental, Safety, and
Health Aspects

11.1. Environmental Aspects of Ammonia
Production and Handling

Measured by its overall environmental impact - air, water and soil pollution, mate-
rials and energy consumption — ammonia production is a rather clean technology, with
low emissions, low energy consumption due to high-efficiency process design, and no
severe cross-media dilemmas, in which improving one environmental effect worsens
another. Typical emissions are given in EFMA's publication Production of Ammonia in
the series “Best Available Techniques and Control in the European Fertilizer Industry”
[1323].

Steam Reforming Ammonia Plants. Table 42 summarizes the achievable emission
values for steam reforming ammonia plants [1323].

Table 42. Emissions from steam referming ammonia plants

Existing plants New plants
Emission to air  NO, (as NO,)*  ppmv (mL/m*) 150 75
mg/Nm?* 300 150
kg/t NH, 0.9 0.45
Emission to NH,;/NH, (as N} kg/t NH, 0.1 0.1
water
Waste material®™* kg/t NH; < 0.2 < 0.2

" At 3% 0,7 Spent catalysts.

The source of the NO, emissions is the flue gas of the fired primary reformer, and in
plants without a fired tubular reformer NO, is emitted from fired heaters and auxiliary
boilers, but in considerably smaller quantities. However, NO, emissions from ammonia
production, compared to the total amount from human activities, is in fact a marginal
quantity. Only about 0.16 % of the anthropogenic NO, emissions come from ammonia
production. Emissions to water, generally originating from the condensate from the
condensation of surplus process steam ahead of the carbon dioxide removal system,
can largely be avoided. Minor concentrations of methanol and amines can be removed
and recycled to the reformer feed by stripping with process steam, and the stripped
condensate can be recycled to the boiler feed water after polishing with ion exchangers.
Steam stripping without recycling to the reformer would produce a cross media effect,
because in this case the pollutants would be transferred from water to air. Another
possibility is use of the process condensate for feed gas saturation [1033].
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Partial oxidation ammonia plants have the same emission sources except for the
primary reformer flue gas. The plants have an auxiliary boiler to generate steam for
power production and fired heaters, which on account of the sulfur content of the fuel
oil release a flue gas containing SO, (< 1500 mg/m*). Other possible emissions are
H,S (< 0.3 ppmv), CO (30 ppmv) and traces of dust. The NO, content of the flue gas
depends on the configuration of the auxiliary boiler and on the extent electric power
generation on the site as opposed to outside supply. The total NO_ emission per tonne
of product may be somewhat lower than for steam reforming plants.

Noise. An increasing awareness has developed for noise generation and emission
from ammonia plants especially in the neighborhood of residential areas [1326]. Many
investigations have dealt with noise generation and noise abatement in ammonia
plants [1327]1-[1331]. The following major sources can be identified: depressurizing
of large gas quantities for control or venting, steam blowing, burner noise, resonance
vibrations in the flue gas ducts, and noise from compressors, blowers, and pumps.
Measures for noise reduction include installing low-noise let-down valves, use of
silencers, sound-reducing enclosures for compressors or housing them in closed build-
ings.

Emission Limits and Guideline Values for Ammonia Production. There are two
categories of regulations:

1) Legally binding emission values for certain pollutants associated with ammonia
production

2) Guideline values not legally binding but providing the background for requirements
laid down in individual operating permits

In Europe such legally binding emission levels relevant to ammonia production exist
only in Germany. In the Netherlands and Germany limits for emissions from boilers
also apply for ammonia plants, for example for the reformer furnace. The present limit
in Germany is 200 mg NO_/m? for furnaces up to 300 MW,,. Specific emission guide-
line values are laid down in the United Kingdom. In the other European countries no
national emission limits or guidelines exist; individual operation permits are nego-
tiated, usually orientated on other cases and countries. In the United States, for
example, NO, emission level values are categorized in the Clean Air Act, which defines
a significance level for the source according to the total emission (10 to 100 t/a) on the
one hand, and assigns a threshold limit to the geographical area (100 t/a to 10 t/a) on
the other.

For ammonia in air the authorities in Germany require that the achievable mini-
mum level should correspond to the state of the art; originally projected values in a
draft of TA Luft [1332], were not subsequently adopted; some MIK values (maximum
imission concentrations) are given in VDI Richtlinie 2310 (Sept. 1974). In Germany
there is no maximum ammonia concentration laid down for wastewater, it is only
referred to the general interdiction to introduce poisons or harmful substances into
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rivers and lakes. A concentration of 1.25 mg NH, per liter, stated to be harmful to fish,
could serve as a guideline. In the “Catalog of Water Endangering Substances” (Ger-
many) anhydrous ammonia is not listed, but aqueous ammonia is classified in the
Water Endangering Group 1 as a weakly endangering substance.

To harmonize European regulations concerning emission value permits for industrial
production, the EU commission has proposed a Council Directive Concerning Inte-
grated Pollution Prevention Control (IPPC Directive). A key element is the concept of
Best Available Techniques (BAT). This directive requests an exchange between national
environmental authorities, industry and nongovernmental organizations with the aim
of preparing IPPC BAT Reference Documents (BREFs), which could provide a common
accepted basis for emission limit value regulations of the individual EU member states.
A BREF for ammonia is being prepared to serve as pilot project. A previous BAT
document on ammonia was published in 1990 [1333]. For noise emissions usually local
permits are negotiated, whereby in most instances the contribution to the sound level
in the surrounding residential areas will be limited. For the limitation of sound levels at
working places within the plant occupational safety regulations are valid which also
require ear protection above a certain level. The European Fertilizer Manufacturer's
Associacion (EFMA) has published a series: “Best Available Techniques for Pollution
Prevention and Control in the European Fertilizer Industry”. Booklet No. 1 is “Produc-
tion of Ammonia”.

11.2. Safety Features

In ammonia production three potential hazard events can be identified: fire/explo-
sion hazard from the hydrocarbon feed system; fire/explosion hazard due to leaks in
the synthesis gas generation and purification, compression, or synthesis section (75 %
hydrogen); and toxic hazard from release of liquid ammonia from the synthesis loop.
In addition there is also a potential toxic hazard in handling and storing of liquid
ammonia. The long history of ammonia production since 1913 has demonstrated that
this production technology is a very safe operation. The severe impacts of rare events
with explosions seem to be confined to a radius of around 60 m [1323]. The long
industrial experience is summarized in a number of national codes and standards
which have to be applied for design, material selection, fabrication, operation, and
periodic technical inspections of the equipment used. This is especially important for
equipment operating at high temperatures and/or pressures. Apart from proper de-
sign, skilled and well-trained operators and effective and timely maintenance are
essential for safe plant operation. General practice today is to make so-called
HAZOP-Studies (HAZOP = hazards and operability) with an experienced team con-
sisting of operating personnel, process engineers (also from contractors), experts in
process control, and safety experts (often independent consultants from outside the
company) in which, following a very meticulous procedure, apparatus after apparatus
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is checked for potential failure and risk possibilities together with a proposal for the
appropriate remedies. HAZOP-Studies and risk analysis procedures introduced by ICI
[1339]) - [1342] for general application in chemical plants proved to be very helpful not
only for existing plants but also in the planning phase of new ones. It is especially
important to define and configure trip systems and trip strategies for safe plant shut
downs in case of offset conditions.

An area which deserves special attention with respect to safety is the storage of
liquid ammonia. In contrast to some other liquefied gases (e.g., LPG, LNG), ammonia
is toxic and even a short exposure to concentrations of 2500 ppm may be fatal. The
explosion hazard from air/ammonia mixtures is rather low, as the flammability limits
[1334]-[1338], [1343] of 15-27% are rather narrow. The ignition temperature is
651 °C. Ammonia vapor at the boiling point of — 33 °C has vapor density of ca. 70% of
that of ambient air. However, ammonia and air, under certain conditions, can form
mixtures which are denser than air, because the mixture is at lower temperature due to
evaporation of ammonia. On accidental release. the resulting cloud can contain a mist
of lignid ammonia, and the density of the cloud may be greater than that of air
[1334]-{1344]. This behavior has to be taken into account in dispersion models.

Regulations and Guidelines, For maintaining safety in ammonia storage, transfer,
and handling many regulations and guidelines exist in the various countries. It is
beyond the scope of this article to list them completely and to check for the most
up-to-date status. As an illustration only, some relevant regulations in Germany are
listed here (for a summary of regulations in the USA, refer to [1345]):

— Verordnung iiber Druckbehilter, Druckgasbehilter und Fillanlagen (Druckbeh. V
vom 27. Febr. 1980)

— Unfallverhitungsvorschriften der Berufsgenossenschaft der chemischen Industrie:
e.g. UVV 29 Gase, UVV 20 Kilteanlagen, UVV 39 Arbeiten an Gasleitungen

— Gesetz zum Schutz vor gefihrlichen Stoffen (Chem. G. vom 16. September 1980)

— Verordnung iiber Anlagen zum Lagern, Abfullung und Umschlag wassergefahrden-
der Stoffe (VAwS von 1983)

The respective “Technische Regelwerke” (technical standards) supplement these
regulations and ordnances [1346]:

TRG Technische Regeln Druckgase

TRB Technische Regeln Druckbehalter

TRgA Technische Regeln Gefahrliche Arbeitsstoffe

AD Merkblatter fir Druckbehilter (Unterlagen fiir Auslegung und Berechnung)
SEW Stahl-Eisen-Werkstoffblatter

Relevant DIN regulations govern design of pressure vessels and other equipment.
The German Institute for Standardization (Deutsches Institut fir Normung) provides
information covering German technical rules and international and foreign standards
[1347]).
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The following regulations are relevant to transportation of ammonia:

GGVE Gefahrgutverordnung Eisenbahn (FRG)

GGVS Gefahrgutverordnung Strafle (FRG)

RID Réglement international concernant le transport des marchandises dangereuses par
chemin de fer (Europe)

ADR Aceord européen relatif au transport international des marchandises dangereuses par
route (Europe)

ADNR Accord européen relatif au transport international des marchandises dangereuses par
navigation sur le Rhin [1348] (Europe)

IMDG International maritime dangerous goods code [1349}

Publication of GGVE and RID, GGVS and ADR in a synoptic edition is planned
[1355].

In addition the Technical Committee of APEA together with a joint Technical Group
of ISMA have collected recommendations for erecting and operating ammonia term-
inals, transfer installations, etc.:

— Safety Recommendations for Large Scale Storage of Ammonia

— Recommendations for the Loading and Unloading of Ammonia Tankers (Maritime
Ports)

— Safety Recommendations for the Installation of State Ammonia Tanks on Customers
Premises

— Note on the Inflammability of Ammonia

— Safety Recommendations for the Use of Ammonia in Agriculture

— Recommendations Concerning Rubber Hose for Ammonia

— Safety Recommendations for the Construction of Tank-Cars for the Transport of
Ammonia by Road

These brochures appeared (1974) in English, French, and German, partly in new
editions [1337].

Likewise, in the United Kingdom, a joint working party of renowned companies
collected a number of codes of practice published by the CIA:

1) Safe Handling and Transport of Ammonia in Bulk by Road

2) Safe Handling and Transport of Ammonia in Bulk by Rail

3) Demountable Vessels and Containers

4) Transfer Connections

5) Ammonia Storage Installations at Industrial Consumers' Premises

6) Systems and Equipment for the Direct Application of Ammonia in Agriculture
7) Maintenance of Ammonia Systems

In the appendices of the brochures are statutory regulations, recommendations, and
bibliographies for reference [1351].

In like manner, for the United States one may mention: safety manuals and
standards for the storage, transport, and handling of anhydrous ammonia compiled
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by the ANI [1352], and the Chemical Safety Data Sheets of the Manufacturing Che-
mists Association [1353].

All larger ammonia producers make available technical instructional brochures, in
which they also prescribe necessary protective measures and first aid for dealing with
ammonia.

Ammonia Spills. In an ammonia spill a portion of the liquid ammonia released
flashes as ammonia vapor. This instantaneous flash is followed by a period of slow
evaporation of the remaining liquid ammonia [1344], [1354]. In a release from a
refrigerated tank operating slightly above atmospheric pressure, the amount of the
initial flash is only a few percent of the total, whereas in a release from a pressure vessel
at about 9 bar and 24 °C approximately 20% of the spilled ammonia would flash.
Figures for the proportion flashed as a function of pressure and temperature of the
spilled ammonia are given in [1354]. This reference also provides quantitative infor-
mation on temperature development and evaporation rate of small and large ammonia
pools at certain wind velocities and also takes radiation influences (sunny or overcast
sky, day or night) into account.

Spill experiments on land and on water in various dimensions have been carried out
by various companies and organizations. Underwater releases were also studied. Mod-
els have been developed to mathematically describe ammonia dispersion in such events
[1355]-{1360].

A number of real incidents with tank cars, rail cars, tanks, loading/unloading of
ships and barges, and pipeline transport in which major spills occurred is described in
[1361]-[1370] and in an excellent review on safety in ammonia storage [1371].
Training of operating personal for ammonia handling with special regard to ammonia
spills is important [1369], [1372], [1373].

11.3. Health Aspects and Toxicity of
Ammonia

In ammonia production, storage, and handling the main potential health hazard is
the toxicity of the product itself. For this reason this section concentrates on ammonia
only. Other toxic substances such as carbon monoxide or traces of nickel carbonyl
(which may be formed during shut down in the methanation stage) may be only a risk
in maintenance operations and need appropriate protection provisions as well as
blanketing or flushing with nitrogen.

Human Exposure. The threshold of perception of ammonia varies from person to
person and may also be influenced by atmospheric conditions, values as low as 0.4 -2
mg/m3 (0.5-3 ppm) are reported in [1374], but 50 ppm may easily detected by
everybody [1375]. Surveys [1376] found concentrations from 9—45 ppm in various
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plant areas. Though initially irritated, exposed persons may quickly become accus-
tomed to these concentrations. Another report [1377] gives concentration limits for
short time exposures as follows: 100 ppm (10 min); 75 ppm (30 min) 50 ppm (60 min).
The time-weighted average Threshhold Limit Value (TLV) of the ACGIH is 25 ppm (or
18 mg/m3) [1378], [1383]. This recommendation was supplemented by a value for
short-time exposure: 35 ppm for 15 min. The MAK value is 50 ppm. A review of the
present situation in the United States is given in [1384].

Exposure to higher ammonia concentration has the following effects: 50—-72 ppm
does not disturb respiration significantly [1379]; 100 ppm irritates the nose and throat
and causes a burning sensation in the eyes and tachypnoe {1379]; 200 ppm will cause
headache and nausea, in addition to the above symptoms [1380]; at 250500 ppm
tachypnoe and tachycardia [1380]; at 700 ppm, immediate onset of burning sensations
in the eyes [1381]; 1000 ppm causes immediate coughing [1382]. The symptomatology
of various exposure levels is also described in [1378], [1383]—[1385]. At 1700 ppm
coughing with labored breathing, sometimes with momentary inability to breath
(coughing of rescued persons may continue for hours). 2500 to 4500 ppm may be
fatal after short exposure; 5000 ppm and higher causes death by respiratory arrest
[1371].

The metabolism seems not to be significantly changed after exposure to 800 ppm
{1382]. A discussion of metabolism and of acute and chronic health problems caused
by ammonia can be found in [1386].

Toxicology. Ammonia is a strong local irritant. On mucous membranes alkaline
ammonium hydroxide is formed, which dissolves cellular proteins and causes severe
necrosis (corrosive effect).

The primary target organ is the pulmonary system, and the following symptoms can
be observed: pharyngitis, laryngitis, tracheobronchitis, nausea, vomiting, increased
salivation, reflectoric bradycardia, and life-threatening symptoms, such as edema of
the glottis, laryngospasm, bronchospasm, and interstitial lung edema {1387].

Ammonia or ammonium hydroxide can penetrate the cornea rapidly, leading to
keratitis, damage of the iris, cataract, and glaucoma [1388].

Oral ingestion of aqueous ammonia can corrode the mucous membranes of the oral
cavity, pharynx, and esophagus and cause the shock syndrome, toxic hepatitis, and
nephritis. Because of its corrosive action constrictions of the esophagus may resuit.

Ammonia is absorbed rapidly by the wet membranes of body surfaces as ammo-
nium hydroxide, converted to urea, and excreted by the kidneys [1389]. The capacity of
detoxification via urea is sufficient to eliminate the ammonium jon when ammonia is
inhaled in nonirritating concentrations. The inhaled ammonia is partly neutralized by
carbon dioxide present in the alveoli [1390]. Only a small fraction of the ammonia is
exhaled unchanged by the lungs (12.3% at an inhalation concentration of 230 ppm)
[1391]. Repeated inhalation can cause a higher tolerance because the mucous mem-
branes become increasingly resistant [1392]. Additional information on the toxicology
of ammonia can be found in [1393]-{1409].
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Carcinogenicity. Ammonia failed to produce an increase in the incidence of tumors
in Sprague Dawley rats even when the protein ratio in the diet was increased or when
urea was added [1410].

Lifetime ingestion of ammonium hydroxide in drinking water by mice was without
any carcinogenic effects {1411].

Mutagenicity. Ammonia is not mutagenic in the Ames Salmonella system and in
Saccharomyces cerevisiae [1412].
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12. Chemical Reactions and Uses of
Ammonia

12.1. Reactions of Ammonia

By addition of a proton ammonia forms the ammonium ion which is similar to the
alkali metal ions with respect to its alkaline and salt-forming properties.

The free radical NH, has been isolated only in the form of its amalgam (Davy, 1811)
which precipitates the more noble metals, such as copper, cadmium, and zine, from
their solutions. Solutions of ammonium in liquid ammonia are blue and usually exhibit
properties similar to liquid ammonia solutions of sodium and potassium.

Aqueous solutions of ammonia react as weak bases because hydroxyl ions result
from the addition of a proton or H;O7 from the water to the ammonia molecule.
However, the equilibrium is very strongly shifted to the side of free ammonia, as may
be seen from the equilibrium constant at 18 °C:

[NHZ ] [oH]

= K[H0] = Ky, = 1.7 1073
{NH:;} [ 2 ] NH3 5 X (96)

A 1N solution of ammonium hydroxide has a pH of 11.77 at 18 °C.

Ammonium salts result from reaction with acids in aqueous solution or in the gas
phase.

Ammonia is oxidized by oxygen or air, depending on the reaction conditions, to NO,
NO,, or N, O or to nitrogen and water. On alkaline surfaces, such as quicklime or soda
lime, ammonia —air mixtures are oxidized readily at 350 °C to nitrite and further to
nitrate. The reaction rate can be increased by adding traces of nickel and cobalt oxides
to the catalyst surfaces [1413]. Gaseous ammonia reacts very violently or even explo-
sively with nitrogen oxides to form nitrogen, water, ammonium nitrate or nitrite. The
reaction with N,O requires ignition. The controlled catalytic oxidation of ammonia to
produce nitric acid or pure NO for hydroxylamine production is described in
{1419]-[1421].

At higher temperatures, especially in the presence of surface-active materials, am-
monia forms /ydrogen cyanide with carbon monoxide, methane, or charcoal. The
catalytic oxidation of methane in the presence of ammonia is employed for the
industrial production of hydrogen cyanide. With CO,, SO, and P,0O5, NH; forms
amides of carbonic acid (e.g., Urea [1422}), sulfuric acid [1423], and phosphoric acid
[1424].

Metals may replace one or all of the hydrogen atoms of ammonia. Sodium amide
(NaNH,,, for example, is obtained with evolution of hydrogen by passing ammonia
vapor over mefallic sodium. Sodium amide reacts with N,O to form the highly
explosive sodium azide. An ammonium azide, NH,N,, may be prepared also. The
imide, for example, lithium imide, Li,NH, results from replacing a further hydrogen
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atom by metals. Finally, there are the nitrides, such as lithium or magnesium nitride,
Li;N or Mg;N,. The nitrides of reactive metals, such as lithium, magnesium, calcium,
aluminum, and titanium, are formed directly from the elements at elevated tempera-
ture. In many cases, it is better to obtain nitrides through the action of ammonia on
the metals or metal compounds at higher temperature. A nitride also may result from
thermal decomposition of an amide.

Sulfur, phosphorus, and halogens also can take the place of the hydrogen atoms in
ammonia. At relatively low temperatures, halogens react with ammonia to form
nitrogen — halogen compounds and amumonium halides. At higher temperatures the pro-
ducts are nitrogen and hydrogen halides. With sodium hypochlorite, ammonia forms
hydrazine hydrate (Raschig synthesis) with chloramine, H,NCJ, as an intermediate.

Reactions in liguid ammonia [1414] sometimes proceed differently from those in
water because of the solubility difference of many salts between water and ammonia.
For example, the reaction

H,0 -
27 2 AgCl + Ba(NO,), O7

2 AgNQO, + BaCl,

leads in water to precipitation of silver chloride, and in ammonia, to precipitation of
barium chloride. In liguid ammonia, ammonium salts have an “acid” character. For
example, alkali and alkaline-earth metals, cerium, lanthanum, manganese, cobalt,
nickel, and iron and its alloys are soluble in solutions of ammonium bromide, iodide,
cyanide, and thiocyanide, with formation of the corresponding metal amine salt and
evolution of hydrogen:

2NH; +Mg — Mg’ +2NH, +H, (98)

Correspondingly, metal amides in liquid ammonia have a “basic” character. The
reaction of ammonium salt with metal amide in liquid ammonia is analogous to the
neutralization of acid and base in water. The heats of neutralization in ammonia are
even larger than in water. The process of hydrolysis corresponds to ammonolysis in
ammonia. This results in ammonobasic compounds, for example, in the infusible
precipitate HgNH,Cl from HgCl,.

Liquid ammonia is a good solvent for white phosphorus. Rhombic sulfur is dissolved
by liquid ammonia at ~11.5 °C. Once dissolved, at lower temperature a blue solution
results in which partial ammonolysis of sulfur to sulfur nitride and ammonium sulfides
or polysulfides takes place.

Liquid ammonia's ability to dissolve alkali and alkaline-earth metals has been well
known for a long time. In concentrated solutions, the metals largely remain in the
metallic state. The magnetic properties and the electrical conductivity, which is com-
parable to that of mercury, confirm this. In the more dilute blue solutions, the metals
are completely dissociated to positive metal ions and solvated electrons [1415]. The
ammoniacal solutions allow preparation of many compounds otherwise unobtainable
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or obtainable only with difficulty. Examples are the sodium selenides, Na,Se through
Na,Se,, tellurides up to Na,Te,, antimonides, arsenides, polystannides, and polyplum-
bides. Introducing oxygen into the solution of alkali metals forms peroxides, Na,O-,
K,0,, as well as dioxides, KO,, RbO,, and CsO,. White explosive salts of the hypothe-
tical acetylenediols, such as KO-C = C-OK, result with carbon monoxide [1416]; with
acetylene, NaC=CH; and with phosphine, KPH,. Reactions of ammoniacal metal
solutions with halogen-containing organic compounds can be used for the synthesis
of higher hydrocarbons, amines, and free radicals. For example, reacting triphenyl-
chloromethane with dissolved sodium produces the triphenylmethyl radical Ph,C..

Generally liquid ammonia is a good solvent for many salts, such as nitrates, nitrites,
iodides, cyanides, thiocyanides, and acetates. Ammonium salts are especially soluble.
The hydroxides, fluorides, and salts with di- and trivalent anions, such as oxides and
sulfides, in general are insoluble. Apart from alkali metals, some other metals and
nonetals are also soluble. A compilation of the solubilities of organic compounds in
liquid ammonia shows notable solubility of saccharoses [1417].

Because of its dipole moment, the ammonia molecule interacts with these ions to
form solvates in a manner analogous to the water molecule in aqueous solutions.
Solutions in liquid ammonia show significant electrical conductance, Pure ammonia,
like water, itself has a conductivity that, although limited, is based on dissociation
according to:

2NH, = NH] NH; (99)

Liquid ammonia in combination with water as antisolvent and methylamine as
prosolvnet is also an excellent extraction medium for all types of petroleum fractions
[1418].

A survey of organic reactions in liquid ammonia appears in [1494].

12.2. Uses of Ammonia

In 1997 about 85 % of ammonia production was consumed for fertilizers. Ammonia
is either converted into solid fertilizers (urea; ammonium nitrate, phosphate, sulfate) or
directly applied to arable soil.

The industrial use of ammonia is around 15%. Actually every nitrogen atom in
industrially produced chemical compounds comes directly or indirectly from ammonia.
An important use of the ammonia nitrogen, partly after conversion to nitric acid. is the
production of plastics and fibers, such as polyamides, urea—formaldehyde —phenol
resins, melamine-based resins, polyurethanes, and polyacrylonitrile.

Some examples of industrially important uses are the following reactions: With alkyl
halides or alcohols amines or imines can be manufactured. For example, methanol
forms mono- throngh trimethylamine; dichloromethane yields ethylene imine in the
presence of calcium oxide. Amines can also be produced by reacting ammonia with
alkyl halides in multistage processes [1425].

Uses of Ammonia
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Chemical Reactions and Uses of Ammonia

Acid Amides can be produced by acylating ammonia with esters, acid anhydrides, or
the acids themselves (above 100 °C); an important product is formamide from methyl
formate. Alternatively acid amides can be synthesized by reacting acid halides with
ammonia. Catalytic hydrogenation converts the acid amides to primary amines. Am-
monia and aldehydes or ketones are the basis for different stable products. With
formaldehyde hexamethylenetetramine (urotropine) is obtained; with acetaldehyde,
ammono acetaldehyde; with benzaldehyde, hydrobenzamide; with ethylene and pro-
pylene oxides, aqueous ammonia reacts to form ethanol- or propanolamine.

The catalytic gas-phase oxidation of olefins in the presence of ammonia on vana-
dium- or molybdenum-containing catalysts, so-called ammonoxidation, results in eco-
nomic yields of the commercially important acid nitriles, for example, acrylonitrile from
propylene [1426]. Ammonoxidation of o-xylene yields phthalodinitrile in a single
reaction step.

Another application is the manufacture of explosives, hydrazine, amines, amides,
nitriles and other organic nitrogen compounds, which serve as intermediates for dyes
and pharmaceuticals.

Major inorganic products are nitric acid, sedium nitrate, sodium cyanide, ammonium
chloride, and ammonium bicarbonate. Urea production consumed about 40% of the
ammonia produced in 1995.

In the environmental sector ammonia is used in various processes for removing SO,
from flue gases of fossil-fuel power plants. The resulting ammonium sulfate is sold as
fertilizer. In the selective catalytic reduction process (SCR) the NO, in flue gases is reduced
in a catalytic reaction of the nitrogen oxides with a stoichiometric amount of ammonia
[1427]-[1430]. Also noncatalytic reduction is applied with ammonia or urea solutions.

Ammonia is also applied as a solvent in certain processes. Another application is the
nitriding of steel. An old an still flourishing business is the use of ammonia as refrigerant,
based on its low boiling point and its high heat of evaporation. For some time heavy
competition came from chlorofluorocarbons (CECs), but with increasing environmental
concern regarding the application of CFCs ammonia's position is strenghening again.
Ammonia is applied in a large number of industrial and commercial refrigeration units
and air-conditioning installations [1431]-[1434]. In addition to the high specific
refrigeration effect, the ammonia has the following advantages: it is noncorrosive; it
tolerates moisture, dirt, and oil contaminants; it is cheap and there are many suppliers.
A drawback is its toxicity.

The production of smaller volumes of hydrogen/nitrogen mixtures used as protective
gases for chemical products [1435] and for metal-working processes [1436] by decom-
position of ammonia over iron- or nickel-based catalysts at 800—900 °C may be an
economic alternative where production or purchase of pure hydrogen is too expensive
[1437], [1443]. Energy-related applications of ammonia are proposed in [1429].
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13. Economic Aspects

13.1. Capacity and Production

About 1.6% of the world consumption of fossil energy (not including combustion of
wood) goes into the production of ammonia. In developing countries, ammonia is
generally one of the first products of industrialization. As 85% of world nitrogen
consumption is for fertilizers it might be expected that ammonia production should
develop approximately in proportion to the growth of world population. This was
roughly the case in the mid-1980s as can be seen from Figure 120 {404]; since then the
rate of increase in production has been markedly slower than that of world population.
This has been mainly for economic reasons in developing countries and for ecological
reasons in industrialized countries.

Figure 120. Development of ammonia pro-
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The political changes in the former Eastern Bloc caused a dramatic slump in
1991 —1993. The present forecast figures signalize faster growth for the next few years
and, as can be seen from Table 43, an average capacity utilization rate above 82 % will
be necessary at the end of the century, a value probably not achievable on a global
scale. To cope with this situation in the shorter term, plant efficiency in Eastern Europe
and some developing countries must be improved. Revamp projects and, in addition to
those already under construction, new plants will be necessary to improve supply
situation in the medium- to long-term perspective. In the last few years a number of
new ammonia projects materialized, but it is difficult to assess what influence the
present Asian crises will have. It generally can be expected that in these countries a
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Table 43. World ammonia supply/demand balance (10° t/a N) [1438]-[1440], {14791

Year
1985 1890 1991 1992 1994 1995 1996 1998 2000 2001

Capacity 1185 1225 1225 124.5 116.3 1175 117.9 1245 1313 1357
Demand 92.0 94.4 93.1 93.1 93.4 95.2 97.7 102.7 1078 110.7
Capacity 77.7 787 80.2 747 80.3 81.0 82.9 82.5 2.7 816

utilization, %

retreat from government subsidizing with a shift to more private and bank financing
will occure. As this is associated with a more critical attitude towards profitability this
development could have some retarding effect on future investments [1445], {1474]. To
construct and commission a new ammonia plant takes about 3 years and for legal
matters, project financing and authority approvals another 12 years will be necessary.
This means that estimates of capacity development beyond a 4-5 years horizon are
very uncertain.

Another uncertainty is introduced by the need to replace a great number of older
plants for economic and environmental reasons, which might also retard the growth of
capacity. This applies for a number of plants all over the world which cannot be
revamped economically. Outstanding examples are plants in the People's Republic of
China [1480], with a 21 % share in the world ammonia capacity. China's large produc-
tion comes from around 900 individual plants {1475], which, on average, reach about
65% of the nominal capacity. Only about 30 plants are modern world-scale plants,
more than 50 plants have capacities between 80 000 and 150 000 t/a. The rest are very
small plants with capacities often below 30 000 t/a. Most of these tiny village ammonia
plants use coal as feedstock which is gasified with outdated watergas/generator gas
technology {(with some minor improvements), known from early days of ammonia
production. The ammonia is recovered in these plants usually as aqua ammonia and
converted either to ammonium bicarbonate or ammonium chloride, used as fertilizer
for rice growing. Other sources {1482], {1483] state an even higher number for these
small plants in China and give their capacities as 3000 -10 000 t/a. About 65% of
China's total production is based on coal. Since China is deficient in natural gas and oil
in the long term, it can be expected that further expansions of ammonia capacity wili
be coal-based as well, probably with modern technology in world-scale plants. Exclud-
ing China, as number and locations of the smaller plants are rather uncertain, the
situation in the rest of the world in 1998 is as follows: Ammonia is produced at about
310 locations all over the world. About 470 plants were operated by nearly 250
different companies [1481]. The approximate average plant capacity which results from
these figures is around 260 000 t/a NH;. Situation in 1991 is found in [14471].

The geographical distribution of world ammonia capacity together with the apparent
capacity utilization in 1994 is shown in Table 44. Europe and North America, which
now together have a 25 % capacity share, lost their leading position (54 % in 1969) to
Asia, which now accounts for 38 % (17 % in 1969), as may be seen from Figure 121. This
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Table 44. Geographical distribution of ammonia capacity and capacity utilization rate (1994)

Capacity share, %

Capacity utilization, %

Western Europe
Eastern Europe
Former Soviet Union
Middle East

Africa

North America
Central America
South America
South and East Asia, Oceania
Asia CPE*

World

10.3
7.6
17.7
4.0
3.2
14.2
3.3
1.8
17.4
20.5
100

83
60
58
85
70
102
95
79
84
88
81
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Figure 121. Geographical shift of ammonia
world production capacity

development continued and in 1998 more than 40 % of the world ammonia capacity is

located in Asia.

The major importers of ammonia [1486] are Western Europe (1996: 3.8 x 10° ¢ N)
and the United States (1996: 3.4 x 10%t N), whereas, on account of their enormous
natural gas reserves, the former Soviet Union (FSU), the Arabian Gulf, and Trinidad are
dominant in ammonia export. The former FSU exported, for example, in 1996
4.1 x 10% t N, the Middle East 1.3 x 10°t, Trinidad 1.6 x 10° t N. World ammonia
trade in 1996 was around 11 x 10°t N. Values for 1994 are found in {1439].
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13.2. Feedstock Choice

Natural gas is by far the most economical feedstock for ammonia production,
achieving the lowest energy consumption and requiring the lowest investment [404].
This can also be seen from Table 45, which gives an estimate of ammonia production
costs in Northwest Europe for different feedstocks using state-of-the-art technological
standards. The lump turn key price for the ammonia plant were assumed as
$ 180 x 10° for steam reforming of natural gas, $ 270 x 10° for partial oxidation
of vacuum residue and $ 400 x 10° for coal-based plants (Capacity 1800 mt/d).

Table 45. Ammonia production costs from various feedstocks in 1998 (600000 t/3)

Feedstock (process) Natural gas (steam re- Vacuum residue (partial Coal (partial oxidation)
forming) oxidation)

Teedstock price, $/10° Btu 2.8 1.8 1.5

Total energy consumption, 27 36 455

10° Btu/t

Feedstock and energy 75.6 64.8 68.3

costs, $/t NH;

Other cash costs, $/t NH, 28.5 41.0 59.0

Total cash costs, $/t NH;  104.6 105.8 1273

Capital related costs™, $/t 68.4 100.3 143.3

NH,

Total costs, $/t NH, 172.5 206.1 270.6

Total capital **, 10¢ $ 250 350 500

* Assumed dept/equity ratio 60:40; depreciation 6%, 8% interest on depts, 16 % ROl on equity.
" Total capital (1998) includes turn-key lump sum price for plant and storage, spare parts, catalysts, clients inhouse
costs, offsites, working capital (3 months), basis 1,8 DM/$.

At present there is obviously no chance for other feedstocks to compete with steam
reforming of natural gas. Only under very special circumstances, for example, in
cooperation with a refinery, might partial oxidation of heavy residues be economically
justified. It should be noted that the average energy consumption of the steam reform-
ing plants in operation at present is noticeably higher than the example of the most
advanced concept presented in Table 45. In Western Europe the combined cost of
feedstock and energy — both are actually natural gas energy —is the major determi-
nant of the production cost. Even with most modern plants gas cost are more than 70%
of the cash costs and as much as 40% of the total production costs. Gas prices are
linked to a greater or lesser extent to the crude oil price but the present so-called
interfuel relationship may change in the future because of the general need for less
polluting fuels. Today natural gas is still favorably priced in comparison to other fossil
fuels. The medium-term forecast is higher prices in Europe and USA. In the low-cost
areas, such as the Middle East, Trinidad and Indonesia, where uses of natural gas
competing with ammonia production are not growing to a great extent only a moderate
increase of the feedstock price is expected [1444], [1445]. In these countries a certain
increase in export-oriented ammonia capacity might be expected for the future.
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Table 46. Percentage of world natural #as reserves and consumption for vartons g&‘ographiwl areas in 1897 [1442]

% of world reserves % of world consumption
(114.8 x 10" m?) 121967 x 16° m* (STP)]

Former Soviet Union 39.2 224

(Russian Federation) (33.2) {15.1)

Middle East 33.7 7.3

North America 58 33.7

Europe (incl. North Sea) 3.8 19.0

Africa 6.8 2.3

Central and South America 4.4 3.9

Asia (incl. Australia and New Zeal- 6.3 11.4

and)

Table 47. World Reserves and Consumption Rate of Fossil Feedstocks in 1994 [1442]

Coal, t Mineral oil, t Natural gas, m? (STP)
Reserves 1032 x 10° 1409 x 10° 141 x 1042
Consumption per year 4712 x 10° 3445 x 10° 2136 x 10°
Years of expected supply 219 41 66

Nearly three-quarters of world natural gas reserves (1994) are concentrated in two
areas: in the former Soviet Union (39 %) and the Arabian Gulf (34 %) as may be seen
from Table 46.

In the very long term, coal has prospects as can be seen from world reserves of fossil
energy and their present consumption rate (Table 47).

13.3. Capital Demand for Ammonia
Production

The other main contribution to the ammonia production cost are the capital related
costs like interests for debts, depreciation and required return on equity. The total
capital involved consists of the lump-sum turn- key price for plant and storage facility;
an adequate amount of spare parts; catalysts, solvents and lubricants including some
reserves; in-house costs for the client for project definition, project supervision, hazard
studies, cost for project development and organization, including financing; off-sites;
working capital. For non-industrialized and/or remote areas additional investments for
infra structure will also be necessary. For the lump-sum turn-key price (LSTK) of a
1800 t/d steam reforming ammonia plant based on natural gas, presently a budget
figure of about $ 170-180 x 10% can be taken as a reasonable figure [1476], [1477].
Investment cost for partial oxidation plants are considerably higher. One factor is the
need for a cryogenic air separation to produce the required quantity of pure oxygen
and nitrogen. For a 1800 t (STP)/d ammonia plant based on heavy oil residues the
investment for the air separation unit producing 100 bar oxygen and 75 bar nitrogen is
around $ 55 x 10° in Western Europe {1478]. Other expensive units are in the gas
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purification, namely Rectisol for sour gas removal, Claus plant with tail gas unit and
liquid nitrogen wash. Soot management, metal recovery and wastewater treatment, and
in coal gasification plants the feedstock handling and preparation, are substantial cost
contributions. As partial oxidation plants may differ considerably in process config-
uration, especially for coal feedstock, and are less frequently built— sometimes also
not on a lump-sum basis —less reliable data are available. For lump-sum turn-key
prices for just the ammonia plant the following figures may be used as a rule of thumb:
Steam reforming natural gas 100 %, partial oxidation of heavy oil residues 150 %, coal
gasification based plant 220 %.

The abovementioned budget price for the natural gas steam reforming plant consist
of about 40% of material, 30 % of labor (civil work and erection) and 30% of other
costs (transport, engineering, insurance, financing, etc.) {1476}, {1477]. Geographical
location of the plant may of course influence the LSTK price. Material is bought
worldwide in a highly competitive market and prices are at first approximation
independent of the country of destination, but the total expenditure for material might
differ. For example, in a country of high natural gas prices higher investment for energy
saving might be economical and vice versa. Also stricter authority regulations for safety
and environmental standards in industrialized countries might cause an increase in
cost as well as extreme climatic conditions. Higher material transport costs in distant
locations might, for example, be compensated for by lower labor costs, e.g, NW
Europe 100 %, US Gulf90%, Trinidad 90%, the Middle East 70 %.

In conclusion it can be said that the influence of plant location on the LSTK price of
the “naked” ammonia plant is often overestimated {1476]. This is not the case for the
other investments. Assuming a stand-alone plant (no other ammonia plants existing at
the site) the following will apply for the required storage capacity: If the capacity is
intended for domestic product use only a storage capacity of about 20 days might be
sufficient, if it is intended for export at least a capacity of one month would be
appropriate. This is naturally different if the plant is erected at a side where already
one or more ammonia plants exist and only a minor or even no increase of tank
capacity is necessary. Inventory of spare parts and reserve catalysts will differ for the
locations as well as the in-house costs, which will depend for example, on the technical
capabilities of the client. Offsite costs can be considerable, for example, when facilities
for power generation, water purification and supply, buildings for workshop, material
storage and administration have to be included on a grass-root site. In some cases these
additional costs might be as high as $ 50 x 10°. For remote locations additional
investments for infrastructure might be necessary, for example, harbor construction,
railway tracks and roads, but this would not be justified for just one stand-alone
ammonia plant even at a location with extremely low natural gas prices.

Finally an adequate working capital has to be also included in the calculation of
production costs. The cash cost of three month production would be a reasonable
assumption for the working capital. Keeping all these factors in mind it becomes clear
that the numbers in Figure 122 have only orientating character and that each real

240

Topsoe, Inc. — EX1003
Page 382 of 1210



ammonia project is a custom-made solution according to the whishes and objectives of
the client.

13.4. Other Production Cost Factors

Besides the capital charges, which will depend on equity/debt ratio for the involved
capital, interest rates, and anticipated ROI for equity, the other major fixed costs are
maintenance, labor, laboratory costs, and overheads. For the annual maintenance costs,
usually a percentage of the investment is assumed, generally 3% for steam reforming
plants and 4 % for partial oxidation of heavy feedstocks and coal (this includes material
and labor for maintenance). The number of operators depends to some extent on the
shift schedule and operating philosophy in the individual company. The number of
operators present at a plant has to be sufficient for safe continuous operation and a safe
shut down, in the event of a sudden plant trip. The number need not necessarily be
sufficient to restart the plant because additional people from off-duty shifts may be
called in. Usually 5—7 operators are considered as adequate for operating a steam
reforming plant; the number in partial oxidation plants is higher. Costs for consump-
tion of catalysts, molecular sieves, inert material, solvents, and lube and seal cil are
around 3 $/t NH;.

Catalysts have nowadays sufficient service life that change intervals can coordinated
with normal turn-arounds. (Years of catalyst service life: primary reformer 2-4,
secondary reformer > 6, HIS > 6, LTS 2-4 (6 with guard bed), methanation
> 8, synthesis 10— 15) (see also [1497]).

An important influence on production cost has, of course, the so-called on-stream
factor, the number of production days per year. It is standard practice to assume that a
well designed and operated plant should be capable to reach a minimum of 330 days
per vear, a value on which economic calculations are usually based. Modern plants
often achieve higher on-stream factors. A beneficial effect is also that many plants
achieve higher capacity than the original design. Plant outages because of operational
problems or temporary shut downs for economic reasons because of unfavorable
market situation can lower the profitability considerable. The on-stream factor is an
average value, because plants should shut down only every 2 to 3 years for a major
turn-around for repair and preventive maintenance. Only a very few short unscheduled
shut-downs for repair work should occur between two turn-arounds. A start up needs
between 15 to 30 hours and consumes a considerable amount of natural gas without an
equivalent production (100 000 - 200 000 DM/d).

Overhead costs (administration and general services) also have to be included as
cash costs.
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13.5.

Production Costs for Various
Geographical Locations

Figure 122 shows an estimate of ammonia production costs at various locations. In
this figure the capital-related costs are based on a debt/equity ratio of 60/40. With 6%
depreciation of fixed assets and spare material, 8 % interest on debts and 16 % ROI on
equity, corresponding to a total of about 16.5% of the total capital invelved. The total
capital includes the LSTK price for plant and storage, cost of the off-sites for an
industrialized site, in-house project costs, spare parts and catalyst reserves, working

capital.

Admittedly the picture given in Figure 122 is somewhat simplified, but nevertheless
some principal conclusions can be drawn from it: The decisive cost factor is the natural
gas price as the investment for the areas compared does not differ significantly for
reasons discussed above. With inclusion of the high freight cost from the Arabian Gulf

. Capital-related costs

Figure 122. Ammonia production costs at various

locations (capacity 600 000 t/a)
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Figure 123. Development of ammonia prices in North-West Europe

a plant there is not competitive against existing world scale capacities in NW Europe
and scarcely competitive against a new high efficiency plant in NW Europe. But lower
freight rates and higher market prices will make the export to the Asian market out of a
new Arabian Guif plant attractive. Imports to NW Europe come mainly from former
Soviet Union (FSU), which in desire of hard currency and on account of their surplus
capacity (partially due to lower domestic fertilizer consumption), sell at very compe-
titive prices. As it is rather difficult to guess how the gas will be valued internally
(probably 1.6 2.3 $/GJ) [1440] an estimate for the production costs in the FSU former
was not included in Figure 122. An account of the natural gas situation and prices is
presented in [1444]. An advantage are the relatively moderate freight rates from the
terminal in Ventspils at the Baltic Sea.

With incluston of shipping costs, new plant capacities in Trinidad are, according to
Figure 122, only marginally competitive against a new plant at the US Gulf, and cannot
compete against existing US Gulf productions. But this simple picture might change if
the plant is not intended for the free market but for long contract delivery, for example,
to the owners own facilities in the United States. India and China are still net
importers, Indonesia has surplus capacity, but exports to the Asian market are rather
in form of urea than as ammonia. Indonesia and Malaysia together have about 3% of
the proven natural gas reserves, and a reserve/production rate of 30 and 57 respec-
tively. Because of the present Asian financial crisis it is difficult to figure out natural gas
prices, but they might range between 0.8 and 1.0$/10° Btu. Production costs are a
more or less calculable issue, but the prices are not. When talking of ammonia prices
one has to consider that only a part of the ammonia is traded as such, the major part is
directly converted by the producers in urea (about 45 %), other solid fertilizers (35 %) or
chemical products. As the overseas trade represents only about 8% of the world
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ammontia production plant output, variations in the nitrogen fertilizer imports in Asia
(mainly China and India) may at time cause substantial price variations as illustrated
with the C & F prices of imports in NW Europe (Figure 123, values from Nitrogen
magazine). Also of influence are, of course, the changes in the dollar exchange rates to
other currencies.
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14. Future Perspectives

It is difficult to venture a prognosis for the future development of ammonia produc-
tion technology. As about 85% of the ammonia consumption goes into the manufac-
ture of fertilizers, it is obvious that the future of the ammonia industry is very closely
bound up with future fertilizer needs and the pattern of the world supply.

Nitrate pollution, which may become a problem in some countries, is sometimes
used as an argument against the use of industrially produced “inorganic” or “synthetic”
fertilizers and in faver of more “organic” or “natural” fertilizers. But this is a mis-
conception, because degradation of biomass and manure also leads to nitrate run-off.
In addition, the amount of this biological material is far to small to supply the
increasing demand of the agriculture necessary to feed the growing world population.
The solution to the run-off problem therefore can also not consist in cutting back
fertilizer application, which would be disastrous in developing countries, but is likely to
lie in a better management of the timing of fertilizer application, requiring a better
understanding of the biological nitrogen cycle. Estimates of fixed nitrogen from natural
sources and antropogenic activities on global basis are found in [1446], [1450].

14.1. Other Nitrogen Fixation Methods
for the Future

A fundamental question is whether there are other options for the future than the
present ammonia technology, which involves severe temperatures and pressures. The
research for new approaches should strive for the following, admittedly rather ambi-
tious and idealized objectives: ambient reaction conditions, less or no consumption of
fossil energy, lower investment, simple application, even in remote developing areas,
and wide capacity range. As the major demand is in agriculture, biological processes
for in vivo conversion of molecular nitrogen into fixed nitrogen would probably be the
first choice. Alternatively abiotic processes (in vitro) with homogenous catalysis under
mild reaction conditions could be discussed for ammonia production. In addition there
are also some reports [1017], [1451], [{1452] of resumed research on direct nitrogen
oxidation, as was once used in the Birkeland —Eyde process. The use of a plasma
processes instead of an electric arc for radiation in a chemo-nuclear process was also
discussed [1453].
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14.1.1. Biological Processes

Certain bacteria and blue-green algae are able to absorb atmospheric nitrogen, by
themselves or in symbiosis with a host plant, and transform it into organic nitrogen
compounds via intermediate ammonium ions, whereby the host plant indirectly sup-
plies the large amount of energy needed. A well known example is the symbiotic
relationship between legumes (e.g., peas, beaus, soybeans, lupins) and Rhizobium
bacteria, which settle in their root nodules. Ammonia synthesis is performed by the
enzyme nitrogenase [1455], [1456]. For the synthesis of the nitrogenase in the cell the
so-called NIF gene is responsible. Apart from Rhizobium bacteria a number of other
organisms have nitrogen fixation potential, living in symbiosis or providing the re-
quired energy from their own metabolism. Genetic engineering to extend biological
nitrogen fixation to other plant groups pursues various routes [14571, [1458]:

1) Modifying Rhizobium to broaden its spectrum of host plants

2) Transferring the NIF gene to other bacteria which have a broader spectrum of host
plants but have no natural nitrogen-fixing capability

3) Engineering soil bacteria to absorb and convert nitrogen to ammonia and release it
to the soil {1459}

4) Inserting the NIF gene directly into plants

Especially the last option, to design nitrogen-fixing species of traditional crops such
as wheat, rice, and corn, leads to the following questions: Would it be preferable to fix
nitrogen in the leaves where energy is available or in the roots, to which carbohydrates
have to be transported? If fixation is performed in the leaves, then how can the
problem of the proximity of oxygen generated in the photosynthesis and oxygen-
sensitive nitrogenase be dealt with? To what extent will the energy required by a plant
to fix nitrogen affect overall productivity?

The last question has been discussed in some detail [1460]. For the conversion of
molecular nitrogen into ammonia the following stoichiometric equation may be for-
mulated:

05N, + 1.5 H,O0 — NH; +0.75 0, (100)
AF4q = + 340 kj/mol, AHYog = + 383 KJ/mol

The oxidation of glucose generates 3140 k]/mol and with 100 % efficiency only about
0.11 mol of glucose would be required to produce one mole of ammonia. This ideal
can, of course, never be achieved. In the molybdenum-containing nitrogenase a transfer
of eight electrons is involved in one catalytic cycle:

N, +8H"+8e” — 2NH, +H, (101)

As seen from this equation two electrons are "wasted" in forming molecular hydro-
gen, which also seems to be unavoidable in vivo. This stoichiometry suggests an
efficiency of 75%, but if additional functions associated with fixation are taken into
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account, a maximum overall efficiency of 10-15% is estimated for the enzyme, and
even less for the bacteria as a whole [1461]. In investigations on Rizobium [1462],
[1463] it was shown for the nodulated roots of peas that 12 g of glucose are consumed
to produce 1 g of fixed nitrogen. Using this efficiency for the case where all the fixed
nitrogen in the plant is supplied only via this route, a yield loss of 18 % would result.
Nitrate, for example from a fertilizer, absorbed by the plant is transformed to ammonia
involving a free energy change AF),, = +331, which is comparable to the free energy
change for converting molecular nitrogen to ammonia, as shown in the stoichiometric
equation above.

This is a somewhat surprising result, which suggests that nitrogen supply with
nitrate has an energetic advantage over the biological fixation process {1464]. A definite
answer to this question will only be possible when genetically engineered nitrogen-
fixing plants are available in sufficient amounts for field tests. There ts no doubt that in
the foreseeable future genetic engineering will succeed in designing nitrogen-fixing
plants for agricultural crops, and that these modified plants will be used on a large
scale for securing the food supply for a growing number of people in the developing
countries.

But until this will become a reality, application of selected natural nitrogen-fixing
microorganisms to crops would be an intermediate solution to reduce industrial
fertilizer consumption. In the United States field tests with Azospirillium applied to
corn could demonstrate a considerable increase in harvest yield [1458]. Careful direc-
ted application of blue-green algae, (Anabaena azolla ) and water fern (Azolla pinata) in
tropical rice fields is also very promising (1465}, [1466]. Unlike most diazotropic
bacteria, blue-green algae are self-sufficient in that they themselves produce the energy
necessary for the nitrogen fixation by photosynthesis.

Other Nitrogen Fixation Methods for the Future

14.1.2. Abiotic Processes [1460]

Possibilities of converting molecular nitrogen into ammonia in homogeneous solu-
tion by using organometallic complexes have been studied from around 1966 onwards.
Numerous investigations resulted in the laboratory-scale synthesis of ammonia , but
with rather low yields. The prospects of this route are not judged to be very promising
in terms of energy consumption and with respect to the costs of the rather sophisti-
cated catalyst systems. Photochemical methods [1467], [1468] to produce ammonia at
ambient temperature and atmospheric pressure conditions in presence of a catalyst
have up to now attained ammonia yields which are far too low to be economically
attractive.

For a detailed review of biological and abiotic nitrogen fixation, see [1469] and
[1460]); additional literature references can be found in [1448]—[1450], [1454], [1455].
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Future Perspectives

14.2. Conclusions

Based on the foregoing discussion and the evaluation of present technology (see also
[404]) and research efforts one may formulate the scenario for the future development
of ammonia production as follows:

1) For the major part, ammonia production in the next 15 to 20 years will rely on the
classic ammonia synthesis reaction combining nitrogen and hydrogen using a
catalyst at elevated temperature and pressure in a recycle process.

2) It is very likely that genetic engineering will succeed in modifying some classical
crops for biological nitrogen fixation and that large-scale application will occur
predominantly in areas with strongly growing populations to secure the increasing
food demand. This development may be pushed by the fact that compared to the
classical fertilizer route less capital and less energy would be needed. This may
happen within the next 15—20 years, but time estimates are always difficult. But
even with the introduction of this new approach, traditional ammonia synthesis will
continue to operate in parallel, because it might be necessary to supplement the
biological nitrogen fixation with classical fertilizers. In addition, the existing am-
monia plants represent a considerable capital investment and a great number of
them may reliably operate for at least another 20 to 30 years from a mere technical
point of view.

3) Natural gas will remain the preferred feedstock of present ammonia production
technology in the medium term (15— 20 years) as may be assumed from the world
energy balance shown in Table 47. Partial oxidation of heavy hydrocarbon residues
will be limited to special cases and coal gasification might not play a major role in
this period.

4) Ammonia technology will not change fundamentally, at least not in the next 10 to
15 years. Even if there are radical, unforeseeable developments, they will need some
time to mature to commercial applicability. With the traditional concepts, the
margins for additional improvements have become rather small after years of
continuous research and development. Thus further progress may be confined to
minor improvements of individual process steps, catalysts and equipment design.

5) The best energy figure so far achieved in commercial production is around 28 GJ/t
NH,. With the new ruthenium-based catalysts M. W. Kellogg claims a figure of
27.2 GJ/t NH;. Further reduction would need an even more active catalyst to
operate at a much lower synthesis pressure, for example, at around 30 bar, which
is the usual pressure level of steam reforming. The probability of finding such a
catalyst is rather small after all the years of intensive research. Figures between 27
and 28 GJ/t NH, already correspond to a rather high efficiency of around 75 % with
respect to the theoretical minimum of 20.9 GJ/t NH, (calculated as stoichiometric
methane demand, see Section 5.1.3).
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6) The bulk of ammonia production in the near future will still be produced in world-
scale plants of capacity 1000-2000 t NH,/d. Small capacities will be limited to
locations where special logistical, financial or feedstock conditions favor them.

7) Most newer technology developments will mainly reduce investment costs and
increase operational reliability. Smaller integrated process units, such as exchanger
reformers in various configurations, contribute to this reduction and will achieve
additional savings by simplifying piping and instrumentation. Progress in instru-
mentation and computer control could reduce the effective overall energy consump-
tion achieved over the course of a year by tuning plants continuously to optimal
operating conditions.

Conclusions
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Beschreibung

[0001] Die vorliegende Erfindung betrifft ein Verfahren zur Festlegung von Druck, Temperatur und Dampf/
Kohlenstoff-Verhaltnis (S/C-Verhaltnis) fir einen rulfreien Betrieb eines autothermen Reformers (ATR).

[0002] Die Produktion von Synthesegas ist ein wichtiger Schritt bei der Herstellung einer Vielzahl von Stof-
fen wie Ammoniak, Methanol und auch von synthetischen Kraftstoffen aus kohlenwasserstoffhaltigen Einsatz-
stoffen. Die Reformierung von kohlenwasserstoffhaltigen Einsatzstoffen, insbesondere Erdgasen, mit Wasser-
dampf ist heute das vorherrschende Verfahren zur Herstellung von Synthesegasen. Als Synthesegase werden
Gasgemische mit den Hauptbestandteilen H, und CO bezeichnet, je nach Technologie und Anwendung be-
inhalten sie ggf. weitere Komponenten wie z.B. Anteile an H,O, CO,, N,, CH, und Argon. Synthesegase sind
die Basis fir die grotechnische Herstellung von Ammoniak, Reinwasserstoff, Methanol und synthetischen
Kraftstoffen.

[0003] Die Reformierung von kohlenwasserstoffhaltigen Einsatzstoffen kann Ublicherweise entweder in ei-
nem Spaltofen mit externer Beheizung (Dampfreformer) oder in einem autothermen Reformer (ATR) mit einer
inneren Beheizung erfolgen. Welche der beiden Reformierungstechnologien die wirtschaftlichste ist, hangt in
jedem einzelnen Fall von vielen Parametern ab, wie z.B. dem gewiinschten Verhaltnis von H, zu CO, der
Anlagenkapazitat, der Produkt- und Eduktpreise etc. Kohlenwasserstoffhaltige Einsatzstoffe umfassen dabei
Erdgas, Flissiggas, Biogas, Butan, Benzin oder eine andere Art von Kohlenwasserstoff.

[0004] Die autotherme Reformierung ist eine Kombination aus partieller Oxidation und Dampfreformierung
von kohlenwasserstoffhaltigen Einsatzstoffen, wobei sowohl die partielle Oxidation als auch die Dampfrefor-
mierung innerhalb eines Reaktors erfolgen. Der Vorteil der autothermen Reformierung liegt im Wegfall der
externen Warmequelle. Die exotherme partielle Oxidationsreaktion (1) und die exotherme Wassergas-Shift-
Reaktion (3) decken dabei teilweise den Energiebedarf fiir die endotherme Dampfreformierungsreaktion (2).
Der weitere Energiebedarf wird zumindest teilweise durch die Verbrennungsreaktionen (4) und (5) gedeckt.
Diese Reaktionen sind beispielhaft fir die Reformierung von Methan formuliert:

CH, + 1/20, - CO + 2H, (1)
CH, + H,0 - CO + 3H, (2)
CO + H,0 - H, + CO, (3)
CO + 1/20, - CO, (4)
H, + 1/20, - H,0 (5)

[0005] Die Reaktionen laufen katalytisch bei Betriebstemperaturen von 500-1250°C und Driicken bis 70 bar
abs ab.

[0006] Das Verbrennen der kohlenwasserstoffhaltigen Einsatzstoffe erfolgt mit einer unterstéchiometrischen
Menge an Sauerstoff mit Hilfe einer Flammenreaktion in der Verbrennungszone eines Reaktors. Die Dampf-
reformierungsreaktion erfolgt anschlieBend in demselben Reaktor im Festbett eines Dampfreformierungska-
talysators.

[0007] Die Anwendung der autothermen Reformierung hat viele Vorteile im Vergleich zur Dampfreformierung
mit ausschlieBlich externer Beheizung. Sie zeichnet sich aus durch eine kompakte Bauweise des Reformers,
durch deutlich geringere Baukosten und bessere Regelbarkeit im Vergleich zur Dampfreformierung, ist me-
chanisch verhaltnismafig einfach durchfiihrbar und erlaubt ein rasches An- und Abfahren des Reformers.

[0008] Die Verbrennung von kohlenwasserstoffhaltigen Einsatzstoffen bei unterstéchiometrischen Mengen
an Sauerstoff kann jedoch zur Bildung von Ruf3 fihren, insbesondere im Bereich der Teiloxidation oberhalb des
Katalysators (POX-Zone). Der sich bildende Ruf} deaktiviert dabei den darauffolgenden Katalysator durch Be-
legung und chemische Veranderung. Die RuBbildung hangt dabei hauptsachlich von den Betriebsparametern
Druck, Temperatur und dem Dampf/Kohlenstoff-Verhaltnis (S/C) ab. Einerseits wirken ein steigender Druck,
eine steigende Temperatur und ein steigendes S/C-Verhaltnis der Ru3bildung entgegen, andererseits erhoht
jede Steigerung von Temperatur, Druck und S/C-Verhaltnis die Betriebskosten. AulRerdem verschlechtert sich
mit steigendem Druck der Umsatz der Dampfreformierungsreaktion (2) und dartiber hinaus ist eine Tempera-

Topsoe, Inc. — EX1003
Page 443 of 1210



DE 10 2015210 803 A1 2016.12.15

tursteigerung wegen der Belastbarkeit des Katalysators nur sehr begrenzt méglich. Beispielsweise kann der
Ruf bei der Unterschreitung eines kritischen Dampf/Kohlenstoff-Verhaltnisses (S/C) gebildet werden.

[0009] Beispiele der Betriebsbedingungen, welche nicht zu einer Rubildung fiihren, sind in T. S. Christen-
sen et al., Hydrocarbon Processing, 1994, S. 39ff zusammengefasst. In dieser Druckschrift sind beispielhaft
verschiedene Wertepaare fur die Temperatur, den Druck und das S/C-Verhaltnis angegeben, bei denen ein
ruBfreier Betrieb eines ATR-Reformers gewahrleistet werden kann.

[0010] US 6,143,202 offenbart ein Verfahren zur ruf3freien autothermen Reformierung einer Kohlenwasser-
stoffeinspeisung.

[0011] Die aus dem Stand der Technik bekannten Verfahren zur Festlegung von Druck, Temperatur und
S/C-Verhaltnis flr einen rulfreien Betrieb eines autothermen Reformers sind jedoch nicht in jeder Hinsicht
zufriedenstellend und es besteht ein Bedarf an verbesserten Verfahren und Vorrichtungen.

[0012] Der Erfindung liegt die Aufgabe zugrunde, die Rul3grenze beim Betrieb eines autothermen Reformers
zu ermitteln, d.h. eine Kombinations-Matrix von Druck, Temperatur und S/C-Verhaltnis zu bestimmen, bei der
gerade noch kein Ruf} gebildet wird.

[0013] Diese Aufgabe wird durch den Gegenstand der Patentanspriiche geldst.

[0014] Die Erfindung betrifft ein Verfahren zur Reformierung eines Gasgemischs, welches Kohlenwasserstof-
fe, Sauerstoff und Wasser und ggf. weitere Komponenten umfasst, in einem autothermen Reformer
— bei einem Dampf/Kohlenstoff-Verhéltnis € [mol/mol] am Eintritt des autothermen Reformers im Bereich
von 0,1 bis 2,5, und
— bei einer adiabatischen Temperatur T [°C] am Austritt des autothermen Reformers von mindestens 500
°C, und
— bei einem Druck P [bar abs] im autothermen Reformer im Bereich von 10 bar abs bis 73,5 - 18-2 bar abs,

wobei eine der folgenden Bedingungen (a), (b) oder (c) erfiilit ist:

S
78 -Q—34—
(a) far % <138undP [bar abs] <47 - 34 0% 11779548 « Z 231076 -%— 13,280 «Q-273,15 >T[°C] = TC -273,15
(b) far % <138 und P [bar abs]> 47 — 34 0% : 1779,548 « Z -231,076 ’%—13,280 *Q—-27315>T[°C] 2500
S .
(c) far < = 1,38: 1779,548 — 231,076 0%71 3,280+Q—-273,15> T[°C] =500,

wobei fir Z jeweils gilt:

-01

Z =0.958+ Q° «1.83 ¢ flir 22.101 < LS?C) < 26.311, sonst Z=1,

und wobei Q jeweils der dimensionslose Zahlenwert des Drucks P [bar abs] ist.

[0015] Es wurde tiberraschend gefunden, dass bei Erfiliung einer der Bedingungen (a), (b) oder (c) ein ruf3-
freier Betrieb eines autothermen Reformers madglich ist, und dass mit Hilfe der genannten Bedingungen der
autotherme Reformer ganz gezielt im ruBfreien Bereich bei gleichzeitig wirtschaftlich glinstigen Betriebsbe-
dingungen gefahren werden kann, was eine Verbesserung der Wirtschaftlichkeit von autothermen Reformern
bedeutet.

[0016] Die Rudgrenze im Betrieb eines autothermen Reformers wird dabei vorzugsweise bestimmt durch die
Werte fur Druck, Temperatur und Dampf/Kohlenstoff-Verhaltnis (S/C), bei denen im Betrieb des autothermen
Reformers gerade noch kein Ruy gebildet wird, deren geringfligige Unterschreitung jedoch eine Ruf3bildung
nach sich zieht. Beziiglich der Temperatur bedeutet geringfligige Unterschreitung eine Unterschreitung um
héchstens 50°C, bevorzugter hdchstens 45°C, héchstens 40°C, hdchstens 35°C, hochstens 30°C, héchstens
25°C oder hochstens 20°C. Bezuglich des Drucks bedeutet geringflgige Unterschreitung eine Unterschreitung
um hochstens 1bar, bevorzugter hochstens 0,9bar, hochstens 0,8bar, héchstens 0,7bar, hochstens 0,6bar,
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héchstens 0,5bar, hdchstens 0,4bar, hochstens 0,3bar, héchstens 0,2bar oder hdchstens 0,1bar. Beziglich
des Dampf/Kohlenstoff-Verhaltnisses (S/C) bedeutet geringfugige Unterschreitung eine Unterschreitung um
héchstens 0,5, bevorzugter hochstens 0,45, hochstens 0,4, hochstens 0,35, hochstens 0,3, hochstens 0,25,
héchstens 0,2, héchstens 0,15 oder héchstens 0,1, oder hdchstens 0,05.

[0017] Das Dampf/Kohlenstoff-Verhaltnis (S/C) ist das Stoffmengenverhaltnis von Molekilen Wasserdampf
zu Atomen Kohlenstoff im Gasgemisch, wobei allerdings nur diejenigen Kohlenstoffatome von Verbindungen
eingerechnet werden, welche reine Kohlenwasserstoffe, d.h. frei von Sauerstoff sind; Kohlenstoffatome von
Alkoholen, Aldehyden, etc. werden entsprechend nicht eingerechnet. Das Dampf/Kohlenstoff-Verhaltnis (S/C)
hat die Einheit [mol/mol] und ist dementsprechend dimensionslos.

[0018] Das Gasgemisch, welches im erfindungsgemafRen Verfahren reformiert wird (Prozessgas), umfasst
Kohlenwasserstoff, Sauerstoff und Wasser und ggf. Kohlenmonoxid, ggf. Kohlendioxid, ggf. Stickstoff, ggf.
Wasserstoff und ggf. Argon. Der Kohlenwasserstoff umfasst kohlenwasserstoffhaltige Energietrager, welche
Erdgas, Leichtbenzin, Methanol, Biogas und Biomasse umfassen. Bevorzugt umfasst der Kohlenwasserstoff
Erdgas, welches bevorzugt Methan umfasst. Bevorzugt umfasst das Gasgemisch einen Oxidator, der bevor-
zugt der Sauerstoff ist. Das Gasgemisch kann weitere, inerte Komponenten umfassen. Inerte Komponenten
im Sinne der Erfindung sind im Hinblick auf die Reformierung und die Wassergas-Shift-Reaktion inert.

[0019] Die Komponenten des Gasgemischs kénnen alle an derselben Position oder als Teilstréme an ver-
schiedenen Positionen in den Reformer geleitet werden. Bevorzugt erfolgt die Einleitung aller Komponenten
des Gasgemischs einschliellich des Oxidatorstroms in das obere Ende des Reformers. Der Oxidatorstrom
umfasst dabei bevorzugt Sauerstoff, er kann aber ggf. auch weitere Komponenten wie Stickstoff, Wasser, Koh-
lendioxid und/oder Argon umfassen. In einer anderen bevorzugten Ausfiihrungsform werden die Komponenten
an verschiedenen Positionen in den Reformer geleitet. Bevorzugt werden alle Komponenten mit Ausnahme
des Oxidatorstroms an einer Position und der Oxidatorstrom an einer anderen Position in den Reformer ge-
leitet. Die Komponenten des Gasgemischs durchstromen anschlieRend den Reformer von oben nach unten.
Nach Durchstromen des Reformers erfolgt der Austritt des Gasgemischs aus dem Reformer am unteren Ende.

[0020] Das S/C-Verhalinis liegt am Eintritt des autothermen Reformers im Bereich von 0,1 bis 2,5, bevorzugter
im Bereich von 0,2 bis 2,4, bevorzugter im Bereich von 0,3 bis 2,3, im Bereich von 0,4 bis 2,2, im Bereich von
0,5 bis 2,1, im Bereich von 0,6 bis 2,0, im Bereich von 0,7 bis 1,9, im Bereich von 0,8 bis 1,8, im Bereich von
0,9 bis 1,7, im Bereich von 1,0 bis 1,6 im Bereich von 1,1 bis 1,5 oder im Bereich von 1,2 bis 1,4.

[0021] Die adiabatische Temperatur T [°C] am Austritt des autothermen Reformers betragt mindestens 500
°C, bevorzugter mindestens 550°C, mindestens 600°C, mindestens 650°C, mindestens 700°C, mindestens
750°C, mindestens 800°C, mindestens 850°C oder mindestens 900°C.

[0022] Der Druck P [bar abs] im autothermen Reformer liegt im Bereich von 10 bar abs bis 73,5 — 18-(S/
C) bar abs. In einer bevorzugten Ausfihrungsform liegt der Druck P [bar abs] im autothermen Reformer im
Bereich von 10 bar abs bis 73,5 bar abs, bevorzugter im Bereich von 10 bar abs bis 71,7 bar abs, im Bereich
von 10 bar abs bis 70 bar abs, im Bereich von 10 bar abs bis 60 bar abs, im Bereich von 10 bar abs bis 50
bar abs, im Bereich von 10 bar abs bis 40 bar abs, im Bereich von 10 bar abs bis 30 bar abs oder im Bereich
von 10 bar abs bis 28,5 bar abs.

[0023] Die Variable Z kann jeden Wert einer rationalen Zahl annehmen, wobei fir Z jeweils gilt:
O —50,1
Z= 0,958 + Q31,83°1lir 22,101 < [%E < 26,311, sonst Z=1.

[0024] In einer bevorzugten Ausfiihrungsform ist Z < 0,99, bevorzugter ist Z < 0,985, noch bevorzugter ist Z
<0.98,Z2<0.978,Z2<0.975,Z2<0.972, Z< 0.969, Z< 0.966, Z < 0.963 und am bevorzugtesten ist Z < 0,960.

[0025] In einer bevorzugten Ausfuhrungsform des erfindungsgemafRen Verfahrens weist der autotherme Re-
former mindestens einen Oxidatorstromeinlass auf, welcher dazu vorgesehen ist, den Oxidatorstrom in einer
definierten Richtung in den autothermen Reformer zu leiten.

[0026] In einer bevorzugten Ausfuhrungsform erfolgt der Oxidatorstromeinlass derart, dass sich innerhalb des
autothermen Reformers ein Strdomungsregime bildet, welches sich spiralférmig von oben nach unten abwarts
bewegt. Die Komponenten des Gasgemischs mit Ausnahme des Oxidatorstroms werden dabei bevorzugt axial
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von oben in den Reformer geleitet. Bevorzugt entsprechen die Richtung des Oxidatorstromeinlasses und das
damit verbundene Strdmungsregime dem Aufbau eines Drallbrenners, bei dem die Zufiihrung des Oxidator-
stroms bevorzugt aul3er einer Axial- auch eine Radial- und eine Tangentialkomponente (Verdrallung) besitzt.

[0027] In einer bevorzugten Ausfihrungsform ist der Oxidatorstromeinlass eine Diffusionslanze. Bevorzugt
wird Uber die Diffusionslanze der Oxidatorstrom in den Reformer geleitet. Bevorzugt werden der Oxidatorstrom
und die restlichen Komponenten des Gasgemischs im Reformer gemischt und mindestens ein Teil des Oxida-
tors und ein Teil der Kohlenwasserstoffe des Gasgemischs unter Flammenbildung verbrannt. Bevorzugt wer-
den mindestens 5 Vol.-% des Oxidators am Oxidatorstromeinlass verbrannt, bevorzugter mindestens 10 Vol.-
%, mindestens 20 Vol.-%, mindestens 30 Vol.-%, mindestens 40 Vol.-%, mindestens 50 Vol.-%, mindestens
60 Vol.-%, mindestens 70 Vol.-%, mindestens 80 Vol.-% oder mindestens 90 Vol.-%. Bevorzugt werden min-
destens 5 Vol.-% der Kohlenwasserstoffe des Gasgemischs am Oxidatorstromeinlass verbrannt, bevorzugter
mindestens 10 Vol.-%, mindestens 20 Vol.-%, mindestens 30 Vol.-% oder mindestens 40 Vol.-%.

[0028] In einer anderen bevorzugten Ausfiihrungsform werden hdchstens 90 Vol.-% des Oxidators des Gas-
gemischs am Oxidatorstromeinlass verbrannt, bevorzugter hochstens 80 Vol.-%, héchstens 70 Vol.-%, hochs-
tens 60 Vol.-%, hochstens 50 Vol.-%, hochstens 40 Vol.-%, hdéchstens 30 Vol.-%, héchstens 20 Vol.-% oder
hochstens 10 Vol.-%.

[0029] Bevorzugt werden héchstens 40 Vol.-% der Kohlenwasserstoffe des Gasgemischs am Oxidatorstrom-
einlass verbrannt, bevorzugter héchstens 30 Vol.-%, hochstens 20 Vol.-% oder héchstens 10 Vol.-%. Das
Verhaltnis O/C im ATR betragt typischerweise < 0,8.

[0030] In einer bevorzugten Ausfiihrungsform umfasst das erfindungsgemafe Verfahren
— die Messung der adiabatischen Temperatur T, des Drucks P und/oder des Dampf/Kohlenstoff-Verhaltnis-
ses (S/C) und
— die Regelung des Gehalts an Sauerstoff im Gasgemisch und/oder des Dampf/Kohlenstoff-Verhaltnisses
im Gasgemisch unter Einhaltung einer der Bedingungen (a), (b) oder (c) gemal dem erfindungsgemalien
Verfahren, so dass das Verfahren praktisch ohne Ruf3bildung erfolgt.

[0031] Bevorzugt erfolgen die Regelung des Gehalts an Sauerstoff im Gasgemisch und/oder die Regelung
des Dampf/Kohlenstoff-Verhaltnisses (S/C) im Gasgemisch in Abhangigkeit der gemessenen adiabatischen
Temperatur T und/oder in Abhangigkeit des gemessenen Drucks P und/oder in Abhangigkeit der Messung
des Dampf/Kohlenstoff-Verhaltnisses (S/C). Dabei wird der Gehalt an Sauerstoff im Gasgemisch und/oder
das Dampf/Kohlenstoff-Verhaltnis (S/C) derart geregelt, dass eine der Bedingungen (a), (b) oder (c) gemaR
dem erfindungsgemafRien Verfahren eingehalten wird und das Verfahren praktisch ohne RuB3bildung erfolgt.
Unterschreitet beispielsweise das Dampf/Kohlenstoff-Verhaltnis (S/C) den durch eine bestimmte Temperatur
und einen bestimmten Druck vorgegebenen minimalen Grenzwert, wird das Dampf/Kohlenstoff-Verhaltnis so
lange reguliert, bis eine der Bedingungen (a), (b) oder (c) des erfindungsgemaflen Verfahrens eingehalten wird.
Bevorzugt erfolgen die Regelung des Gehalts an Sauerstoff im Gasgemisch und die Regelung des Dampf/
Kohlenstoff-Verhaltnisses (S/C) kontinuierlich, sie kénnen aber auch nur zeitweise erfolgen.

[0032] In einer bevorzugten Ausfihrungsform wird ein autothermer Reformer zur Reformierung von Kohlen-
wasserstoffen entsprechend dem erfindungsgemafen Verfahren verwendet.

[0033] Fig. 1 illustriert schematisch und beispielhaft das erfindungsgemalle Verfahren zum Betrieb eines
autothermen Reformers, ist jedoch nicht einschrénkend auszulegen.

[0034] Beidem in Fig. 1 dargestellten autothermen Reformer erfolgt sowohl der Eintritt des Prozessgases (1)
als auch der Eintritt des Oxidatorstroms (2) im oberen Bereich des Reformers. Bevorzugt wird der Oxidator-
strom Uber Diffusionslanzen in den autothermen Reformer geleitet und zumindest ein Teil des Oxidators wird in
der Brennkammer (3) unter Flammenbildung verbrannt. Die Flammenrichtung weist dabei neben einer axialen
auch eine radiale und eine tangentiale Komponente auf. Der autotherme Reformer umfasst ein Mannloch (4),
der den Zugang zum Innenraum des Reformers gewahrleistet. Die Reformierung des Prozessgases erfolgt im
Katalysatorbett (5). Nach Durchstromen des Katalysatorbetts (5) tritt das Prozessgas am unteren Ende aus
dem autothermen Reformer aus (8). Der autotherme Reformer umfasst zusatzlich eine Feuerfestauskleidung
(6) und einen Wassermantel (7).
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Patentanspriiche

1. Ein Verfahren zur Reformierung eines Gasgemischs, welches Kohlenwasserstoffe, Sauerstoff und Was-
ser und ggf. weitere Komponenten umfasst, in einem autothermen Reformer
— bei einem Dampf/Kohlenstoff-Verhaltnis £ [mol/mol] am Eintritt des autothermen Reformers im Bereich von
0,1 bis 2,5, und
— bei einer adiabatischen Temperatur T [°C] am Austritt des autothermen Reformers von mindestens 500 °C,
und
— bei einem Druck P [bar abs] im autothermen Reformer im Bereich von 10 bar abs bis 73,5 — 18-% bar abs,
wobei eine der folgenden Bedingungen (a), (b) oder (c) erfilit ist:

S
.. 8 S _ s 78—(:}—34-6
(a) fur c*© 1,38 und P[bar abs] < 47 — 34 e 1779548 « 2231076 +-= ~13.280 » Q-27315 > T[°C] 27315
(b) far % < 1,38 und P[bar abs] > 47 - 34 -% : 1779,548 « Z — 231076 ‘%—13,280 *Q—273,15 > T[°C] =500
(c) fur % >1,38: 1779548 — 231,076 » % —13,280«Q-273,15 >T[°*C] =500,

wobei fur Z jeweils gilt:
0,1
7-0,958 + Q3 - 1,83 fiir 22,101 < [&} < 26,311, sonst Z=1,

und wobei Q jeweils der dimensionslose Zahlenwert des Drucks P [bar abs] ist.

2. Das Verfahren nach Anspruch 1, wobei Z < 0,978 ist.

3. Das Verfahren nach Anspruch 1, wobei Z < 0,975 ist.

4. Das Verfahren nach Anspruch 1, wobei Z < 0,972 ist.

5. Das Verfahren nach Anspruch 1, wobei Z < 0,969 ist.

6. Das Verfahren nach Anspruch 1, wobei Z < 0,966 ist.

7. Das Verfahren nach Anspruch 1, wobei Z < 0,963 ist.

8. Das Verfahren nach Anspruch 1, wobei Z < 0,960 ist.

9. Das Verfahren nach einem der vorstehenden Anspriiche, umfassend
— die Messung der adiabatischen Temperatur T, des Drucks P und/oder des Dampf/Kohlenstoff-Verhaltnisses
(S/C) und
— die Regelung des Gehalts an Sauerstoff im Gasgemisch und/oder des Dampf/Kohlenstoff-Verhaltnisses im
Gasgemisch unter Einhaltung einer der Bedingungen (a), (b) oder (c) gemafR Anspruch 1, so dass das Verfah-
ren praktisch ohne Ruf3bildung erfolgt.

10. Das Verfahren nach einem der vorstehenden Anspriche, wobei der autotherme Reformer mindestens
einen Oxidatorstromeinlass aufweist, welcher dazu vorgesehen ist, einen Oxidatorstrom in einer definierten
Richtung in den autothermen Reformer zu leiten.

11. Das Verfahren nach Anspruch 10, wobei der Oxidatorstromeinlass eine Diffusionslanze ist.

12. Das Verfahren nach einem der Anspriiche 10 oder 11, wobei der Oxidatorstromlass derart erfolgt, dass

sich innerhalb des autothermen Reformers ein Stromungsregime bildet, welches sich spiralférmig von oben
nach unten abwarts bewegt.
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13. Verwendung eines autothermen Reformers zur Reformierung von Kohlenwasserstoffen nach einem der
Anspriche 1 bis 12.

Es folgt eine Seite Zeichnungen
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Anhidngende Zeichnungen

Topsoe, Inc. — EX1003
Page 451 of 1210



12/9/22, 2:00 PM DE102015210803A1 - Determination of pressure, temperature and S / C ratio for a soot-free ATR operation - Google Patents

hod for determining pressure, termpera

/ Cratio} fora s e operation of an armal reformer (ATR).

images {1}

Classifications

2016-12-15

Status

Claims (13)

nermal reformer - @
et of the a

ar aut

A process for reforming 3 gas mikture comprising hydrocest
1 at the inlet of the auothermal re intherangecf 2.1t 2

the autotherst reformer i

axygen and water and

rally other compenent !

abatic ¥ wawre T1 G at the ral reformer of at least 57

barabs to Y3 8- 18 - 5/ C bar abs, wherein one of the following conditions {a), (b} or (o} iz
s

78-Q-34e2

(a) fﬁr%< 138 und P[bar abs] < 47 - 34 -% 17795482 -231076 -%—13,280 *Q-27315 >T[*C] ,\chzn,ws

an

imct 7

saure P bar sh

srid - at s pre range of

(b} fﬁr% <138undP[bar abs]>47-34 ¢ % : 1779548 « Z - 231076 '%— 13,280 « Q- 273,15 > T[*C] 2 500

(c) fur % >1,38: 1779,548 - 231,076 o% -13,280¢Q-27315 >T[°C] 2500 ,
where for each of 2 appii

’ 0,1
Z-0,958 + Q%+ 1,835 fiir 22,101 < {%J < 26,311, sonst Z=1,

in Z £ 0,978, The methed of olsim 1, whe
2im 1, wherein Z £ 4.%66. The m it of clai
a The measurement of the adiabatic tempera
irrthe gas mivture and / o the vapaor / carbon ratie

andd 3 is the din ionless numerica

vatue of the pressure P ibar absl. The method of clal
2in Z < .98% = method
cne of the preceding claims, com

et of oxyge

N L wh

< {575, The method of olaim 1,
. wherein 7 < (1963, The method of claim 1, wherein

o according t©©

o of

o

im 1, sc thzt the process tat

n the autothermal
the oxidant stream indet is
is formed which spirslly

ing claims, wi
former. Tne methed of o
tothermat &
aims 1§ te 12,

m 13, wh

former, 2 flaw re

de fromicp to b according 1o ona of ¢t

Daseription

nrefatestoar

The present inv
{ATR).

ances sue from

egpecisily natural iaday the predominant process for the preduction

moAaamnansnte o ned OO Asmsading setha faskianiam: anA s

~ v Fhase s Aantaie

Topsoe, Inc. — EX1003
Page 452 of 1210



12/9/22, 2:00 PM DE102015210803A1 - Determination of pressure, temperature and S / C ratio for a soot-free ATR operation - Google Patents

ther components such as, for axample, B 5 O, 01 g, e hydrogen

s gases are the basis for the targe-scale prod

methance! and syntheti

S,

TOCkS C311 US o with exte =) of i 3n autothermal

rhonacecus fes

acracking fi nal heating (stearn refor

is the most economicat depends on masny parsmeters i each case, such as the desiredd
1g teed:

fnan internal heating. Which af the twe re

0 of H 5 ¢ CO, plant capacity, product and educt pri ks include natural gas, LPG, bicgas, butane , 53 @ of another typne of

mydreeanton,

cecus feeds

alreformingis ac

i arese

4}H2+1/202..>H20(5;

eratures of 5GG-1250 © C and presst

upto 70 ba

SN

The combusiion of the hydrocarbon-eontaining feeds: wakes place with a substoichiomeuic amount of oxygen by means of 5 flame reaction in the combustion zone

vis then caried out in the same reacier i d bed of a steam

of @ renctor. The sieam g catalyst.

The application of autothermal reforming has many advaniages compared to steam reforming with =xiernaf heating alone. Ht is characterized by a comiact design of the

sotion costs snd better contraliability co cally refatively easy 16 cany oul and allows a quick

red to steam reforming, |

Cha

reforener by sigaificsntly iower con
startup and shutdown of the o

of SO0, 28]

ating parameters of pres one hand, increasing p
1 3cct formation, on the L ANy i / Cincreases coerating ¢

norenver is one Tempersture increase due to the capacity of the catabyst only ver

s, and

jtical steam / carbon ratio (8 / O} is undarshot,

2% sumi . in this
AYR reformer o3

2in T3l ment,

pe enigured.

G are giv

preasure, temperature, snd 37 7 determination methods for soor- aperation of an autothermat rafory

S a0 appsrsis,

5 determine the s o determing a ca

The invention has for i fimit in the cperation of an sutothermat reformer,

and §/ C ratic, in which justne sootis formed,

Thiz abjert is solved by the subject matier of the tisims.

- hej einem O 37 Cmolimol] am Sinttt des sutethermen Reformers i Bereich van 3,7 bis 2,5, und

- bei einer Zjla:)’-"(! :-,h"r‘ Temperatur T °Cl am Austitt des autothermen | mers yon mindesiens 500 °C, und

785 18

- bel elnern Dru abs] irn autothermen Reformer im Sereich von 10 bar abs t /O bar sbs,

wobei sine der folgenden Bedingungen {a), (b} oder (c e
s S s 78-Q-3402
(a) fir = < 138 und P [bar abs] < 47 34+ =1 1779548 # 2231076 ¢ =~ 13,280 + Q- 27315 > T[*C] 2T0—273,15
(b} fur%< 138 und P [bar abs] > 47 — 34 -% : 1779,548 « Z-231076 -%713,280 *Q-27315 > T[*C] 2 500
S . S
(c) far = C = 1,38: 1779,548—231\076-6—13,280 *Q-27315>T[°C] 2500,

ieweils gitt

’ 0,1
Z=0.958+ Q¢ +1.83° fir 22.101 < LS‘/}CJ <26.311, sonst Z=1,

Fahlenwert des Drucks P bar aby] is &
ally fiu n autctherm

und wobei Q jewsils der dimensionsh
and cptic

gas mikture which cor

arbons, oxygen and wi

ompenants

nratic S/ C [mc! / -'m';!] af the entancs oftl‘e 3Utet

wherein one of the folicwing conditicns (a1}, (b} or {0} is satisfied:
s s s 78-Q-3403
(@) fir = <138 und P [bar abs] <47 ~34 ¢ = 1779548+ Z-231076 + ~13,280 + Q27315 > T[°C] 2T0-273,15
(b) ﬂ]r%< 138 und P [bar abs] > 47 - 34 % : 1779548 »Z -231076 -%—13,280 *Q-27315 > T[*C] 2 500
8 S
(c) fair <> 1,38: 1779,548—231,078-6—13,280 *Q-27315>T[°C] =500,

where £

Z=0.958+ Q3+1.83°fiir 22.101 < {

ch of Z appi
_a_
(8/C)

atue of the pressurs Pibar

[1A]
} < 26.311, sonst Z=1,

1.

numerica

Topsoe, Inc. — EX1003
Page 453 of 1210



12/9/22, 2:00 PM DE102015210803A1 - Determination of pressure, temperature and S / C ratio for a soot-free ATR operation - Google Patents

ft has st on of an autotherma i of these
condit

agvisniics

d thatwhen «
inermal refarmer guite specificatly in the soot-free are
el reformers

e of the conditicns (@}, (o} or (¢} 8 soottree cp i posaible, and that with

ns can be diiven, wh

@ 8/ne e ecenamics

neans 4n

y favarable Operating condit

: pefor

The 300t i

of the aut { reformer, wha
{ic 50 ° €, more prefe

ssure, shight unde:

idy it

aF not more tha:

islfing shioit of at most 1
,5har, not more than B4bar, net mare than G,3bar not more than B2bar ar not more than

ot G.5, more prefer:

<t to the steam /

0.7 barn 3 s = than O
carbon ratio (8/ 0}, a ¢

0.2, 8t

s, nat e
ight shortfall means that it falis shart of
1 (7, or at masth .

The steam 7 carbar ratio (S 7 O} is the molar ratio of molec carban gioms of com

ree of oyygen, Carban stoms

iles of water vapor to atems of carben in the g3 ciure, but only thos
f alcchots, aldehydes, etc. ciuded accordingiy.

noti

bonratio (37 T3

e on ali be conducted 51 the same position or as substreams

iz, including the oxidant s n i per end of the reformer.

2 1o one positio
om. After lowing throug

e range of 3.2 10 2.4, mare preferabi‘ inthe rdnqe of D3t
LET0, 8

. ) 7 inthe range
BRGREE > P At 18 L

The adiaba
700 Catd

barahs, in 2
e to 71.7 bar sbs, in i
abs o7 in the range of 10 bar

el reforr s Fosr abs o
wge of 10 kar ab 7 re preferably ir

nithe rangs of 10 ba

The pressure P

aris in th

-0,1
Z= 0,958 + Q%1,83 ¢ fiir 22,101 < {% < 26,311, sonst Z=1.

The variable Z can take an any value of 2 rationa! number, where 7

78

LGTE

220383 7%

£ 0363, snd most

ne autothermal reformer has at teast cne oxidator stream %, which is provided to direct the

Row regime is formed which spiraily
oD te

moves downwardly from fep to
= reformer. Preferadiy, the direction
sreferably has

nis cfth gas mixture, »’\I.J‘ 1h 2 exception oﬁh 2 oxid: biy axiady nassed &

e fow regime correspond 1o the

ihe sunpiy of the oxidant swes

2 radial and a tang nonent (twisting).

the refcrmer via the dift
ned s feast 3 portion of the cxidizer and 3
2t the nx = preferably at feast 10 vol.%, At
by volume Hy ¥ i
siream infet, more preferably at lsast 10% by volu

in a preferred embodiment, the cxidant flow inket is a ditfusion tance. The cxidizer stream s ¢
s of the gss midiure are mived in the refermer and
teast 5 vol.% Ot the cxi
4 by Ve
Kture ave burmed at

by, the

g compener
ans of the gas mixture with lame form
teast 20 vol.%, At least 30 vol.%, At feast 40 vol
5% Ly voiume of the hyd:

Preferably
Atleast 50 vol
s of the gas +

tlesst ¢

ieast

% by volume or ot lesst 40

idizer of the g d 3t the oxidant flow inlet, m

vt most 20 vel. % Or at mest 12 ve

2 of the o

by volume, at mest 25 v

=rably, at most 40% by volume > g3 s Imixture

TR s typic

t most 30% by volume, 8t mast 20% by

)

nevatio 0/ Cinthe

voiene o at most 189% by volume

nd/oder des
h und/cder des l:,arr*pf,’how-

- die Messung der adiabat wr T, des Druck:
- die Regeiung des

fingungen {ay, (b oder (¢} ge

T Temper

Gehalts an Sauers

im Gasgemisch unter Einhaltung
1 ohne Rullsiidung erfo

i a preferred embodiment, on cormprises

e T, the pressure P and /7 or the steam /7 carban ratio (87 0 and
»in the gas mixture in comph

oe with one of the

rixture and / or the vapor / asrben i3

ons {a), (b} ar

Topsoe, Inc. — EX1003
Page 454 of 1210




12/9/22, 2:00 PM DE102015210803A1 - Determination of pressure, temperature and S / C ratio for a soot-free ATR operation - Google Patents

Frefe
rneasired adi

ably, the conirol of the content of ouyger in the gas
y dependance of the me

7igy .

controtied so that one of

ut scct fermaticn. For example, if the vapor / carben i

ntit oie of the conditio

\
AR

rival reformer is used to reform hydrocarh,

g an autothermat

y of the Gridatorstroms {2 ) in

e85 as takes place
mmal reformer addition

Z
3
4
caialyst bed
&
Refractory bning
7

water jacket

Exit process

CLUDE iN THE DESCRIPTION

s informistion of the reader

included solely for the be

documents tisted by the appiic: 5 been genersted automa
ity maodsl appiicaticn. The DPMA assumes nadia

he listis not part of

the German patent or ty for any errors oF airissi

naient literature
U 6143202 jooiel

ent iteratuce

TS Chnigtensen et al, Hydrecart Processing, 159

Topsoe, Inc. — EX1003
Page 455 of 1210



(19) % Deutsches
L Patent- und Markenamt

N
Y

2o

(12)

(21) Aktenzeichen: 10 2014 209 635.9
(22) Anmeldetag: 21.05.2014
(43) Offenlegungstag: 26.11.2015

R

19 DE 10 2014 209 635 A1 2015.11.26

Offenlegungsschrift

(51) Int Cl.:

C01B 3/02 (2006.01)

CO1C 1/04 (2006.01)

(71) Anmelder:
ThyssenKrupp AG, 45143 Essen, DE;
ThyssenKrupp Industrial Solutions AG, 45143
Essen, DE

(74) Vertreter:
Kutzenberger Wolff & Partner
Patentanwaltspartnerschaft mbB, 50668 Koin, DE

(72) Erfinder:
Gorval, Evgeni, Dr., 44135 Dortmund, DE;
Johanning, Joachim, Dr., 46045 Oberhausen,
DE; Keil, Bernd, Dr., 44141 Dortmund, DE;
Poschlad, Katja, Dr., 45529 Hattingen, DE;
Potthoff, Christiane, Dr., 44265 Dortmund, DE

(56) Ermittelter Stand der Technik:

DE 30 47 257 A1
DE 102008 039 014 A1
us 6572837 B1
EP 0999 178 A1
WO  2012/173 483 A1

WO  2013/013895 A1

Prifungsantrag gemaR § 44 PatG ist gestellt.

Die folgenden Angaben sind den vom Anmelder eingereichten Unterlagen enthommen

(54) Bezeichnung: Herstellung von Synthesegas mit zwei autothermen Reformern

(57) Zusammenfassung: Die Erfindung betrifft eine Vorrich-
tung und ein Verfahren zur Herstellung von Synthesegas mit
Hilfe von zwei autothermen Reformern und die anschlieen-
de Synthese von Ammoniak aus dem Synthesegas.

Topsoe, Inc. — EX1003
Page 456 of 1210



DE 10 2014 209 635 A1

Beschreibung

[0001] Die Erfindung betrifft eine Vorrichtung und ein
Verfahren zur Herstellung von Synthesegas mit Hilfe
von zwei autothermen Reformern und die anschlie-
Rende Synthese von Ammoniak aus dem so herge-
stellten Synthesegas.

[0002] Die groBtechnische Herstellung von Synthe-
segas aus Erdgas flir die Ammoniaksynthese basiert
heute weitgehend auf einer zweistufigen Reformie-
rung mit einem extern beheizten Dampfreformer als
primarem Reformer und einem mit komprimierter Luft
als Oxidationsmittel betriebenen Sekundarreformer.
Diese zweistufige Reformierung ist bei Kapazitdten
von bis zu 3.300 tato Ammeoniak technisch mit grof3er
Zuverlassigkeit realisierbar und wirtschaftlich im Ver-
gleich zu Alternativen fur die Herstellung von Synthe-
segas unubertroffen.

[0003] Um die Kapazitat einer Ammoniakanlage auf
mehr als 3.300 tato Ammoniak zu steigern, kénnen
grundsatzlich die Abmessungen der Apparate und
Rohrleitungen entsprechend vergrofiert werden. Al-
ternativ oder zusatzlich kann zur Kapazitatssteige-
rung auch der Betriebsdrucks bei der Herstellung von
Synthesegas erhoht werden. Die Druckerh6hung im
Reformer reduziert die Volumenstréme im gesamten
Prozessweg und ermdglicht damit grofRere Kapazita-
ten auch ohne VergroRerung der Komponenten der
Anlage. AuBerdem sorgt ein héherer Betriebsdruck
fur eine Entlastung des Synthesegasverdichters, der
fur die anschlieRende Ammoniaksynthese bei deut-
lich hdherem Druck bendtigt wird. Dies hat besonde-
re Bedeutung, weil die verfiigbaren Synthesegasver-
dichter bei Anlagenkapazitaten von 3300 tato Ammo-
niak bereits begrenzende Komponenten darstellen.
Die Grinde hierfur sind u.a. technisch bedingt und
betreffen insbesondere die Antriebsturbine.

[0004] VergréRerung der Komponenten der Anlage
und Druckerhéhung sind jedoch zur Kapazitatsstei-
gerung nicht immer wirtschaftlich sinnvoll.

[0005] Was die zweistufige Reformierung betrifft, so
hat der Dampfreformer wegen seiner Komplexitat
und der grol3en Beanspruchung einen vergleichswei-
se groflen Anteil an den Gesamterrichtungskosten.
Im Prinzip kann ein Dampfreformer als eine Paral-
lelschaltung einer gro3en Zahl einzelner Rohrreakto-
ren aufgefasst werden, deren individuelle Kapazitat
sich nicht mehr wesentlich steigern Iasst. Die Kapa-
zitat eines Dampfreformers ist daher eng mit der An-
zahl an Rohrreaktoren verbunden und eine Steige-
rung ist im Wesentlichen nur durch VergréRerung der
Anzahl an Rohrreaktoren moglich. Nahezu samtliche,
firr die Realisierung eines Dampfreformers erforderli-
che Komponenten sind an die Anzahl der Rohrreak-
toren gekoppelt. Die Errichtungskosten eines Dampf-
reformers sind deshalb weitgehend proportional zur
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Kapazitat der Gesamtanlage. Eine VergrofRerung des
Dampfreformers zur Steigerung der Kapazitat ist wirt-
schaftlich nicht sinnvoll. Auch einer Anhebung des
Betriebsdrucks sind bei der zweistufigen Reformie-
rung relativ enge Grenzen gesetzt, weil die Rohre im
Dampfreformer bereits ohnehin an der durch Druck
und Temperatur definierten Belastungsgrenze arbei-
ten.

[0006] Eine Alternative zur zweistufigen Reformie-
rung ist die rein autotherme Reformierung von Erd-
gas mit Hilfe kostenglinstigerer autothermer Refor-
mer (ATR). Um die hierfur erforderliche zusatzliche
Sauerstoffmenge bereit zu stellen, ist dafiir entweder
Sauerstoff aus einer Luftzerlegungsanlage oder ei-
ne entsprechend gréRere Luftmenge erforderlich. Die
Kosten fur die Luftzerlegung oder die Bereitstellung
der zusatzlichen Luftmenge sowie die Abtrennung
des Uberschissigen Stickstoffs sind allerdings erheb-
lich und kompensieren bei Anlagenkapazitiaten von
bis zu 3.300 tato Ammoniak die Einsparungen, wel-
che durch den Entfall des Dampfreformers erreicht
werden. Vorrichtungen fur die Luftzerlegung bzw. die
Abtrennung des Uberschiissigen Stickstoffs zeigen
jedoch bei Erhéhung ihrer Kapazitat durch VergrofRe-
rung der Komponenten eine ausgepragte Degression
der zusatzlichen Kosten. Bei wachsender Kapazitat
oberhalb von 3300 tato Ammoniak bringt damit die
Vergrofierung der Komponenten von Anlagen auf Ba-
sis von rein autothermen Reformern im Vergleich zur
zweistufigen Reformierung Kostenvorteile mit sich.

[0007] Weiterhin haben Anlagen auf Basis rein au-
tothermer Reformierung prinzipiell ein erheblich gro-
Reres Potenzial zur Steigerung des Betriebsdrucks
bei der Herstellung von Synthesegas. Eine Anhebung
des Betriebsdrucks bei der Herstellung von Synthe-
segas ist aber auch bei rein autothermer Reformie-
rung nicht beliebig mdglich bzw. sinnvoll. Die Druck-
abhangigkeit der Gleichgewichtslage der Reformie-
rungsreaktion fihrt dazu, dass der Methanumsatz mit
wachsendem Druck zuriickgeht und der Restgehalt
an Methan im erzeugten Synthesegas steigt. In der
Synthesegasaufbereitung muss dann ein zunehmen-
der Anteil des Kreislaufstroms aus der Synthese ab-
gezogen werden (Purge), wodurch die Anlagenwirt-
schaftlichkeit negativ beeinflusst wird. Weiterhin fihrt
der durch die Druckanhebung zunehmende Partial-
druck des in der Reformierung gebildeten Kohlen-
stoffmonoxids zu zusatzlicher Beanspruchung in den
nachfolgenden Aufbereitungsschritten, insbesondere
bei der Konvertierung von Kohlenstoffmonoxid. Die-
ser Partialdruck von Kohlenstoffmonoxid liegt bereits
bei herkdmmlichen Anlagen an der Grenze der tech-
nischen Realisierbarkeit. Die Verhaltnisse werden
noch dadurch verscharft, dass fur die Reformierung
eine moglichst geringe Wasserdampfzugabe, d.h. ein
maoglichst niedriges Wasserdampf-/Kohlenstoff-Ver-
haltnis angestrebt wird, da hierdurch der Sauerstoff-
bedarf minimiert werden kann. Eine geringere Was-
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serdampfmenge bedingt grofRere Partialdricke der
ubrigen Gase im Gemisch und hat damit im Prinzip
die gleichen Auswirkungen wie eine Anhebung des
Gesamtdrucks, d.h. héherer Restgehalt an Methan
und groBerer Partialdruck von Kohlenstoffmonoxid im
Produktgas.

[0008] WO 2004/083114 A2 offenbart ein Verfahren
zur Herstellung von Wasserstoff, bei welchem ein
Warmetauscher-Reformer und ein autothermer Re-
former parallel geschaltet sind.

[0009] EP 0 999 178 A1 betrifft ein Verfahren zur
Herstellung von Synthesegas, u.a. fir die anschlie-
Rende Ammoniaksynthese, bei dem ein herkdbmmili-
cher Dampfreformer und ein autothermer Reformer
parallel angeordnet sind. Die Produktstrome aus bei-
den Reformern werden anschlieRend miteinander
vereint und gemeinsam weiter aufbereitet.

[0010] US 6,444,712 B1 offenbart ein Verfahren
zur Herstellung von Methanol aus Erdgas. Bevor-
zugt wird etwa die Halfte des Erdgasstroms in einen
Dampfreformer geleitet, um darin reformiertes Gas zu
erzeugen. Das so reformierte Gas wird anschlielRend
mit der anderen Halfte des Erdgasstroms vermischt
und in einen autothermen Reformer geleitet.

[0011] US 2013 312384 A1 betrifft ein Verfahren zur
Herstellung von H, und CO aus Kohlenwasserstoffen
und Biotreibstoff. Dabei werden aus Sicherheitsgriin-
den bevorzugt mehrere kleinere parallele autotherme
Reformer eingesetzt.

[0012] Diese herkdmmlichen Verfahren zur Herstel-
lung von Synthesegas sind nicht in jeder Hinsicht
zufriedenstellend, insbesondere im Hinblick auf eine
Kapazitatssteigerung.

[0013] Der Erfindung liegt die Aufgabe zugrunde, ein
vorteilhaftes Verfahren und eine Vorrichtung zur Her-
stellung von Synthesegas flr die anschlieRende Am-
moniaksynthese bereitzustellen. Mit dem Verfahren
und der Vorrichtung sollen signifikante Steigerungen
der Kapazitat iber das Niveau von 3300 tato Ammo-
niak hinaus realisiert werden kdnnen, ohne die tech-
nischen und wirtschaftlichen Grenzen zu Gberschrei-
ten.

[0014] Diese Aufgabe wird durch den Gegenstand
der Patentanspriiche geldst.

[0015] Ein Aspekt der Erfindung betrifft ein Verfah-
ren zur Herstellung von Synthesegas umfassend die
Schritte
(a) Bereitstellen eines Gasgemischs umfassend
Kohlenwasserstoffe, vorzugsweise Methan oder
Erdgas; Wasserdampf; und ein Oxidationsmittel,
vorzugsweise Sauerstoff oder mit Sauerstoff an-
gereicherte Luft;

2015.11.26

(b) Reformieren des in Schritt (a) bereitgestellten
Gasgemischs in einem ersten autothermen Re-
former, wodurch ein erstes Synthesegas umfas-
send Wasserstoff, Kohlenstoffmonoxid, Kohlen-
stoffdioxid und Methan erhalten wird;

(c) Erhdhen des Gehalts an Wasserstoff des
in Schritt (b) erhaltenen ersten Synthesegases
durch Abtrennen eines Gasgemischs umfassend
Kohlenstoffmonoxid, Kohlenstoffdioxid und Me-
than;

(d) Bereitstellen eines Gasgemischs umfassend
das in Schritt (c) abgetrennte Gasgemisch;

(e) Reformieren des in Schritt (d) bereitgestellten
Gasgemischs in einem zweiten autothermen Re-
former, wodurch ein zweites Synthesegas umfas-
send Wasserstoff, Kohlenstoffmonoxid und Koh-
lenstoffdioxid erhalten wird;

wobei der erste autotherme Reformer in Schritt (b)
bei einem Druck betrieben wird, der hdher ist als der
Druck, bei dem der zweite autotherme Reformer in
Schritt (e) betrieben wird.

[0016] Das erfindungsgemaRe Verfahren basiert auf
der Reformierung in zwei autothermen Reformern bei
verschiedenem Druck. Die erste autotherme Refor-
mierung wird bei einem so hohen Druck betrieben,
dass das gebildete wasserstoffreiche erste Synthe-
segas nach Abtrennung von CO, CO, sowie ggdf. Res-
ten an nicht umgesetztem CH, direkt vor die zwei-
te Stufe des Synthesegasverdichters geleitet wer-
den kann, welcher dem Ammoniakreaktor vorge-
schaltet ist. Dieser Synthesegasverdichter ist bevor-
zugt mehrstufig, wobei eine erste Verdichterstufe
das Gasgemisch bevorzugt auf einen ersten Druck
im Bereich von 50 bis 150 bar, bevorzugter 60 bis
140 bar verdichtet, und wobei eine nachgeschalte-
te zweite Verdichterstufe das (vorverdichtete) Gas-
gemisch auf einen zweiten Druck im Bereich von
bevorzugt mindestens 150 bar, bevorzugter mindes-
tens 170 bar verdichtet, wie er fir die anschlieRen-
de Ammoniaksynthese benotigt wird. Die Abtren-
nung von CO, CO, und ggf. CH, erfolgt dabei bevor-
zugt durch Druckwechsel-Adsorption (PSA, Pressu-
re Swing Absorption) oder mit Hilfe von Membranen.
Das abgetrennte Gasgemisch wird ggf. (bevorzugt)
verdichtet und einer zweiten autothermen Reformie-
rung zugefuhrt und hier mit Luft, ggf. maRig mit Sau-
erstoff angereicherter Luft, zu einem zweiten Synthe-
segas reformiert. Die anschlielende Reinigung die-
ses zweiten Synthesegases aus dem zweiten auto-
thermen Reformer erfolgt dann bevorzugt durch (i)
ein- oder zweistufige Konvertierung von CO, (ii) Ab-
trennung von CO, und/oder (iii) abschlieBende Rei-
nigung, beispielsweise durch Methanisierung, Druck-
wechsel-Adsorption oder Stickstoffwasche. Das ers-
te Synthesegas und das zweite Synthesegas werden
anschlieRend ggf. nach getrennter (Vor-)Verdichtung
vereint, ggf. mit der zur Erreichung der gewlinschten
Stéchiometrie noch erforderlichen Menge an Stick-
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stoff angereichert und der Ammoniaksynthese in ei-
nem Ammoniakreaktor zugeflihrt. Dabei wird das ers-
te Synthesegas bevorzugt lediglich in der zweiten
Verdichterstufe des Synthesegasverdichters verdich-
tet, das zweite Synthesegas hingegen bevorzugt so-
wohl in der ersten Verdichterstufe, als auch — nach
Vereinigung mit dem ersten Synthesegas — in der
zweiten Verdichterstufe.

[0017] Das erfindungsgemalle Verfahren bedingt
zusatzliche und/oder andere Apparate im Vergleich
mit einer herkdbmmlichen einstrangigen Prozessfuh-
rung mit nur einem einzelnen autothermen Reformer.
So werden fur das erfindungsgemafRe Verfahren ins-
besondere ein zweiter autothermer Reformer (bevor-
zugt mitsamt Abkihistrecke) fir das Synthesegas, ei-
ne Vorrichtung zur Abtrennung der Ubrigen Bestand-
teile des Synthesegases (bevorzugt durch Druck-
wechsel-Adsorption) sowie ein zusatzlicher Verdich-
ter bendtigt. Dafir erméglicht das erfindungsgema-
Re Verfahren jedoch, den ersten autothermen Re-
former mit einem sehr kleinen Wasserdampf/Kohlen-
stoff-Verhaltnis zu betreiben und damit den Sauer-
stoffbedarf, also auch die BaugréRe der kosteninten-
siven Luftzerlegung zu minimieren. Auch die Bau-
gréRen der Vorrichtungen zur anschlieBenden Rei-
nigung des Synthesegases aus dem zweiten auto-
thermen Reformer werden durch die im Vergleich
zu der herkébmmlichen einstrangigen Prozessfihrung
kieineren Volumenstréme signifikant reduziert. Ins-
gesamt ergeben sich deshalb fir das erfindungsge-
mafde Verfahren Kostenvorteile gegenuber einer her-
kdmmlichen einstrangigen Anlage gleicher Kapazitat,
welche nach dem derzeitigen Stand der Technik ein-
strangig nicht realisiert werden kdénnten.

[0018] Autotherme Reformer haben im Vergleich
zu herkdmmlichen Dampfreformern einen erhéhten
Sauerstoffbedarf. Es wurde Uberraschend gefunden,
dass der Sauerstoffbedarf zur Herstellung von Syn-
thesegas umso kleiner wird, je weniger Wasserdampf
zugegeben wird, d.h. je geringer das Wasserdampf/
-Kohlenstoff-Verhaltnis ist. Es wurde in diesem Zu-
sammenhang allerdings auch Gberraschend gefun-
den, dass der Restgehalt an Methan im Synthese-
gas nach der Reformierung im autothermen Refor-
mer bei geringerer Wasserdampfzugabe und bei er-
héhtem Druck auf fir den Gesamtprozess nicht mehr
akzeptable Werte zunimmt.

[0019] Bei einer rein einstrangigen Herstellung von
Synthesegas auf Basis eines einzelnen autothermen
Reformers miisste daher zur Steigerung der Kapa-
zitat bei Erhéhung des Drucks die Wasserdampf-
zugabe ebenfalls entsprechend gesteigert werden,
um den Restgehalt an Methan nach der Reformie-
rung auf dem Niveau der konventionellen Anlage zu
halten und den Synthesegasverdichter zu entlasten.
Mit der Steigerung der Wasserdampfzugabe wachst
aber auch wieder der Bedarf an teurem Sauerstoff,
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so dass eine Reduzierung des Sauerstoffbedarfs und
entsprechend der Betriebs- und Investitionskosten
bei rein einstrangiger Herstellung von Synthesegas
auf Basis eines einzelnen autothermen Reformers
nicht realisierbar ware. Wegen des hohen Anteils der
Luftzerlegung an den Gesamtkosten einer Ammo-
niakanlage auf Basis von autothermer Reformierung
hat dies signifikante Auswirkungen auf die Wirtschaft-
lichkeit, d.h. auf die Kostenrelationen im Vergleich zu
konventionellen Anlagen. Letztlich ergibt sich damit
eine grolere Grenzkapazitat, ab der eine Ammoniak-
anlage auf Basis von autothermer Reformierung Kos-
tenvorteile gegeniiber einer konventionellen Anlage
aufweist.

[0020] Es wurde uberraschend gefunden, dass alle
Vorteile der autothermen Reformierung genutzt wer-
den kdnnen, wenn die Reformierung in zwei Schrit-
ten auf unterschiedlichen Druckniveaus durchgefuhrt
wird. Der erste Schritt nutzt dabei bevorzugt sowohi
den Vorteil einer geringen Wasserdampfmenge im
Prozessgas zur Minimierung der bendtigten Sauer-
stoffmenge als auch den eines erhéhten Drucks zur
Entlastung des Synthesegasverdichters.

[0021] Ein autothermer Reformer im Sinne der Erfin-
dung ist ein Reformer, bei dem die bei der Reformie-
rung durch exotherme Reaktionen hergestellte War-
me fur endotherme Reaktionen genutzt wird, so dass
der Reformierprozess autotherm erfolgt. Dabei weist
der autotherme Reformer vorzugsweise einen Kata-
lysator und einen Brenner auf. Reaktoren zur auto-
thermen partiellen katalytischen Oxidation an Edel-
metallkatalysatoren, welche keinen Brenner aufwei-
sen, sind bevorzugt keine autothermen Reformer im
Sinne der Erfindung.

[0022] Bei dem erfindungsgemalen Verfahren wird

bevorzugt
— der erste autotherme Reformer in Schritt (b) bei
einem Druck betrieben, der mindestens um 5 bar,
bevorzugter mindestens um 10 bar, noch bevor-
zugter mindestens um 15 bar, am bevorzugtesten
mindestens um 20 bar und insbesondere mindes-
tens um 25 bar hdher ist als der Druck, bei dem
der zweite autotherme Reformer in Schritt (e) be-
trieben wird; und/oder
— der erste autotherme Reformer in Schritt (b) bei
einem Druck von mindestens 30 bar betrieben,
bevorzugt mindestens 35 bar oder mindestens 40
bar, bevorzugter mindestens 45 bar oder mindes-
tens 50 bar, noch bevorzugter mindestens 55 bar
oder mindestens 60 bar, am bevorzugtesten min-
destens 65 bar oder mindestens 70 bar, und ins-
besondere mindestens 75 bar oder mindestens 80
bar; und/oder
— der zweite autotherme Reformer in Schritt (e)
bei einem Druck von héchstens 60 bar betrieben,
bevorzugt héchstens 55 bar oder hdchstens 50
bar, bevorzugter hochstens 45 bar oder hdochstens
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40 bar, noch bevorzugter héchstens 38 bar oder
héchstens 36 bar, am bevorzugtesten hochstens
34 bar oder hochstens 32 bar, und insbesondere
héchstens 30 bar, hdchstens 28 bar, hochstens
26 bar, hochstens 24 bar, hochstens 22 bar oder
héchstens 20 bar.

[0023] Bevorzugt wird der erste autotherme Refor-
mer in Schritt (b) bei einem Druck betrieben, der um
20 bis 45 bar hoher ist als der Druck, bei dem der
zweite autotherme Reformer in Schritt (e) betrieben
wird. Dabei wird der erste autotherme Reformer in
Schritt (b) vorzugsweise bei solch einem hohen Druck
betrieben, dass nach Abzug aller weiteren Druckver-
luste stromabwarts des ersten autothermen Refor-
mers das erhaltene Gasgemisch sicher nach der ers-
ten Stufe eines mehrstufigen Synthesegasverdich-
ters der anschlieRenden Ammoniaksynthese zuge-
fahrt werden kann, wobei das Verdichtungsverhaltnis
bevorzugt beispielsweise 2,5 betragt.

[0024] Der Druck, bei dem der erste autotherme Re-
former betrieben wird, liegt bevorzugt im Bereich von
30 bis 80 bar. Ein Druck unterhalb von 30 bar ist
nicht bevorzugt, da sich dies ungunstig auf die Di-
mensionierung des dem zweiten autothermen Refor-
mer vorgeschalteten Verdichters auswirken wiirde.
Ein Druck oberhalb von 80 bar ist nicht bevorzugt, da
sich dies ungunstig auf die Gleichgewichtslage der im
ersten autothermen Reformer stattfindenden Reakti-
on (Dampfreformierung) auswirken wiirde.

[0025] Der Druck, bei dem der zweite autotherme
Reformer betrieben wird, liegt bevorzugt im Bereich
von 30 bis 60 bar. Ein Druck unterhalb von 30 bar ist
grundsatzlich moglich, wirkt sich allerdings ungiins-
tig auf die Dimensionierung des zweiten autothermen
Reformers aus. Ein Druck oberhalb von 60 bar ist
nicht bevorzugt, da dann bei gegebenem Verdich-
tungsverhaltnis der erste autotherme Reformer bei
so hohen Driicken betrieben werden misste, bei de-
nen die Gleichgewichtslage der im ersten autother-
men Reformer stattfindenden Reaktion (Dampfrefor-
mierung) auf der Seite der Edukte lage.

[0026] In Schritt (a) des erfindungsgemallen Verfah-

rens
— wird bevorzugt das Oxidationsmittel in Form
von reinem Sauerstoff oder in Form von mit Sau-
erstoff angereicherter Luft mit einem Gehalt an
Sauerstoff von mindestens 90 Vol.-%, bevorzug-
ter mindestens 92 Vol.-%, noch bevorzugter min-
destens 94 Vol.-%, am bevorzugtesten mindes-
tens 96 Vol.-% und insbesondere mindestens 98
Vol.-% bereitgestellt, wobei der bendtigte Sauer-
stoff vorzugsweise aus einer Luftzerlegungsanla-
ge stammt; und/oder
— werden bevorzugt dem Gasgemisch die Kohlen-
wasserstoffe in Form von Methan oder Erdgas zu-
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gesetzt, wobei das Erdgas ggf. bevorzugt zuvor
entschwefelt wurde; und/oder

— weist bevorzugt das bereitgestelite Gasgemisch
ein molares Wasserdampf/Kohlenstoff-Verhaltnis
von hochstens 3,6, hochstens 3,4 oder héchstens
3,2 auf, bevorzugt hochstens 3,0, hdchstens 2,
8 oder hiéchstens 2,6; bevorzugter hochstens 2,
4, hochstens 2,2 oder hdchstens 2,0; noch be-
vorzugter héchstens 1,8, unter Umstanden ggf.
auch hochstens 1,6, hochstens 1,4, hochstens 1,
2, héchstens 1,0, héchstens 0,8, hochstens 0,6,
héchstens 0,4 oder hochstens 0,2; und/oder

— weist bevorzugt das bereitgestelite Gasgemisch
einen Gehalt an Stickstoff von héchstens 10 Vol.-
% auf, bevorzugter héchstens 8 Vol.-%, noch be-
vorzugter héchstens 6 Vol.-%, am bevorzugtesten
héchstens 4 Vol.-%, und insbesondere hdchstens
2 Vol.-%.

[0027] Das molare Wasserdampf/Kohlenstoff-Ver-
haltnis im Sinne der Erfindung ist das Stoffmen-
genverhaltnis von Molekiilen Wasserdampf zu Ato-
men Kohlenstoff im Gasgemisch, wobei allerdings
nur diejenigen Kohlenstoffatome von Verbindungen
eingerechnet werden, welche reine Kohlenwasser-
stoffe, d.h. frei von Sauerstoff sind. Kohlenstoffatome
von Alkoholen, Aldehyden, etc. werden entsprechend
nicht eingerechnet.

[0028] Ein molares Wasserdampf/Kohlenstoff-Ver-
haltnis von gréBer 3,2 ist zwar technisch moglich, je-
doch nicht bevorzugt, da es dazu fiuhren wirde, dass
mehr Sauerstoff verbraucht werden wiirde als not-
wendig ist und die Ausbeute an Wasserstoff sinken
wirde. Erfindungsgemal stellt ein molares Wasser-
dampf/Kohlenstoff-Verhaltnis von 3,2 daher bevor-
zugt die dkonomische Obergrenze dar. Ein molares
Wasserdampf/Kohienstoff-Verhaltnis von kleiner 0,3
ist nicht bevorzugt, da sonst Ruf} entstehen wiirde,
der den Katalysator deaktivieren wiirde.

[0029] Bevorzugt weist das in Schritt (b) des erfin-

dungsgemafden Verfahrens erhaltene erste Synthe-

segas
— ein molares Wasserstoff/Kohlenstoffmonoxid-
Verhéltnis von hochstens 4,5 auf, bevorzugt
hoéchstens 4,2, hochstens 3,9 oder héchstens 3,
6; bevorzugter héchstens 3,3, héchstens 3,0 oder
hoéchstens 2,7; noch bevorzugter hochstens 2.4,
héchstens 2,1 oder héchstens 1,8; am bevorzug-
testen hochstens 1,5, hochstens 1,2 oder héchs-
tens 1,0; und insbesondere héchstens 0,8, hochs-
tens 0,6 oder héchstens 0,4; und/oder
— einen Gehalt an Methan von mindestens 0,3
Vol.-% auf, bevorzugt mindestens 0,6 Vol.-%, min-
destens 0,9 Vol.-% oder mindestens 1,2 Vol.-%;
bevorzugter mindestens 1,5 Vol.-%, mindestens
1,8 Vol.-% oder mindestens 2,1 Vol.-%; noch be-
vorzugter mindestens 2,4 Vol.-%, mindestens 2,
7 Vol.-% oder mindestens 3,0 Vol.-%; am bevor-
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zugtesten mindestens 3,3 Vol.-%, mindestens 3,
6 Vol.-% oder mindestens 3,9 Vol.-%; und insbe-
sondere mindestens 4,2 Vol.-%, mindestens 4,5
Vol.-% oder mindestens 4,8 Vol.-%; und/oder

— einen Gehalt an Wasserstoff von mindestens 30
Vol.-% auf, bevorzugt mindestens 32 Vol.-%, min-
destens 34 Vol.-% oder mindestens 36 Vol.-%; be-
vorzugter mindestens 38 Vol.-%, mindestens 40
Vol.-% oder mindestens 42 Vol.-%; noch bevor-
zugter mindestens 44 Vol.-%, mindestens 46 Vol .-
% oder mindestens 48 Vol.-%; am bevorzugtesten
mindestens 50 Vol.-%, mindestens 52 VVol.-% oder
mindestens 54 Vol.-%; und insbesondere mindes-
tens 56 Vol.-%, mindestens 58 Vol.-% oder min-
destens 60 Vol.-%; und/oder

— einen Gehalt an Kohlenstoffmonoxid im Bereich
von 20 = 19 Vol.-% auf, bevorzugter 20 = 16 Vol.-
%, noch bevorzugter 20 + 13 Vol.-%, am bevor-
zugtesten 20 = 9 Vol.-%, und insbesondere 20 +
5 Vol.-%; und/oder

— einen Gehalt an Kohlenstoffdioxid im Bereich
von 12 = 11 Vol.-% auf, bevorzugter 12 + 10 Vol.-
%, noch bevorzugter 12 + 8 Vol.-%, am bevorzug-
testen 12 + 6 Vol.-%, und insbesondere 12 + 4
Vol.-%; und/oder

— einen Gehalt an Stickstoff von hoéchstens 10
Vol.-% auf, bevorzugter héchstens 8 Vol.-%, noch
bevorzugter héchstens 6 Vol.-%, am bevorzugtes-
ten hochstens 4 Vol.-%, und insbesondere hdchs-
tens 2 Vol.-%; und/oder

— einen Gehalt an Wasserdampf von 30 + 29 Vol .-
% auf, bevorzugter 30 + 25 Vol.-%, noch bevor-
zugter 30 = 20 Vol.-%, am bevorzugtesten 30 = 15
Vol.-%, und insbesondere 30 + 10 Vol.-%;

wobei die Gehaltsangaben jeweils Feuchtkonzentra-
tionen sind.

[0030] Sofern nicht ausdriicklich anderweitig darauf
hingewiesen wird, sind alle Prozentangaben in Be-
zug auf Gasgemische, welche Wasserdampf enthal-
ten, als Feuchtkonzentrationen aufzufassen.

[0031] Trocken gerechnet weist das in Schritt (b) des
erfindungsgemafien Verfahrens erhaltene erste Syn-
thesegas bevorzugt
— einen Gehalt an Wasserstoff im Bereich von 38
bis 69 Vol.-% auf; und/oder
— einen Gehalt an Kohlenstoffmonoxid im Bereich
von 7 bis 31 Vol.-% auf; und/oder
— einen Gehalt an Kohlenstoffdioxid im Bereich
von 3 bis 19 Vol.-% auf.

[0032] Der Gehalt an Methan im ersten Synthesegas
kann grundsatzlich auch mehr als 4,8 Vol.-% betra-
gen, insbesondere wenn ein niedriges molares Was-
serdampf/Kohlenstoff-Verhaltnis eingestellt wird und
dem ersten autothermen Reformer eine vergleichs-
weise geringe Menge an Sauerstoff zugefiihrt wird,
so dass die Temperatur in der POX-Zone des Re-
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aktors vergleichsweise niedrig ist. Gehalte an Me-
than von mehr als 4,8 Vol.-% sind jedoch nicht be-
vorzugt, da diese in Schritt (c) des erfindungsgema-
Ren Verfahrens abgetrennt werden miissen, so dass
anschlieBend eine groiere Gasmenge auf den Druck
des zweiten autothermen Reformers rickverdichtet
werden muss. Hierdurch steigen die Betriebskosten
an.

[0033] Geeignete MalRnahmen, den relativen Gehalt
der einzelnen Gaskomponenten im autotherm her-
gestellten ersten und zweiten Synthesegas einzu-
stellen, sind dem Fachmann bekannt, insbesondere
Sauerstoffmenge, Dampfmenge, Kohlenwasserstoff-
menge, Temperatur und Druck. Der Einfluss dieser
Parameter auf die Zusammensetzung des Synthese-
gases kann ggf. durch geeignete Routineversuche
verifiziert werden.

[0034] Das im ersten autothermen Reformer her-
gestellte erste Synthesegas ist wegen seines ver-
gleichsweise hohen CO-Partialdrucks und des ver-
gleichsweise niedrigen Gehalts an Wasserdampf
schlecht oder sogar ungeeignet fir eine anschlieRen-
de CO-Konvertierung. Mit Hilfe einer Druckwechsel-
Adsorption (PSA) kann aber der Wasserstoff auf ho-
hem Druckniveau abgetrennt und direkt dem Syn-
thesegasverdichter zugefihrt werden. Der Druck bei
der ersten autothermen Reformierung wird daher be-
vorzugt so gewahlt werden, dass der Wasserstoff di-
rekt dem Synthesegasverdichter, vorzugsweise der
zweiten Stufe eines mehrstufigen Synthesegasver-
dichters zugefuhrt werden kann.

[0035] Bevorzugt erfolgt in Schritt (c) des erfin-
dungsgemafen Verfahrens das Abtrennen des Gas-
gemischs umfassend CO, CO, und CH, vom ers-
ten Synthesegas (i) durch Druckwechsel-Adsorption
(PSA - Pressure Swing Adsorption) oder (ii) durch
selektive Membran-Permeation und anschlielende
Druckwechsel-Adsorption.

[0036] Bei der Druckwechsel-Adsorption wird das
Gasgemisch umfassend H,, CO, CO, und CH, un-
ter Druck mittels Adsorption physikalisch voneinan-
der getrennt. Vorzugsweise werden pordse Materia-
lien (z.B. Zeolithe, Aktivkohle) als Adsorbens ein-
gesetzt. Die Trennwirkung kann erfindungsgemafn
auf zwei verschiedenen Prinzipien beruhen: Gleich-
gewichtsadsorption oder Molekularsiebwirkung. Das
Gasgemisch wird bevorzugt unter erhdhtem Druck
in einen Festbettreaktor eingeleitet, welcher mit dem
Adsorbens gefiillt ist, so dass dieses durchstromt
wird. CO, CO, und CH, aus dem Gasgemisch werden
nun adsorbiert und am Ausgang des Betts kann H,
entnommen werden. Nach einer Weile ist das Adsor-
berbett gesattigt und der Prozess wird Uber Ventile
umgeschaltet, so dass der Ausgang fur H, geschlos-
sen und ein Auslass fiur CO, CO, und CH, gedffnet
wird. Dies ist begleitet von einer Druckabsenkung.
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Bei dem niedrigeren Druck werden nun das adsor-
bierte CO, CO, und CH, wieder desorbiert und kon-
nen am Auslass gewonnen werden. Zwei oder mehr
wechselseitig be- und entladene Adsorber ermogli-
chen dabei bevorzugt einen kontinuierlichen Betrieb.

[0037] In einer bevorzugten Variante des erfin-
dungsgemafen Verfahrens wird in Schritt (c) das ers-
te Synthesegas zunachst einer Membran-Trennanla-
ge zum Abtrennen von Kohlenstoffmonoxid und Koh-
lenstoffdioxid durch selektive Membran-Permeation
zugefuhrt. Die Membran hat die Eigenschaft, dass sie
Kohlenstoffmonoxid und Kohlenstoffdioxid wesent-
lich schneller durchlasst als Wasserstoff. Die Trieb-
kraft fiir diesen Trennprozess ist der Unterschied der
Partialdriicke der abzutrennenden Komponente auf
der Hoch- und Niederdruckseite der Membran. Hier-
bei wird der Druck auf der Niederdruckseite der Mem-
bran so eingestellt, dass er nur wenig héher als der
Druck der Kohlenwasserstoffe (Erdgas) an der An-
lagengrenze ist. In der Membran-Trennanlage wird
das erste Synthesegas in einen an Wasserstoff und
Methan angereicherten Retentatstrom und einen an
Kohlenstoffmonoxid und Kohlenstoffdioxid angerei-
cherten Permeatstrom getrennt. Der Retentatstrom
wird erst dann dem Abtrennen von Kohlenstoffmon-
oxid, Kohlenstoffdioxid und Methan gemaf Schritt (c)
zugefihrt, wobei das Abtrennen von Kohlenstoffmon-
oxid, Kohlenstoffdioxid und Methan dann vorzugs-
weise ebenfalls durch Druckwechsel-Adsorption er-
folgt. Das anfallende Abgas enthalt Giberwiegend Me-
than, vorher nicht abgeschiedenes Kohlenstoffmon-
oxid und Kohlenstoffdioxid sowie in geringen Mengen
auch Wasserstoff. Es kann als Brenngas weiter ver-
wendet werden, z.B. in einem Hilfskessel zur Dampf-
erzeugung.

[0038] Nach dem Abtrennen des Gasgemischs um-
fassend Kohlenstoffmonoxid, Kohlenstoffdioxid und
Methan in Schritt (c) hat das erste Synthesegas be-
vorzugt
— einen Gehalt an Wasserstoff von mindestens 90
Vol.-%, bevorzugter mindestens 92 Vol.-%, noch
bevorzugter mindestens 94 Vol.-%, am bevorzug-
testen mindestens 96 Vol.-%, und insbesondere
mindestens 98 Vol.-%; und/oder
— einen Gehalt an Stickstoff von héchstens 10
Vol.-% auf, bevorzugter héchstens 8 Vol.-%, noch
bevorzugter héchstens 6 Vol.-%, am bevorzugtes-
ten hdchstens 4 Vol.-%, und insbesondere hdchs-
tens 2 Vol.-%.

[0039] Der Hauptteil des Wasserstoffs ist nach der
Abtrennung des Gasgemisches im ersten Synthe-
segas enthalten. Das abgetrennte Gasgemisch um-
fasst seinerseits zum gréBten Teil in der Reformie-
rung gebildetes CO, nicht umgesetztes CH, und wei-
tere, vergleichsweise kleine Anteile an CO, sowie
H,. Es wurde liberraschend gefunden, dass die wei-
tere Umsetzung dieses Stroms am vorteilhaftesten
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in einem zweiten autothermen Reformierungsschritt
erfolgt, um sowohl das restliche Methan umzuset-
zen als auch Probleme mit der CO-Konvertierung
durch den grofen Partialdruck des Kohlenstoffmon-
oxids zu vermeiden. Ggf. nach Zugabe von wei-
teren Kohlenwasserstoffen, vorzugsweise von Me-
than oder Erdgas, wird das abgetrennte Gasgemisch,
welches vorzugsweise der Druckwechsel-Adsorption
entstammt, einem zweiten autothermen Reformer zu-
gefuhrt und hier mit komprimierter Luft, ggf. auch ma-
Rig mit Sauerstoff angereicherter Luft als Oxidations-
medium ebenfalls autotherm reformiert. Auf Grund
des niedrigeren Drucks in dieser Reformierung und
einer spezifisch gréReren Wasserdampfzugabe zum
Prozessgas ergibt sich in diesem zweiten autother-
men Reformer ein Restgehalt an Methan, welcher mit
dem einer konventionellen Anlage vergleichbar ist.

[0040] Das erfindungsgemafle Verfahren nutzt so
die Vorteile eines hdheren Druckniveaus in der ers-
ten autothermen Reformierung, vermeidet aber ei-
nen gréReren Methaneintrag in die bevorzugt im An-
schluss erfolgende Ammoniaksynthese sowie eine
groRere Beanspruchung der nachfolgenden Prozess-
stufen fir die Reinigung des Synthesegases und er-
mdglicht auch eine signifikante Entlastung des Syn-
thesegasverdichters.

[0041] In Schritt (d) des erfindungsgemalien Verfah-

rens
— wird bevorzugt dem Gasgemisch Luft oder mit
durch Sauerstoff angereicherte Luft mit einem Ge-
halt an Sauerstoff von hochstens 90 Vol.-%, be-
vorzugter héchstens 80 Vol.-%, noch bevorzugter
70 Vol.-%, am bevorzugtesten héchstens 60 Vol.-
% und insbesondere hochstens 50 Vol.-% zuge-
setzt; und/oder
— werden bevorzugt dem Gasgemisch Kohlen-
wasserstoffe in Form von Methan oder Erdgas zu-
gesetzt, wobei das Erdgas ggf. bevorzugt zuvor
entschwefelt wurde; und/oder
— weist bevorzugt das bereitgestellite Gasgemisch
ein molares Wasserdampf/Kohlenstoff-Verhaltnis
von mindestens 3,2 auf, bevorzugt mindestens 3,
4, mindestens 3,6 oder mindestens 3,8; bevorzug-
ter mindestens 4,0, mindestens 4,2 oder mindes-
tens 4,4; noch bevorzugter mindestens 4,6, min-
destens 4,8 oder mindestens 5,0; am bevorzug-
testen mindestens 5,2, mindestens 5,4 oder min-
destens 5,6; und insbesondere mindestens 5,8,
mindestens 6,0 oder mindestens 6,2; und/oder
— weist bevorzugt das bereitgestelite Gasgemisch
einen Gehalt an Stickstoff von héchstens 70 Vol .-
% auf, bevorzugter hochstens 60 Vol.-%, noch
bevorzugter héchstens 50 Vol.-%, am bevorzug-
testen hochstens 40 Vol.-%, und insbesondere
héchstens 30 Vol.-%; und/oder
— weist bevorzugt das bereitgestelite Gasgemisch
einen Gehalt an Stickstoff von mindestens 10 Vol.-
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% auf, bevorzugter mindestens 20 Vol.-%, noch
bevorzugter mindestens 30 Vol.-%, am bevorzug-
testen mindestens 40 Vol.-%, und insbesondere
mindestens 50 Vol.-%.

[0042] Nach der Umsetzung im zweiten autother-
men Reformer erfolgt erfindungsgemally bevorzugt
eine Hochtemperaturkonvertierung von Kohlenstoff-
monoxid mit Wasserdampf zu Kohlenstoffdioxid und
Wasserstoff. Daher wird der zweite autotherme Re-
former vorzugsweise so betrieben, dass nach der
Dampfreformierung immer noch genugend Wasser-
dampf im zweiten Synthesegas enthalten ist, damit
die Hochtemperaturkonvertierung von Kohlenstoff-
monoxid effizient erfolgen werden kann.

[0043] Das molare Wasserdampf/Kohlenstoff-Ver-
haltnis bei der autothermen Reformierung im zwei-
ten autothermen Reformer in Schritt (e) des erfin-
dungsgemaflen Verfahrens ist bevorzugt grofier als
das molare Wasserdampf/Kohlenstoff-Verhaltnis bei
der autothermen Reformierung im ersten autother-
men Reformer in Schritt (b). Vorzugsweise betragt die
relative Differenz des molaren Wasserdampf/-Koh-
lenstoff-Verhaltnis in Schritt (e) zum molaren Wasser-
dampf/Kohlenstoff-Verhaltnis in Schritt (b) mindes-
tens 0,1 oder mindestens 0,2, bevorzugter mindes-
tens 0,3 oder mindestens 0,4, noch bevorzugter min-
destens 0,5 oder mindestens 0,6, am bevorzugtesten
mindestens 0,7 oder mindestens 0,8 und insbeson-
dere mindestens 0,9 oder mindestens 1,0.

[0044] Bevorzugt weist das in Schritt (e) des erfin-

dungsgemalien Verfahrens erhaltene zweite Synthe-

segas
— ein molares Wasserstoff/Kohlenstoffmonoxid-
Verhaltnis von hochstens 4,5 auf, bevorzugt
hoéchstens 4,2, hochstens 3,9 oder hochstens 3,
6; bevorzugter hochstens 3,3, héchstens 3,0 oder
hdéchstens 2,7; noch bevorzugter héchstens 2,
4, hochstens 2,1 oder hochstens 1,8; unter Um-
standen ggf. auch hoéchstens 1,5, hochstens 1,2,
héchstens 1,0, hochstens 0,8, hdchstens 0,6 oder
héchstens 0,4; und/oder
— einen Gehalt an Methan von hdéchstens 10 Vol .-
%, hochstens 7,5 Vol.-%, héchstens 5,0 Vol.-%
oder hochstens 4,8 Vol.-% auf, bevorzugt héchs-
tens 4,5 Vol.-%, hochstens 4,2 Vol.-% oder hochs-
tens 3,9 Vol.-%; bevorzugter hochstens 3,6 Vol.-
%, hochstens 3,3 Vol.-% oder héchstens 3,0
Vol.-%; noch bevorzugter hochstens 2,7 Vol.-%,
héchstens 2,4 Vol.-% oder hochstens 2,1 Vol.-%;
am bevorzugtesten hochstens 1,8 Vol.-%, héchs-
tens 1,5 Vol.-% oder héchstens 1,2 Vol.-%; und
insbesondere héchstens 0,9 Vol.-%, hochstens 0,
6 Vol.-% oder hochstens 0,3 Vol.-%; und/oder
— einen Gehalt an Wasserstoff von mindestens 50
Vol.-% auf, bevorzugt mindestens 52 Vol.-%, min-
destens 54 Vol.-% oder mindestens 56 Vol.-%; be-
vorzugter mindestens 58 Vol.-%, mindestens 60
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Vol.-% oder mindestens 62 Vol.-%; noch bevor-
zugter mindestens 64 Vol.-%, mindestens 66 Vol.-
% oder mindestens 68 Vol.-%; am bevorzugtesten
mindestens 70 Vol.-%, mindestens 72 Vol.-% oder
mindestens 74 Vol.-%; und insbesondere mindes-
tens 76 Vol.-%, mindestens 78 Vol.-% oder min-
destens 80 Vol.-%; und/oder

— einen Gehalt an Kohlenstoffmonoxid im Bereich
von 20 £ 19 Vol.-% auf, bevorzugter 20 + 16 Vol.-
%, noch bevorzugter 20 = 13 Vol.-%, am bevor-
zugtesten 20 = 9 Vol.-%, und insbesondere 20 +
5 Vol.-%; und/oder

— einen Gehalt an Kohlenstoffdioxid im Bereich
von 12 £ 11 Vol.-% auf, bevorzugter 12 + 10 Vol.-
%, noch bevorzugter 12 + 8 Vol.-%, am bevorzug-
testen 12 + 6 Vol.-%, und insbesondere 12 + 4
Vol.-%; und/oder

— einen Gehalt an Stickstoff von hoéchstens 10
Vol.-% auf, bevorzugter hochstens 8 Vol.-%, noch
bevorzugter héchstens 6 Vol.-%, am bevorzugtes-
ten héchstens 4 Vol.-%, und insbesondere héchs-
tens 2 Vol.-%; und/oder

— einen Gehalt an Wasserdampf von 40 + 30 Vol.-
% auf, bevorzugter 40 + 25 Vol.-%, noch bevor-
zugter 40 £ 20 Vol.-%, am bevorzugtesten 40 = 15
Vol.-%, und insbesondere 40 + 10 Vol.-%;

wobei die Gehaltsangaben jeweils Feuchtkonzentra-
tionen sind.

[0045] Trocken gerechnet weist das in Schritt ()
des erfindungsgemafien Verfahrens erhaltene zwei-
te Synthesegas bevorzugt
— einen Gehalt an Wasserstoff im Bereich von 38
bis 69 Vol.-% auf; und/oder
— einen Gehalt an Kohlenstoffmonoxid im Bereich
von 7 bis 31 Vol.-% auf; und/oder
— einen Gehalt an Kohlenstoffdioxid im Bereich
von 3 bis 19 Vol.-% auf.

[0046] Insbesondere wenn die nachfolgende Aufrei-
nigung des zweiten Synthesegases nicht durch CO,-
Wasche und Methanisierung, sondern durch Druck-
wechsel-Adsorption oder Ny-Wasche erfolgt, kann
dadurch das restliche Methan von dem zweiten Syn-
thesegas mit abgetrennt werden. Das abgetrennte
Methan kann dann zusammen mit dem ebenfalls
abgetrennten Kohlenstoffmonoxid, Kohlenstoffdioxid
und Uberschissigem Stickstoff als Fuel Gas verwen-
det werden. Bei dieser Variante des erfindungsge-
mafien Verfahrens ist es durchaus tolerabel, wenn
der Gehalt an Methan im zweiten Synthesegas mehr
als 5 Vol.-% betragt. Erfolgt die nachfolgende Aufrei-
nigung des zweiten Synthesegases hingegen durch
CO,-Wasche und Methanisierung, so liegt der Gehalt
an Methan im zweiten Synthesegas bevorzugt unter-
halb von 5 Vol.-%.

[0047] Ein vergleichsweise hoher Gehalt an Wasser-
dampf im zweiten Synthesegas ist bevorzugt, damit
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fir die bevorzugt im Anschluss erfolgende Hochtem-
peraturkonvertierung von Kohlenstoffmonoxid geni-
gend Wasserdampf zur Verfugung steht. Ein Gehalt
an Wasserdampf vor der Hochtemperaturkonvertie-
rung von z.B. 35 bis 40 Vol.-% ist bevorzugt. Ein Ge-
halt an Wasserdampf von mehr als 40 Vol.-% eben-
falls kann durchaus relevant sein, ist allerdings nicht
bevorzugt. Fir ein entsprechend hohes relatives mo-
lares Wasserdampf-/Kohlenstoff-Verhéltnis am Ein-
tritt des zweiten autothermen Reformers und damit ei-
nen hohen Gehalt an Wasserdampf im zweiten Syn-
thesegas am Austritt des zweiten autothermen Refor-
mers ware namlich mehr Sauerstoff erforderlich, was
sich ungunstig auf die Ausbeute an Wasserstoff aus-
wirken wirde.

[0048] Der Restgehalt an Methan im ersten Synthe-
segas, welches bei der autothermen Reformierung im
ersten autothermen Reformer in Schritt (b) erhalten
wird, ist bevorzugt groRer als der Restgehalt an Me-
than im zweiten Synthesegas, welches bei der auto-
thermen Reformierung im zweiten autothermen Re-
former in Schritt (e) erhalten wird. Vorzugsweise be-
tragt die relative Differenz des Restgehalts an Me-
than des in Schritt (b) erhaltenen ersten Synthese-
gases und des Restgehalts an Methan des in Schritt
{e) erhaltenen zweiten Synthesegases mindestens 0,
4 Vol.-% oder mindestens 0,8 Vol.-%, bevorzugter
mindestens 1,2 Vol.-% oder mindestens 1,6 Vol.-%,
noch bevorzugter mindestens 2,0 Vol.-% oder min-
destens 2,4 Vol.-%, am bevorzugtesten mindestens
2,8 Vol.-% oder mindestens 3,2 Vol.-% und insbe-
sondere mindestens 3,6 Vol.-% oder mindestens 4,
0 Vol.-%.

[0049] Der Gehalt an Kohlenstoffmonoxid im ersten
Synthesegas, welches bei der autothermen Refor-
mierung im ersten autothermen Reformer in Schritt
(b) erhalten wird, ist bevorzugt grofRer als der Ge-
halt an Kohlenstoffmonoxid im zweiten Synthesegas,
welches bei der autothermen Reformierung im zwei-
ten autothermen Reformer in Schiritt (e) erhalten wird.
Vorzugsweise betragt die relative Differenz des Ge-
halts an Kohlenstoffmonoxid des in Schritt (b) erhalte-
nen ersten Synthesegases und des Gehalts an Koh-
lenstoffmonoxid des in Schritt (e) erhaltenen zweiten
Synthesegases mindestens 0,4 Vol.-% oder mindes-
tens 0,8 Vol.-%, bevorzugter mindestens 1,2 Vol.-%
oder mindestens 1,6 Vol.-%, noch bevorzugter min-
destens 2,0 Vol.-% oder mindestens 2,4 Vol.-%, am
bevorzugtesten mindestens 2,8 Vol.-% oder mindes-
tens 3,2 Vol.-% und insbesondere mindestens 3,6
Vol.-% oder mindestens 4,0 Vol.-%.

[0050] Der Gehalt an Wasserdampf im ersten Syn-
thesegas, welches bei der autothermen Reformie-
rung im ersten autothermen Reformer in Schritt (b)
erhalten wird, ist bevorzugt kleiner als der Gehalt an
Wasserdampf im zweiten Synthesegas, welches bei
der autothermen Reformierung im zweiten autother-
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men Reformer in Schritt (e) erhalten wird. Vorzugs-
weise betragt die relative Differenz des Gehalts an
Wasserdampf des in Schritt (e) erhaltenen zweiten
Synthesegases und des Gehalts an Wasserdampf
des in Schritt (b) erhaltenen ersten Synthesegases
mindestens 5 Vol.-% oder mindestens 6 Vol.-%, be-
vorzugter mindestens 7 Vol.-% oder mindestens 8
Vol.-%, noch bevorzugter mindestens 9 Vol.-% oder
mindestens 10 Vol.-%, am bevorzugtesten mindes-
tens 11 Vol.-% oder mindestens 12 Vol.-% und insbe-
sondere mindestens 13 Vol.-% oder mindestens 14
Vol.-%.

[0051] Bevorzugt umfasst das erfindungsgemafie
Verfahren die zusatzlichen Schritte
(f) ein- oder zweistufiges Konvertieren von Koh-
lenstoffmonoxid, welches in dem in Schritt
(e) erhaltenen zweiten Synthesegas enthalten ist,
zu Kohlenstoffdioxid;
(g) Abtrennen von Kohlenstoffdioxid, welches in
dem in Schritt (f) erhaltenen zweiten Synthesegas
enthalten ist; und
(h) abschlieRendes Reinigen des in Schritt (g)
erhaltenen zweiten Synthesegases vorzugsweise
durch Methanisierung oder Stickstoffwasche.

[0052] Alternativ umfasst das erfindungsgemalie
Verfahren die zusatzlichen Schritte
(f) ein- oder zweistufiges Konvertieren von Koh-
lenstoffmonoxid, welches in dem in Schritt
(e) erhaltenen zweiten Synthesegas enthalten ist,
zu Kohlenstoffdioxid; und
(g") Abtrennen eines Gasgemischs umfassend
Kohlenstoffmonoxid, Kohlenstoffdioxid und Me-
than vom zweiten Synthesegas durch Druckwech-
sel-Adsorption.

[0053] Umfasst das erfindungsgemafle Verfahren
die Druckwechsel-Adsorption gemaf} Schritt (g'), so
werden Kohlenstoffmonoxid, Kohlenstoffdioxid und
Methan durch die Druckwechsel-Adsorption vollstan-
dig aus dem zweiten Synthesegas abgetrennt. Stick-
stoff wird lediglich zum Teil abgetrennt, so dass genu-
gend Stickstoff im zweiten Synthesegas verbleibt, um
das bendtigte H,/N,-Verhaltnis fur die Ammoniaksyn-
these einstellen zu kénnen. Wasserstoff wird durch
die Druckwechsel-Adsorption praktisch nicht abge-
trennt. Der Abgasstrom der Druckwechsel-Adsorpti-
on kann beispielsweise als Fuel Gas in einem Hilfs-
kessel verfeuert werden. Umfasst das erfindungsge-
male Verfahren auch in Schritt (c) eine Abtrennung
durch Druckwechsel-Adsorption, so umfasst das er-
findungsgemafle Verfahren insgesamt zwei Druck-
wechsel-Adsorptionen.

[0054] Die fur die Durchfihrung dieser Schritte er-
forderlichen Maf3nahmen sind dem Fachmann be-
kannt. Diesbezuglich kann beispielsweise verweisen
werden auf A. Nielsen, |. Dybkjaer, Ammonia-Cataly-
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sis and Manufacture, Springer Berlin 1995, Kapitel 6,
Seiten 202-326.

[0055] Die Schritte (a) bis (h) des erfindungsgema-
Ren Verfahrens werden vorzugsweise zeitlich nach-
einander durchgefuhrt, wobei allerdings die Bereit-
stellung in Schritt (a) zumindest teilweise zeitgleich
mit der ersten autothermen Reformierung in Schritt
(b) und/oder waobei entsprechend die Bereitstellung in
Schritt (d) zumindest teilweise zeitgleich mit der ers-
ten autothermen Reformierung in Schritt (e) durchge-
fuhrt werden kann.

[0056] Nach dem Konvertieren von Kohlenstoffmon-
oxid in Schritt (f), dem Abtrennen von Kohlenstoffdi-
oxid in Schritt (g) und dem abschlieRenden Reinigen
in Schritt (h) bzw. nach dem Abtrennen von Kohlen-
stoffmonoxid, Kohlenstoffdioxid und Methan in Schritt
(g') hat das zweite Synthesegas bevorzugt
— einen Gehalt an Wasserstoff im Bereich von 40
+ 35 Vol.-% auf, bevorzugter 40 £ 30 Vol.-%, noch
bevorzugter 40 £ 25 Vol.-%, am bevorzugtesten
40 £ 20 Vol.-%, und insbesondere 40 + 15 Vol.-
%; und/oder
— einen Gehalt an Stickstoff im Bereich von 60 +
55 Vol.-% auf, bevorzugter 60 + 50 Vol.-%, noch
bevorzugter 60 + 45 Vol.-%, am bevorzugtesten
60 £ 40 Vol.-%, und insbesondere 60 + 35 Vol.-%.

[0057] Das erfindungsgemafle Verfahren wird be-
vorzugt kontinuierlich betrieben. Das erfindungsge-
mafie Verfahren liefert bevorzugt eine Gesamtpro-
duktion von mehr als 3300 tato an Synthesegas
(Summe Uber das erste Synthesegas und das zwei-
te Synthesegas, vorzugsweise nach Abtrennung in
Schritt (c) und abschlielender Reinigung in Schritt
(h)), bevorzugter mindestens 3500 tato Synthesegas,
noch bevorzugter mindestens 3800 tato Synthesegas
und insbesondere mindestens 4000 tato Synthese-
gas.

[0058] Der erste autotherme Reformer hat bevorzugt
eine Kapazitat von mindestens 1000 tato an Synthe-
segas, bezogen auf das unmittelbare, ungereinigte
Reaktionsprodukt der ersten autothermen Reformie-
rung aus Schritt (b), bevorzugter mindestens 1500 ta-
to, noch bevorzugter mindestens 2000 tato, am be-
vorzugtesten mindestens 2500 tato und insbesonde-
re mindestens 3000 tato an Synthesegas.

[0059] Der zweite autotherme Reformer hat bevor-
zugt eine Kapazitat von mindestens 1000 tato an
Synthesegas, bezogen auf das unmittelbare, unger-
einigte Reaktionsprodukt der zweiten autothermen
Reformierung in Schritt (e), bevorzugter mindestens
1500 tato, noch bevorzugter mindestens 2000 tato,
am bevorzugtesten mindestens 2500 tato und insbe-
sondere mindestens 3000 tato an Synthesegas.
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[0060] Bevorzugt entspricht die Kapazitat des ersten
autothermen Reformers im Wesentlichen der Kapa-
zitat des zweiten autothermen Reformers.

[0061] Als Kohlenwasserstoff wird in Schritt (a) und
ggf. zusatzlich in Schritt (d) des erfindungsgema-
Ben Verfahrens bevorzugt Erdgas eingesetzt, wel-
ches ggf. zunachst entschwefelt wird. Der Gesamt-
verbrauch an Erdgas wird bevorzugt als Erdgas-
strom bereitgestelit, welcher bevorzugt in zwei Teil-
strome aufgeteilt wird: Der erste Erdgasteilstrom wird
in Schritt (a) dem Gasgemisch zugesetzt, welches
anschlieRend in Schritt (b) im ersten autothermen
Reformer reformiert wird; und der zweite Erdgasteil-
strom wird in Schritt (d) dem Gasgemisch zugesetzt,
welches anschlieend in Schritt (e) im zweiten auto-
thermen Reformer reformiert wird. In einer bevorzug-
ten Ausfihrungsform betragt das relative Gewichts-
verhaltnis des ersten Erdgasteilstroms zum zweiten
Erdgasteilstrom weniger als 1:1, bevorzugter weniger
als 1:1,5. In einer anderen bevorzugten Ausfihrungs-
form betragt das relative Gewichtsverhéltnis des ers-
ten Erdgasteilstroms zum zweiten Erdgasteilstrom
mehr als 1:1, bevorzugter mehr als 1,5:1. In einer wei-
teren bevorzugten Ausfihrungsform liegt das relative
Gewichtsverhaltnis des ersten Erdgasteilstroms zum
zweiten Erdgasteilstrom im Bereich von 70:30 bis 30:
70, bevorzugter 60:40 bis 40:60 und insbesondere
55:45 bis 45:55.

[0062] Ein weiterer Aspekt der Erfindung betrifft ein
Verfahren zur Herstellung von Ammoniak umfas-
send das vorstehend beschriebene erfindungsgema-
3e Verfahren zur Herstellung von Synthesegas, wo-
bei das erste Synthesegas und das zweite Synthese-
gas gemeinsam einem Ammoniakreaktor zugefuhrt
werden.

[0063] Bevorzugt wird dabei das in Schritt (c) erhal-
tene erste Synthesegas ohne weitere Reinigung mit
Hilfe eines Synthesegasverdichters auf einen Druck
verdichtet, bei welchem der Ammoniakreaktor betrie-
ben wird. Vorzugsweise wird der Ammoniakreaktor
bei einem Druck von mindestens 150 bar betrieben,
bevorzugter mindestens 170 bar, noch bevorzugter
mindestens 190 bar, am bevorzugtesten mindestens
210 bar und insbesondere mindestens 230 bar.

[0064] Bevorzugt wird dabei das in Schritt (e) erhal-
tene zweite Synthesegas gemall den zusatzlichen
Schritten (f), (g) und (h) oder gemaf den zusatzlichen
Schritten (f) und (g') gereinigt; danach mit Hilfe eines
Synthesegasverdichters zunachst auf einen Druck
vorverdichtet, welcher geringer ist als der Druck, bei
welchem der Ammoniakreaktor betrieben wird; und
anschlieBend mit Hilfe eines weiteren Synthesegas-
verdichters auf einen Druck verdichtet, bei welchem
der Ammoniakreaktor betrieben wird. Vorzugsweise
wird das zweite Synthesegas zundchst mit Hilfe eines
Synthesegasverdichters auf einem Druck im Bereich
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von 100 = 50 bar vorverdichtet, bevorzugter 100 = 40
bar, noch bevorzugter 100 = 30 bar, am bevorzugtes-
ten 100 £ 20 bar und insbesondere 100 = 10 bar; und
anschlielend mit Hilfe eines weiteren Synthesegas-
verdichters auf einen Druck verdichtet, bei welchem
der Ammoniakreaktor betrieben wird, welcher bevor-
zugt mindestens 150 bar betragt, bevorzugter min-
destens 170 bar, noch bevorzugter mindestens 190
bar, am bevorzugtesten mindestens 210 bar und ins-
besondere mindestens 230 bar.

[0065] Das erfindungsgemalle Verfahren liefert be-
vorzugt eine Gesamtproduktion von mehr als 3300
tato an Ammoniak, bevorzugter mindestens 3500 ta-
to, noch bevorzugter mindestens 3700 tato, am be-
vorzugtesten mindestens 3900 tato und insbesonde-
re mindestens 4000 tato an Ammoniak.

[0066] Ein weiterer Aspekt der Erfindung betrifft eine

Vorrichtung zur Herstellung von Synthesegas umfas-

send
— einen ersten autothermen Reformer zum Her-
stellen eines ersten Synthesegases umfassend
Wasserstoff, Kohlenstoffmonoxid, Kohlenstoffdi-
oxid und Methan aus einem Gasgemisch umfas-
send Kohlenwasserstoffe, Wasserdampf und ein
Oxidationsmittel, vorzugsweise Sauerstoff oder
mit Sauerstoff angereicherte Luft;
— eine Anlage zum Abtrennen eines Gasge-
mischs umfassend Kohlenstoffmonoxid, Kohlen-
stoffdioxid und Methan von dem ersten Synthese-
gas;
— einen zweiten autothermen Reformer zum
Herstellen eines zweiten Synthesegases umfas-
send Wasserstoff, Kohlenstoffmonoxid und Koh-
lenstoffdioxid aus einem Gasgemisch umfassend
Kohlenstoffmonoxid, Kohlenstoffdioxid und Me-
than;
— Mittel zum Uberfiihren des von dem ersten Syn-
thesegas abtrennten Gasgemischs umfassend
Kohlenstoffmonoxid, Kohlenstoffdioxid und Me-
than zu dem zweiten autothermen Reformer;

wobei der erste autotherme Reformer fir einen Druck
ausgelegt ist, der hoher ist als der Druck, fir den der
zweite autotherme Reformer ausgelegt ist.

[0067] Die erfindungsgemafe Vorrichtung eignet
sich zur Durchfihrung des erfindungsgemafen Ver-
fahrens zur Herstellung von Synthesegas. Ein weite-
rer Aspekt der Erfindung betrifft daher die Verwen-
dung der erfindungsgemafien Vorrichtung zur Her-
stellung von Synthesegas in dem erfindungsgema-
Ren Verfahren zur Herstellung von Synthesegas.

[0068] Alle bevorzugten Ausfihrungsformen, wel-
che vorstehend im Zusammenhang mit dem erfin-
dungsgemalien Verfahren beschrieben wurden, gel-
ten analog auch im Hinblick auf die Auslegung und
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Gestaltung der erfindungsgemafien Vorrichtung und
werden daher diesbezlglich nicht wiederholt.

[0069] Bevorzugt umfasst die Anlage zum Abtren-
nen des Gasgemischs umfassend Kohlenstoffmon-
oxid, Kohlenstoffdioxid und Methan von dem ers-
ten Synthesegas eine Druckwechsel-Adsorptions-
Anlage. In einer bevorzugten Ausfuhrungsform ist
der Druckwechsel-Adsorptions-Anlage eine Mem-
bran-Trennanlage vorgeschaltet, in welcher zunachst
ein Grofiteil des im ersten Synthesegas enthaltenen
Kohlenstoffmonoxid und Kohlenstoffdioxid als Per-
meatstrom abgetrennt wird. Der Retentatstrom, wel-
cher Wasserstoff sowie Methan und nicht abgetrenn-
tes Kohlenstoffmonoxid und Kohlenstoffdioxid ent-
halt, wird dann der Druckwechsel-Adsorptions-Anla-
ge zugefuhrt.

[0070] Bevorzugt umfasst die erfindungsgemalle

Vorrichtung
— eine Entschwefelungsanlage zum Entfernen von
Schwefelverbindungen aus Kohlenwasserstoffen
und Mittel zum Uberfilhren der entschwefelten
Kohlenwasserstoffe zum ersten autothermen Re-
former oder einer dem autothermen Reformer vor-
geschalteten Mischanlage; und/oder
— eine Luftzerlegungsanlage und Mittel zum Uber-
fuhren von reinem Sauerstoff oder von mit Sauer-
stoff angereicherter Luft mit einem Gehalt an Sau-
erstoff von mindestens 90 Vol.-% zum ersten au-
tothermen Reformer oder einer dem autothermen
Reformer vorgeschalteten Mischanlage; und/oder
— eine ein- oder zweistufige Konvertierungsanlage
zur Konvertierung von Kohlenstoffmonoxid, wel-
ches in dem zweiten Synthesegas enthalten ist,
zu Kohlenstoffdioxid; und/oder
— eine Anlage zur Abtrennung von Kohlenstoffdi-
oxid, welches in dem zweiten Synthesegas ent-
halten ist; und/oder
— eine Anlage zum Abtrennen eines Gasge-
mischs umfassend Kohienstoffmonoxid, Kohlen-
stoffdioxid und Methan von dem zweiten Syn-
thesegas, vorzugsweise durch Druckwechsel-Ad-
sorption; und/oder
— eine Anlage zur abschlieRenden Reinigung des
zweiten Synthesegases, vorzugsweise durch Me-
thanisierung oder Stickstoffwasche.

[0071] Die Luftzerlegungsanlage ist vorzugsweise
so dimensioniert, dass sie geniligend reinen Sauer-
stoff produziert, wie in dem erfindungsgemafien Ver-
fahren benétigt wird. Fir die Erzeugung von Synthe-
segas fir eine Ammoniakanlage mit einer Kapazitat
von 3600 tato kénnen beispielsweise 73 t/h reiner
Sauerstoff bendtigt werden.

[0072] Die Schwefelverbindungen kdnnen dabei
durch herkdbmmliche, dem Fachmann bekannte Ver-
fahren abgetrennt werden. Beispielsweise kdnnen
die Schwefelverbindungen durch Adsorption an Ak-
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tivkohle oder an Molekularsiebe abgetrennt werden
oder durch katalytische Hydrierung der organischen
Schwefelverbindungen und anschlieRende Adsorpti-
on des gebildeten Schwefelwasserstoffs an Zinkoxid.

[0073] Bevorzugt umfasst die erfindungsgemafiie
Vorrichtung
— einen mehrstufigen Verdichter umfassend eine
erste Verdichtungsstufe und eine nachgeschalte-
te zweite Verdichtungsstufe;
— Mittel zum Uberfithren des ersten Synthesega-
ses aus der Anlage zum Abtrennen des Gasge-
mischs umfassend Kohlenstoffmonoxid, Kohlen-
stoffdioxid und Methan von dem ersten Synthese-
gas zur zweiten Verdichtungsstufe; und
— eine Anlage zur abschlieBenden Reinigung
des zweiten Synthesegases, vorzugsweise durch
Methanisierung, Druckwechsel-Adsorption oder
Stickstoffwasche, und Mittel zum Uberfiihren des
abschlielRend gereinigten zweiten Synthesegases
zur ersten Verdichtungsstufe.

[0074] Ein weiterer Aspekt der Erfindung betrifft eine
Vorrichtung zur Herstellung von Ammoniak aus Syn-
thesegas umfassend die erfindungsgemale, vorste-
hend beschriebene Vorrichtung zur Herstellung von
Synthesegas und einen Ammoniakreaktor.

[0075] Die erfindungsgemaRe Vorrichtung eignet
sich zur DurchfUhrung des erfindungsgemafien Ver-
fahrens zur Herstellung von Ammoniak. Ein weiterer
Aspekt der Erfindung betrifft daher die Verwendung
der erfindungsgemaflen Vorrichtung zur Herstellung
von Ammoniak in dem erfindungsgemaflen Verfah-
ren zur Herstellung von Ammoniak.

[0076] Der Erfindung wird anhand der Fig. 1 bei-
spielhaft illustriert. Ein Fachmann erkennt, dass bei
einer erfindungsgemafen Vorrichtung nicht zwin-
gend alle abgebildeten Merkmale gleichzeitig ver-
wirklicht sein missen.

[0077] Fig. 1 illustriert schematisch eine erfindungs-
gemafRe Vorrichtung bzw. das erfindungsgemale
Verfahren zur Herstellung von Ammoniak aus Erdgas
(C,H,n:2). Das Erdgas wird bevorzugt zunachst von
der C,,-Fraktion befreit und ggf. in einer Entschwefe-
lungsanlage (5) entschwefelt. AnschlieBend wird ein
erster Erdgasstrom uber Leitung (a) einem Verdichter
(12) zugefiihrt, worin das Erdgas auf den Betriebs-
druck des ersten autothermen Reformers (1) verdich-
tet wird. Hinter dem Verdichter (12) wird der Erd-
gasstrom bevorzugt mit Wasserdampf vermischt und
das Gemisch umfassend Erdgas und Wasserdampf
dem ersten autothermen Reformer (1) zugefiihrt. Ei-
ne Luftzerlegungsanlage (6) stellt vorzugsweise rei-
nen Sauerstoff oder mit Sauerstoff angereicherte Luft
bereit, welche ebenfalls dem ersten autothermen Re-
former (1) zugeflhrt wird. Die Vermischung von Erd-
gas und Wasserdampf kann alternativ im ersten auto-
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thermen Reformer (1) oder auch auf3erhalb des ers-
ten autothermen Reformers (1) in Leitung (c) oder in
einer dem ersten autothermen Reformer (1) vorge-
schalteten Mischanlage erfolgen. GemafR Fig. 1 er-
folgt zunachst die Vermischung vom ersten Erdgas-
strom mit Wasserdampf in Leitung (c) und anschlie-
Rend die Zugabe von Sauerstoff in den ersten auto-
thermen Reformer (1).

[0078] Die autotherme Reformierung im ersten au-
tothermen Reformer (1) liefert ein erstes Synthese-
gas, welches vorzugsweise im Warmetauscher (13)
abgekihlt und anschlieend Gber Leitung (d) einer
Anlage (4) zum Abtrennen von CO, CO, und CH,
zugefihrt wird, wobei das Abtrennen von CO, CO,
und CH, vorzugsweise durch Druckwechsel-Adsorp-
tion erfolgt. Das so gereinigte erste Synthesegas,
welches einen erhdhten Gehalt an Wasserstoff auf-
weist, wird Uiber Leitung (e), vorzugsweise ohne wei-
tere Aufbereitung, ggf. nach Vermischung mit der
fur die Ammoniaksynthese erforderlichen Menge an
verdichtetem Stickstoff, unmittelbar Verdichtungsstu-
fe (11) zugefuhrt, welche bevorzugt die zweite Stu-
fe eines mehrstufigen Verdichters bildet, der die vor-
geschaltete erste Verdichtungsstufe (10) sowie die
nachgeschaltete zweite Verdichtungsstufe (11) um-
fasst. Von der zweiten Verdichtungsstufe (11) wird
das erste Synthesegas dem Ammoniakreaktor (3) zu-
gefuhrt.

[0079] Das in Anlage (4) abgetrennte Gasgemisch
umfassend CO, CO, und CH, wird Gber Leitungen (f)
und (g) dem Verdichter (14) zugefiihrt, welcher dem
zweiten autothermen Reformer (2) vorgeschaltet ist.
Dabei wird es bevorzugt zunachst mit einem zweiten
Erdgasstrom vermischt, welcher tiber Leitung (b) her-
angefihrt wird. Das Gemisch aus dem zweiten Erd-
gasstrom und dem Gasgemisch umfassend CO, CO,
und CH, wird dann im Verdichter (14) auf den Be-
triebsdruck des zweiten autothermen Reformers (2)
verdichtet. AnschlieRend wird dem Gemisch Wasser-
dampf zugesetzt. Vom Verdichter (14) wird das Gas-
gemisch, ggf. nach Vorwarmung, dem zweiten auto-
thermen Reformer (2) zugefthrt. Luft oder mit Sau-
erstoff angereicherte Luft wird in Verdichter (15) auf
den Betriebsdruck des zweiten autothermen Refor-
mers (2) verdichtet und ebenfalls dem zweiten auto-
thermen Reformer (2) zugefihrt. Dazu kann ggf. rei-
ner Sauerstoff aus der Luftzerlegungsanlage (6) Gber
Leitung (n) direkt dem zweiten autothermen Refor-
mer (2) und/oder der Luft vor Verdichter (15) zuge-
fiihrt werden. Die Vermischung von Erdgas, Gasge-
misch umfassend CO, CO, und CH,, und Wasser-
dampf kann alternativ im zweiten autothermen Refor-
mer (2) oder auch aulRerhalb des zweiten autother-
men Reformers (2) in Leitung (m) oder in einer dem
zweiten autothermen Reformer (2) vorgeschalteten
Mischanlage erfolgen. GemaR Fig. 1 erfolgt zunachst
die Vermischung vom zweiten Erdgasstrom, Gasge-
misch umfassend CO, CO, und CH,, und Wasser-
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dampf in Leitung (g) und anschlielend die Zugabe
von Luft in den zweiten autothermen Reformer (2).
Erfolgt die Abtrennung in Anlage (4) durch Druck-
wechsel-Adsorption, so fallt das in Anlage (4) abge-
trennte Gasgemisch umfassend CO, CO, und CH,
bei einem Druck an, welcher Ublicherweise nicht aus-
reicht, um es zur Saugseite des Verdichters (14) zu-
rickzufihren. In diesem Fall wird bevorzugt ein zu-
satzlicher Kreislaufverdichter installiert (in Fig. 1 nicht
dargestellt), der das abgetrennte Gasgemisch wieder
auf den Druck des Erdgases an der Anlagengrenze
verdichtet.

[0080] Die autotherme Reformierung im zweiten au-
tothermen Reformer (2) liefert ein zweites Synthese-
gas, welches vorzugsweise im Warmetauscher (16)
abgekihit und anschlielend ber Leitung (h) einer
ein- oder zweistufigen Konvertierungsanlage (7) zur
Konvertierung von CO zugefiihrt wird. Dabei wird das
CO unter Zusatz von H,O zu CO, und H, konver-
tiert und auf diese Weise der Gehalt an H, und CO,
im zweiten Synthesegas weiter erhéht sowie der Ge-
halt an CO verringert. Nach bevorzugter Abkihlung
im Warmetauscher (17) wird das konvertierte zwei-
te Synthesegas uber Leitung (i) einer Anlage (8) zur
Abtrennung von CO, zugefihrt, vorzugsweise unter
Einsatz geeigneter chemischer oder physikalischer
Losungsmittel (Kohlenstoffdioxidwasche). Das zwei-
te Synthesegas, welches nun neben H, und N, nur
noch Restmengen an CO und anderen Verunreini-
gungen enthalt, wird in einer Uber Leitung (k) Anla-
ge (9) einer abschlielBenden Reinigung unterzogen,
vorzugsweise durch Methanisierung, Druckwechsel-
Adsorption oder N,-Wéasche. AnschlieRend wird das
abschlieend gereinigte zweite Synthesegas der ers-
ten Verdichtungsstufe (10) zugefihrt, in der es vor-
verdichtet wird, ehe es mit dem ersten Synthesegas-
strom vereint und der zweiten Verdichtungsstufe (11)
zugeflihrt wird, von der es nach Verdichtung dem Am-
moniakreaktor (3) zugefihrt wird.

[0081] Fig. 2 illustriert schematisch eine weitere be-
vorzugte erfindungsgemafie Variante der Vorrichtung
bzw. des erfindungsgemafen Verfahrens zur Her-
stellung von Ammoniak aus Erdgas. Im Unterschied
zu der in Fig. 1 illustrierten Ausfihrungsform wird
das konvertierte zweite Synthesegas nach bevorzug-
ter Abkiihlung im Wéarmetauscher (17) tber Leitung
(i) einer Anlage (10) zum Abtrennen von CO, CO, und
CH, zugeflhrt wird, wobei das Abtrennen von CO,
CO, und CH, vorzugsweise durch Druckwechsel-Ad-
sorption erfolgt. Das so gereinigte zweite Synthese-
gas wird uber Leitung (j), vorzugsweise ohne weite-
re Aufbereitung, ggf. nach Vermischung mit der fur
die Ammoniaksynthese erforderlichen Menge an ver-
dichtetem Stickstoff, unmittelbar der ersten Verdich-
tungsstufe (10) zugefuhrt.

[0082] Fig. 3 illustriert schematisch eine weitere be-
vorzugte erfindungsgemafie Variante der Vorrichtung
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bzw. des erfindungsgemalen Verfahrens zur Her-
stellung von Ammoniak aus Erdgas. Im Unterschied
zu den in Fig. 1 und Fig. 2 illustrierten Ausfihrungs-
formen wird das erste Synthesegas vorzugsweise
im Warmetauscher (13) abgekihlt und anschlieRend
tiber Leitung (d) einer Membran-Trennanlage (11)
zum Abftrennen von CO und CO, zugeflhrt. In der
Membran-Trennanlage (11) wird das abgekihilte ers-
te Synthesegas in einen an Wasserstoff und Me-
than angereicherten Retentatstrom und einen an CO
und CO, angereicherten Permeatstrom getrennt. Der
Permeatstrom wird GOber Leitung (f) zur Saugseite
des Verdichters (14) geleitet. Der Retentatstrom wird
weiter Uber Leitung (0) der Anlage (4) zum Abtren-
nen von CO, CO, und CH, zugefihrt, wobei das Ab-
trennen von CO, CO, und CH, vorzugsweise durch
Druckwechsel-Adsorption erfolgt. Das Abgas, wel-
ches in Anage (4) abgetrennt wird, enthalt Uberwie-
gend Methan, vorher nicht abgeschiedenes CO und
CO, sowie in geringen Mengen auch H,.
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Patentanspriiche

1. Verfahren zur Herstellung von Synthesegas um-
fassend die Schritte
(a) Bereitstellen eines Gasgemischs umfassend Koh-
lenwasserstoffe, Wasserdampf und ein Oxidations-
mittel;
(b) Reformieren des in Schritt (a) bereitgesteliten
Gasgemischs in einem ersten autothermen Refor-
mer (1), wodurch ein erstes Synthesegas umfassend
Wasserstoff, Kohlenstoffmonoxid, Kohlenstoffdioxid
und Methan erhalten wird;
(c) Erhdhen des Gehalts an Wasserstoff des in Schritt
(b) erhaltenen ersten Synthesegases durch Abtren-
nen eines Gasgemischs umfassend Kohlenstoffmon-
oxid, Kohlenstoffdioxid und Methan;
(d) Bereitstellen eines Gasgemischs umfassend das
in Schritt (c) abgetrennte Gasgemisch;
(e) Reformieren des in Schritt (d) bereitgesteliten
Gasgemischs in einem zweiten autothermen Refor-
mer (2), wodurch ein zweites Synthesegas umfas-
send Wasserstoff, Kohlenstoffmonoxid und Kohlen-
stoffdioxid erhalten wird;
wobei der erste autotherme Reformer (1) in Schritt (b)
bei einem Druck betrieben wird, der héher ist als der
Druck, bei dem der zweite autotherme Reformer (2)
in Schritt (e) betrieben wird.

2. Das Verfahren nach Anspruch 1, wobei
— der erste autotherme Reformer (1) in Schritt (b) bei
einem Druck betrieben wird, der mindestens um 10
bar héher ist als der Druck, bei dem der zweite auto-
therme Reformer (2) in Schritt (e) betrieben wird; und/
oder
— der erste autotherme Reformer (1) in Schritt (b) bei
einem Druck von mindestens 30 bar betrieben wird;
und/oder
—der zweite autotherme Reformer (2) in Schritt (e) bei
einem Druck von héchstens 60 bar betrieben wird.

3. Das Verfahren nach Anspruch 1 oder 2, wobei
in Schritt (a)
— dem Gasgemisch das Oxidationsmittel in Form von
reinem Sauerstoff oder in Form von mit Sauerstoff an-
gereicherter Luft mit einem Gehalt an Sauerstoff von
mindestens 90 Vol.-% zugesetzt wird; und/oder
— dem Gasgemisch die Kohlenwasserstoffe in Form
von Methan oder Erdgas zugesetzt werden; und/oder
— das Gasgemisch ein molares Wasserdampf/Koh-
lenstoff-Verhaltnis von hdchstens 3,2 aufweist; und/
oder
— das Gasgemisch einen Gehalt an Stickstoff von
hochstens 10 Vol.-% aufweist.

4. Das Verfahren nach einem der vorstehenden
Anspriche, wobei das in Schritt (b) erhaltene erste
Synthesegas
— ein molares Wasserstoff/Kohlenstoffmonoxid-Ver-
haltnis von hochstens 4,5 aufweist; und/oder
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— einen Gehalt an Methan von mindestens 0,3 Vol.-
% aufweist; und/oder

— einen Gehalt an Wasserstoff von mindestens 30
Vol.-% aufweist; und/oder

—einen Gehalt an Kohlenstoffmonoxid im Bereich von
20 + 19 Vol.-% aufweist; und/oder

— einen Gehalt an Kohlenstoffdioxid im Bereich von
12 £ 11 Vol.-% aufweist; und/oder

— einen Gehalt an Stickstoff von héchstens 10 Vol.-
% aufweist; und/oder

— einen Gehalt an Wasserdampf von 30 £ 29 Vol.-%
aufweist; wobei die Gehaltsangaben jeweils Feucht-
konzentrationen sind.

5. Das Verfahren nach einem der vorstehenden
Anspriche, wobei in Schritt (c) das Abtrennen des
Gasgemischs
(i) durch Druckwechsel-Adsorption oder
(ii) durch selektive Membran-Permeation und an-
schlieBende Druckwechsel-Adsorption erfoigt.

6. Das Verfahren nach einem der vorstehenden
Anspriche, waobei in Schritt (d)
—dem Gasgemisch Luft oder mit durch Sauerstoff an-
gereicherte Luft mit einem Gehalt an Sauerstoff von
héchstens 90 Vol.-% zugesetzt wird; und/oder
— dem Gasgemisch Kohlenwasserstoffe zugesetzt
werden; und/oder
— das Gasgemisch ein molares Wasserdampf/Koh-
lenstoff-Verhaltnis von mindestens 0,2 aufweist; und/
oder
— das Gasgemisch einen Gehalt an Stickstoff von
héchstens 70 Vol.-% aufweist.

7. Das Verfahren nach einem der vorstehenden
Anspriche, umfassend die zusatzlichen Schritte
(f) ein- oder zweistufiges Konvertieren von Kohlen-
stoffmonoxid, welches in dem in Schritt (e) erhaltenen
zweiten Synthesegas enthalten ist, zu Kohlenstoffdi-
oxid;
(g) Abtrennen von Kohlenstoffdioxid, welches in dem
in Schritt (f) erhaltenen zweiten Synthesegas enthal-
ten ist; und
(h) abschlieRendes Reinigen des in Schritt (g) erhal-
tenen zweiten Synthesegases.

8. Das Verfahren nach einem der Anspriche 1 bis
6, umfassend die zusatzlichen Schritte
(f) ein- oder zweistufiges Konvertieren von Kohlen-
stoffmonoxid, welches in dem in Schritt (e) erhaltenen
zweiten Synthesegas enthalten ist, zu Kohlenstoffdi-
oxid; und
(g') Abtrennen eines Gasgemischs umfassend Koh-
lenstoffmonoxid, Kohlenstoffdioxid und Methan vom
zweiten Synthesegas durch Druckwechsel-Adsorpti-
on.

9. Verfahren zur Herstellung von Ammoniak um-
fassend das Verfahren nach einem der Anspriiche 1
bis 8, wobei das erste Synthesegas und das zwei-
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te Synthesegas gemeinsam einem Ammoniakreaktor
(3) zugeflhrt werden.

10. Das Verfahren nach Anspruch 9, wobei das in
Schritt (c) erhaltene erste Synthesegas ohne weitere
Reinigung auf einen Druck verdichtet wird, bei wel-
chem der Ammoniakreaktor (3) betrieben wird.

11. Das Verfahren nach Anspruch 9 oder 10, wobei
das in Schritt (e) erhaltene zweite Synthesegas ge-
maf den zusatzlichen Schritten (f), (g) und (h) nach
Anspruch 7 oder gemafd den zusatzlichen Schritten
(f) und (g") geman Anspruch 8 gereinigt wird; danach
zundachst auf einen Druck vorverdichtet wird, welcher
geringer ist als der Druck, bei welchem der Ammo-
niakreaktor (3) betrieben wird; und anschlieRend auf
einen Druck verdichtet wird, bei welchem der Ammo-
niakreaktor (3) betrieben wird.

12. Vorrichtung zur Herstellung von Synthesegas
umfassend
— einen ersten autothermen Reformer (1) zum Her-
stellen eines ersten Synthesegases umfassend Was-
serstoff, Kohlenstoffmonoxid, Kohlenstoffdioxid und
Methan aus einem Gasgemisch umfassend Kohlen-
wasserstoffe, Sauerstoff und Wasserdampf;
— eine Anlage (4) zum Abtrennen eines Gasge-
mischs umfassend Kohlenstoffmonoxid, Kohlenstoff-
dioxid und Methan von dem ersten Synthesegas;
— einen zweiten autothermen Reformer (2) zum
Herstellen eines zweiten Synthesegases umfassend
Wasserstoff, Kohlenstoffmonoxid und Kohlenstoffdi-
oxid aus einem Gasgemisch umfassend Kohlenstoff-
monoxid, Kohlenstoffdioxid und Methan;
— Mittel zum Uberfiihren des von dem ersten Synthe-
segas abtrennten Gasgemischs umfassend Kohlen-
stoffmonoxid, Kohlenstoffdioxid und Methan zu dem
zweiten autothermen Reformer (2);
wobei der erste autotherme Reformer (1) fur einen
Druck ausgelegt ist, der hoher ist als der Druck, fur
den der zweite autotherme Reformer (2) ausgelegt
ist.

13. Die Vorrichtung nach Anspruch 12, wobei die
Anlage (4) zum Abtrennen des Gasgemischs umfas-
send Kohlenstoffmonoxid, Kohlenstoffdioxid und Me-
than von dem ersten Synthesegas eine Druckwech-
sel-Adsorptions-Anlage umfasst.

14. Die Vorrichtung nach Anspruch 12 oder 13, um-
fassend
— eine Entschwefelungsaniage (5) zum Entfernen
von Schwefelverbindungen aus Kohlenwasserstoffen
und Mittel zum Uberfithren der entschwefelten Koh-
lenwasserstoffe zum ersten autothermen Reformer
(1) oder einer dem autothermen Reformer vorge-
schalteten Mischanlage; und/oder
— eine Luftzerlegungsanlage (6) und Mittel zum Uber-
fihren von reinem Sauerstoff oder von mit Sauerstoff
angereicherter Luft mit einem Gehalt an Sauerstoff
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von mindestens 90 Vol.-% zum ersten autothermen
Reformer (1) oder einer dem autothermen Reformer
vorgeschalteten Mischanlage; und/oder

— eine ein- oder zweistufiges Konvertierungsanlage
(7) zur Konvertierung von Kohlenstoffmonoxid, wel-
ches in dem zweiten Synthesegas enthalten ist; und/
oder

— eine Anlage (8) zur Abtrennung von Kohlenstoffdi-
oxid, welches in dem zweiten Synthesegas enthalten
ist; und/oder

— eine Anlage (10) zum Abtrennen eines Gasge-
mischs umfassend Kohlenstoffmonoxid, Kohlenstoff-
dioxid und Methan von dem zweiten Synthesegas;
und/oder

— eine Anlage (9) zur abschlieRenden Reinigung des
zweiten Synthesegases.

15. Die Vorrichtung nach einem der Anspriche 12
bis 14, umfassend
— einen mehrstufigen Verdichter umfassend eine ers-
te Verdichtungsstufe (10) und eine nachgeschaltete
zweite Verdichtungsstufe (11);
— Mittel zum Uberfithren des ersten Synthesegas-
es aus der Anlage (4) zur zweiten Verdichtungsstufe
(11); und
— eine Anlage (9) zur abschlieRenden Reinigung des
zweiten Synthesegases und Mittel zum Uberfithren
des zweiten Synthesegases aus der Anlage (9) zur
ersten Verdichtungsstufe (10).

16. Vorrichtung zur Herstellung von Ammoniak aus
Synthesegas umfassend die Vorrichtung nach einem
der Anspriiche 12 bis 15 und einen Ammoniakreaktor

3)-

Es folgen 3 Seiten Zeichnungen
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Anhidngende Zeichnungen

Figur 1
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Figur 2
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Figur 3
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igeweise Methan oder Erdgas; Wassardampt; und ein Oxidationss

{a} Bereitsizlen sines Gasgemischs umfassend K.
suerstoff angereicherte Lufy

Ssuersioff oder:

wen Kefermer, wodurch ein erstes

b sbstrennen &

wen Reformer, wedurch ein zweites Synthesegas umnfassend

der Druck, bei dem der zweite autotherme Reformer in Schiritt
e stens

rist e
2815 gas comprising

i der erg atherne Reformer in S h'm’b bel einem firuck betr:ebe wird, der h

W
betrighen wird.Qne 250001 of the iny n refates to s process for the production of sy

rably metha ; Steay; and an oxidizing agent, preferably oxvgen oF axygen-anric

i

{b} reforming the gas mixwure provided in step (&) in 8 first autothermal f ohtaining 8 first synthesis gas comprising hydrogen, carbon moncxide,
carbon dioxide snd methane,

{0} increasing the content of hydrogen of the first

ot moncxide, carbon d

thesis gas obie step (b} by separating a mixed gas comprizing

metha
{d} provirding a gas mixture comp
(e} reforming
noxide and carbon dioxide;

¢ the gas mixture separated in step {o);
ided in step () in 3 second autothermal

5, thereby cbiaining 8 second syninesis gas comprisi

% g8s Kaure o

at which t d autctherma: reformer is o

ain the first autothermat reformer in step (b} is operated st a pressure higher than the pras - SeCf

mai refermers at different pre: ures. The first autothermal refon
werd OH g can be passed dir

> inventive methed is based on the reforming in twe

t the hividrogen ygss formed 5t

paration of 20, 30 5 and possi

I stage

] . This
range of 50 10 152 bar,
re in the range of preferabiy st !» xast 153 L':

and optia

e38Gr 15 prefs iti-stage, w
oreferatly 6G to 140 bay, and wherein a dewnstream secend compressar
legst 170, as required for the

regsure Swing Absorption)

A\ of th

v

ture to 2 first pressure i
nixtire to a second p.f
gtion of CO,

rably compresses the ga
stage the (pra-compressed
subsequent armmoni

othermai reforming and reformed here with sir,

i ga3s mixiure is cprianali‘/ (oot
@z second syrithesis gas. The sub

or with t
sivly mederately oxygen-enriched i
n preferaiiy carriad out by {i) one o two-stags conversion of O, (i} s

treformer is

Uonf :(ar“pi bym" naticn, pressure swing

ot after separate {pre
An ammania rea
zond synthesis gasis |

Sis gas - in the second comprassor st

»with & conventions
ith ool

nal and / or other sppa fi COMpParis

, @ second ai al reformer (prefer

ents of the synthesis stiony on'Jan Bl

ore, there

crding t the

v reduced by the campared to the conver ‘.or‘al ingle-strand
hod ovar a conventicnat single-strand e

@ realized single-stranded

:s8 water vanor is added,
glv found in this

nai steam gly been o

Autatherma reformers have sn ssed axygen demand compared o conv
smaler the oxyg
0 that the residual content

longes

iower the water vajior / car bon ratio is. Howaver, it wa

mses with lower

& autothermai refor

sgas siter refarming n g

averall process.

oressure ic vaiues that are

NCrea

= autothermal reformer would therefore increase the capacity 1o se the y.le_ 3
ane after reforming at the level of the conventional svster and the gy IS gas

or increases, howsver, the need for expensive oxygen zlsc that a reduction i the cxygen requiremert
al reformer would not be fessible.

anged pro

cempreasor relieve. As the addition of water
ing and investment ¢
separativ

COresy

gh proportion of
taticns comparerd
advy

convantional sy
ages ovel 5 conventional sysierm,

21t presgaure level

o

ne utitized if the s efcrr“! ng is carred cut in twe steps at di

ingly been found ths he advanisg -
preferably uses both the advantage of a

o relieve the synithesis gas compressor.

it has surpri

7e the required amount of cxygen as well as an incressad

rocess gasto

er i whith the heat preduced during the refo e
rmal reformer pref

1 have no bumer are preferably not sutothermai reformers in the sense of the invention.

by exothermic actions is used for end
as g catalyst and a burner. Reactors for the

5 nase, he

10 bar, noch bevar
&, bei dem dar zweite

m Bruck betri
s U 20 bar s

autetherme Reformerin §
- der

rieben, bevarzugi min
indestens 55 bar oder mindestens 6l bag, s bevorzug

beve eslen mindesiens 68 bar

acter m:nd-:stens K bar, und i :l)escnd
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“ohstens 50 bar,

shstens 34 bar oder
hochsiens 20 bar

ben, bevarzugt héchstens 55 bar cde:

tens 60 bar b
tens 33 bar oder |
Schstens 26

Lck yon h
H bevarzugrer
giens 23 bar,

st 15 bar,
i Foa\e o
pieha

T3 bar miore

eferably at

operal dor

referme B

at least 40 bar, more preferabiy at fzast 45 haror

- The first autotharmal
uiar at ieast 75 bar or at least 80

and in part

at least 50 har, more preferably at
bar; and cr

cond sutorh y Gt most 45

5 By Qi gt 1
et 32 narn, and in pardicular 2t mest 20 bar, at

erably at mo
v, most preterably 3t mest 34 bar e
20bar

redais o

of at most 36 b

reform

-The

tar or at mest 40 bar, more preferaiy at i i
et 28 bar, 3t ast 26 bar, at most 24 bar, at most 22 bar or st m

ond sutothermat
of alf fu

is 20310 4% bar higher than the or
rated at such a high pressure
subsequent stage of g ki

rated at a pressure whic
= in sten (1) is prefe

rinsiep (B iso
autothermal

ermal refor

{3t

!y It

aperated in step {e). In this tase, the
cam of the firgt awathermsd reformer, the resubling gas mi

dre can safely be fedto i

downst
ammania svnithesis, ssid Compression ratie, for exa

oressure at which the first &
t the dirnensic

position of the

the rangs of 3C te &0 bar. A pi
sure shove G0 har is not pre
& equitibriu

renn b N
{s1earm re NG wWo

1 Gehalt an Sauerstol von

HERUULE

-~ wird bevarzugt das (v
mindegiens 95 vol.-%, bevorzugier mindesiens %2

mindesians 68 Vol % &

onsmitted in Form von refnem Ssuerstoff oderd

, noch bevarzigrer mindestens 54 \'o! Y%, AN LEVET, inshesenders

S Vol % ur

Higie Sauerstotf verzugsweise aus e

- werden bevarzugt dem Gasgermisch die Kohlenwasserst
wurde; und/oder
czugl dss he

Nis van idchstens 26, hachstens 3,4 odern
2.2 oder héchstens 2,0; noch

héchstens 0,6

-~ weist bey
bevorzugt hdchstens 3.0, hd v : 2 ; 2,

natens 10 vol-% aud, heverz

rens wVoh-%

f inshesendere hibc

tens & Vol-%, an beve hGehstens 4 Vol-%, ul

methed accerding to the invention

-d air

re oxygen of in the form o anti

preferred that the oxidizing agent the &
5k 82% by vohame, even more prefarshiy st feast 34% by valurme, mi
ferably originates from an air separation plar
, the hydreca i

cuiar at ieast 92 vol

preferabiy gt e

= oxygen
orefersbly added to the gas mi
desulfurized‘ and ar

ropriate, preferably praviot

3.2, preferably nct maore than 3.3,
Lrnost 1.8, gt most

more than 3.6, 1
2.2 eratmost 2.8
st 1.2, at most 1.0, at m g, at most 0.5, at most 8.4 or at mast O, 2 end o

& G35 mixture provided preferably has a contert of nivogen of not more than 0%
= than &% by velume, most preferably not mere than 4% by volume and in pa

v Nas @ matar steam / carh

o than 8% by voli

% Dy valme -

oreferably not:

atoms <
des, ete. sre notir .c!L ded 3

tar ratic of motecu
atcchals, ¢

nventicn is th
> of cxygen.

e mckar
carbon ator

water vapor / carbon
= of compounds which o

O aloms

hydrotarbon

g eonsumed than is

se itwoulkd re i rmoee oxygen b
ratic of 3.2 preterably repres=nts the upper kit of the

calalyst

seible, itis not preferred becay:
: he inventcn, a melar steam /
3 not preferred, since otherwise carbon black would form, which wouid de

arbon 4o of gres
i Wi decr

ratio of le

Alhough a malz
necessary A

bevorzugier
Vol-% oder mindestens 3G

Vak-% suf, bevorzugt i

s 4,6 Voi.-% ode

m bevorzugl
der mindestens

1$ 46 Vol.-%;

i al-% ader mindes

auf, bevorzuegt mindestens 32 Vol -%, mindester
, noch beverzugter mindestens 44 Vol-%, mindestens 46 Voi-% cd
indestans 54 Vol-%; und insbesondere rmindestens 56 Vol-%, m

estens 40 Vol
estens 50 Vol.-7

ng 52 Voi-% o

bevorzugter 20 % 13 Viol. %, sm Davorzugiesten 202 %

n 2C % 19 Vol.-% suf, bavorzugrer 2 4 16 Vol.

virk-%, noch bevorzugier 12 2 8 vol.-

* 4 Vol % und/oder

- inen Gehslt an Sticksteff von hch:

%, am bevorzugles
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- einen Gehalt an Wass 30+ 26 Vol-% auf,

rdampt vaon %, am bevorzugtesten 3C £ 15 Yol
insbesondere 20 £ 10 Vol

wobe! die Gehsltsan

trationen sind. The first

< in sten (b) of the precess according to th

12.5:
2eratmost LG sndinp

$14.2, atmest 3.9 or st m st 3.0 or at most

A mok referably atm

27, even: oferably af most 1.5 at mo an D3, nat

0.9% by volurne or at k voliirme; more i ably atieast

A content of methan

by at least 0.6% by volume, ar fes

o, atisast 1.8 vel % or at ieast
, atleast 3.5 vid% of atleast 3 9 v
ent of 51 fea 3
st 40% by volume o at least 3
rest preferably atisast 50% by volume, at feast 52% by ol

\/cl %, even more preferably at lsast 2.2 vol 7 valk, or st leasl 0f=f°r°bl, at fess
nd or

% Ly vohume; maore preferably atlea
ume or % by volume;

%, 31 least 58% by volume or 3t

; and i particutar at least 4.2% by volume, at least £.5% by volume or at least £.8% by vol

A

by valurme pre

least 32% by vo
me; eyei more prefer
> Gr 3t {ast 54% by \'ci TR A1

ieast H0% by volume; and

forabi

preferably 20 £ 13% by volume, most preferably 20

i Dy volurns,

T

y 20+ 15% by volume,

+ 10% by voiume, more pr bly 12 + 8% by volume, mest preferably 12 %

2% by valume, and or
0% by velume, more preferabhy at mest 8% by vols
and or
oreferably 3G 2 25% by volume, more prefer

A% by voiume, and esy
A content of nitrogen
oy volurme, and espeni

preferably at most 6% Ly vadume, miost preferably at

LY voiuma

A water vapor content 30+ 20% by volume, mest y 33 & 15% by volume,

and especially 30 10% by

9% by valume,

1 the conten

RS

stated otherwise, alf percentages inrela 0 gas mixlures sontaining water vapor are 1o be construed 49

% auf, und/eder
5 und/oder

inen Gehslt an Wasserstoff im Bereich von 38 bis 69 Ve
- 2inen Gehalt an Kehienstefimonexid im 8e

zich vin 7

Kidd irn Bereioh von 3 big 13 Vol-% auf.

Calcuiated dry, the first synth

step (0} of the $8 seeording to the inventio

A cont:
Acontar

of hydrogs nge frem 32 to $%% by volu
of carben monoxide in the range of 7 10 21% by
dicxide i the range of 3t 19% by vol

= and or
volume,; and or

Auontentef ca

The content of methane in the first synthesis gas can basically alsc be more than 4.8% by volume, in particular if 2 low molar steam / carbonratiois setand 3
cornparatively siall amo G e inthe POX zone of the reactor is comparativaly tow, Howevar,
ion, 80 that

"v—thane contents

autothermalfy produced first and se

jdual gas components |
re ff

axygen, stesimn, hydrocarben, temperature and pres ry, the infiience of these parameters an the

the first autothermal reform
r. it i
S COMNBIESSCr. The pressure in
,fn'efer'am:y the second s

stibseqguent ©

ssure snd the omwramﬂy fow content of water va|

ioved and fe-:! directly 0

e swing adsorption (PSA} b
ral reforming is theref

e of 3 multisisge synthesis

5 GRS COMPIEsscr.

and CH , from the first synth

£ Swing Adsorpli

pressure swing adsarpt

or pressure by adsor

i presslre swing a:

gas mixture comprising H 4, 00, 0T 4 and CH 44 phystcal!y 3

tosrbon are used as adeorbent According o the inver
S pr by introcuced under eds vated [ressir
the gas mixiure w adscrbed and at the outet of 1

ct can be based on wo different pri
nthe a

norous materals {eg iples:

ads

s, actiy
sieve acticn. The gas mixtu
and OH 4 fror

5 is switched by at the cutle

tfor H 5 g Closad

o CH e

recue now desorbed acied

and unioaded

in 3 preferred variant of the method acoon
carbon diovide by selective mem

=13 {¢} the first synthesis gas is firet fed t¢ 3 membrane sep
srriprane hag the property that it fets carbo
¢ in the partial pressi

Bne 150 ihat itis

ch mch faster

:nor:axide and

=g ¢f the compon
oniy slightly hig
eparated into 2 hydrogen snd meth

2t the plant boundary. In the i
mencxide and carbon dioxide-enriched perm:
{¢}, wherain the separation of carbon mangcxide, carban
tominantly methane, previcusly not deposiied carben i
7 stearm ge

hrane separation plant ¢ sam
ide, carbon dioxide snd methane according

st

swasm. Thare , s (s then fad to the separstion of carbon mi
hen preferably als:
oxide and carbon dicxide :

e place
ali quantities alsc nydrogen. it can be further used as fust

pressure swing adsorplion. The resuliing ext

Jas ¢
o8, 8. inan gy

ins i

v baifer §

tan,

- einen Gehslt an Wasserstoff von mindestens 20 Vol.-%, bevorzugler mindestens 42 Val-% noch bevor
6 Vol -, dere mindestens 98 vol d/ader
alt an Stickstal von hbchsiens 13 Vol % auf, bevarzugrer
Vol inshegondere hdchsieng 2V

grer mindestens 94 Vol.-%, am bevoriughe

ur

achstens & Vol-%, no ns 6 vol-%, am bevarzugtesien héchste
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ide and methane in step (¢ first synthesis g

oncride, carbon d

Atter separating the gas mixiure comprising

preferably at fzast 24% by voiume, mest & ably at des

= preterably at mest 6% oy vo

st preferably at most 4% by

Tne main part of the hydre:
for the most part inthe

ing,

implemernitation of this stream is most adventagecushy carried ¢ second aut it ct both the residual m

oroblerns with the CO conversion by the large partist pressure o carbon monavide, Fossibly. after sddition of furthe: I':ydrm‘.arb:\ prefershly of methane or natucal

gas, the eoaratej Fas mikture, ¥ preferably origi Tom the oressure swing adsorp fed 0 a second autothe reformer and here also autcthermzally
sased air possii v the axidstion mediv & 10 The lower or reinthis and a specifically

hat of 2 convent

to the pro

re feve! in the first autotherm

dvantages of 3
s and greater stress an the subseque

process stages for the pu

% zugEsetzy; und/o

chste
- werden bavorzi
wurde, und/oder

ist bevorzugt das be itinie von mindestens 3,2 auf, be
mindesiens 8,6 oder mindestens 3.8 b#\:o zugter mindestens 4.0, mindesiens 4,2 oder mindestens 4.4; noch bevorzugier mindesiens 46,
mindester en mindestens 5,2, mindestens 54 cder mindesiens und insbesondere mindestens 52 mind

£rdgas ggf. bevo

[ZUQT ZLVOr €1

gt mindestens 34,
stens 4,8 coer
6,0 oder mindes

) ]IM DEVCr2U

einen Gehalt an Sticksioft ven hachstens 7C Veol-% auf, bevorzugter hachstens 63 vol. h bevorzugter
4G Vel ; re hi N 3 S undlcder

nevarzuger

ting 1 the invention

fersbly 70 vol -

sulohurized, and

ar

preteradbly at leas

m / carben of at feast 3.2, preferably et least 3.4, at e

ed preferably has a moi

3.6 and in part

ast 4.4; rmore preferably atleast 4.6 atlesst 4.8 or atlesst 5.0 most preferably at

55t 4.7, Gr i
1 5.8, at feast 6.
das mixture provided prefer
oreferably at mo
ed preferably has a nitrogen content of st least 10 vel. %, more preferatly
eferably at feast 80% by volume,

oratieast &2, and or

at Most

=0t of a1 mest 70 voluma, mate preferably st rmast 60% by volume, even more prefar

v
particuisr not more than 38% by vo

and or

t43% by volume, an
oreferably at fzast 30% by

st preferably at least 40% by volume, and most

version of ¢ monoxide with ste
2 iz gtilf enough water vapor in &

Hen i rably @ high
mer is preferably operated so that af

After the reaction in the secend autothermal
«ide and hydrogen
esis gas fo enabl

o garbon

tempersiure conversion of carbon mancxide 1o be oficiently canied cut.

second sy

erial reformer in step {e) of

t autcthermal ref) {b}. Preferabl
feast 0t orat ley
least D9 oratizast 1.0

carban
at fzast

it an Methsn van
s 4,2 Vol.-% oder htohstens 3,8 v hstens 3,3 seder stens 3,0 Vol.-%; noch bevorzugter |
tens 1,2 Vol

S 0,9 Vol B BERSR 5 néchstens DI Y
bevorzugt mi

adder mindestans 54 V)

destens 52 Vol

- einen Gehalt

rstott ven

ostens 60 orer mi & B4 Vol %, mindesiens &6 Yaoi-% oder mindestens &3 Vol.-
cestens 70 %, mindesiens 72 Voi.-% od indestens 74 Yol hescndere mindastens 76 Vol-%, mindesiens 78 vel.-%

A0 \loi %, undicder

oxid irm Bereich ven 20 1 19 Val.-% auf, bevorzugier 20 1 16 Val-%, nech bevorzugter 26 1 13 vol. evarzugiesten 20 £ 9

O+ ‘5\101 %, Undsoder

O vel-%, noch bevorzugier 12 £ & Vol-%, am bevorzugiesten 12 5

eﬂsmf‘.‘ id iy Stereich von 18+ 11 Vol =% aul) hevorzugier 19+

ere 12 ¢ 4 Vol

tens 6 Vol-%, am bevarzugtesten héchstens 4

,uncmder
15 Vol.-%, und

40+ 25 Vol-%, noch beve ster 49 1 20 Vol.-%, am bevarzugte

- einen Gehslt an Wassardampt 40+ 3¢ Vol % auf, beverz:
nsbesondere 401 10V
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wobel dis Gehalts:

gaben jewsils Feuchtkonzentrationzn sink. The sacond synthesis gas obtained in step (e of the | g 1o the invention preferably has

of at most 3.5,
31,5 notmare than 1,2, nat

more prefe st

maost 3.3, 81 me

i th
rably at most 3 6% Ly volums

y volurne or not

2.9% by velum

otume, at most 2. voluma or &t most 21 % al\'oiurﬂ» most preferably at most 1.5 vol%,

aferably st most 2.7% by

R st most 1.2 vol%; and in particutar at most 3.9 val. %, at mest 2.6 val
of hydrogen of at feast S0% by volume, prefe teast 54% by vodume oF 3

sk lea 1t 6% by volu

5 vl

rat most G.3 vol.%

prefsrablv 2t lzast

S3% Ly valur

s1 62% by volume; even more oreferably at

72% by volum

6% b"vaiur‘ne R

e, at leas

of at least 74% by virlume; and in particu

oF

oxide in the range of 20 & 19% by volume, mor
affy 20 2 5% by volume; and or

of earbon dioxide in the range of 12 3 11% by volume, more preferably 12 £ 183% by volume, more prefersbly 12 £ 8% by velume, most preferably 12 &
A%, Dy YOI fhy 12 £ 4% by volume; and or
Aot gen of a1 masgt 10% by velu
oy velume, and especially atme
Acontent of water vaper 6f 40 2 3

Acentent of carben
+ 9% by voi

Acnntes

% by vl

ferabiy 2041

oreferably 26 3 13% by volume, most prefer

e, more preferably at most 8% by volu

£, SVen mare y 2t most 6% Ly volume, diy at mast 4%

%y valume; snd or

by 40 + 25%

by volurme, more oi v velume, more preferably 40 4 oy volume, most preferabily 40 + 15% by volums,

and especially 401 16% by volume %;

in the contents are ezach me

Con

ons.

~ zinen Genhalt an Wasserstoff im Bareich von 38 Lis 62 W
ttan i ancEid im Be

- einen Gehalt an Kohienstottdioxid im: Ber

- einern 5iG

Caicuiated dry, the second synthesis gas obtai 3 acccording to the inventi

Acontant of hyd ; and or
Acontentof

Acontentof

monexide in the rangs of 7 ¢ 1%
icxide i the rangs of 3t 19% by vols

gas is not camiad outby 00 5 5

ted from the second syngas with synonyme

de and excess nitrogen as fuel gas. i this variant of the methed

n 5% by volume. i the s

A com;

ively high conten
conversion of carben

Aconta

afsa be relevant, butis not preferred. Fora
mer and thus a high content of water vapor in the se
i, which would sdversely sifect the vield of hydrogen,

the first autoth
the second a
sis gas abisined in step {0} and the residual content of methane of the second ¢
orevcrabiv at fzast 1.2 vol.% cr at l=ast preterably et feast 2.0 voi.% or at feast 2
3y volume.

aol, at iea'

1€ Tirst sutother
secend autothermal ¢

5, Whic
nd synthesis gas, v
i of carbon monogide of the first rsvmhe
ast 0.4% by voiume or alizast 0.8% by voilume

Frefarmer in step (B), s pre

the cont o i step (b and the cont

atleast 1.2 vol% or atles

T preferably at least 2.8 vel.% or at least 3.2% v 81 ieast 3.6% by volu

s content of steam in the first synth
content of water v

errmial refonming in thermal reformer is
ng in the second 8 o reformer in siep (@ ).
water vapor ¢f the rihesis gas
iy atizast 9% by ve or at feast 1% by vl
L% By voli

is preferably smalier than the
izrably, the relative diff

sof in the second synt!
content of water vanar of the second
s Cr at least 6 vol.%, More preferadly at
ieast 11% by volume or at i 12% by volume

nee

ned in step (o) is stizast S

2, most prefe

nstoffmoncxid, wel
stoffdioxid:
. wealches in dem in Schritt i) erhat iten Synthesogas

{1 ein- oder zw figes Konvertde

{e} erhalienen zweiten Synthe
{g} Abtrennen von Kehiensteff
{} shschiie:

nihalien ist, zu Kohi

thalien ist; und

ndes sswaise durch Methan

i

As¢

nigen de ng oder

The method according 1o the invention prefersbly comprises the

p conversion of carben ¢

{ficne ortwe

ide, whic

{=) obtained secornd ayrt ¢ nefuded,
{g} sepsrating cari

)
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{e) erhattenen xv nthesegas entha zu Kehienstofidioxi
Y Ablreninen eines Ltd)ﬁ"l“l‘w i urnfassend Kohiensioffmonaxid, Kohilensioffd
g 1 comprises the additions! steps

uckweach

vid und Meihan vom

-adsarption,

s durch

g}
Alernatively, the method accord

{f) mhe or twi step <o moncride, wh

(e} abtsined se sthed, o carbon d

{g '} separating & gas mixture cQ arbon menaxide, c2 gs Ly pressure swin orption.

1 dicxide and methane are completely
W onitrogen remaing
arated by the pressure swing adscrpticn. The

comprises the pressure swing adso n acoarding 1o <
5 s by the pressure swing adsorption, Mitrogen
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Urea Product Expansion by Newly
yeveloped CQO, Recovery Process fro
Primary Reformer Flue Gas

{lrea production of 118% has been expanded by the newly developed U0, recovery precess from
Primuary Reformer ffue gas in wamonia plant,

Kansal Fleciric Power Co. INC. and Mitsubishi Heavy Industries, Lid. have been collaborating on the
development of the flise gas recovery technology since 1998, The first conunercial plant for flue gas
{4 recavery using the newly developed solvent (R8-1) has been operating commerciafly in Malaysia
since Colober 1839, KS-1 solbvent has been developed for fow partia! pressure of carbon dioxide such
as the flue gas of the primary reformer, auxiliary boiler, gas turbine and so on.

In the Malaysian ammonia and urea complex plans, anunonia production was not balanced with CO,
production due to the netural gas source with the rich methane. Therefove, the urea production was
fimited by the shariage of OO, production and the excess ammonia was accumudated in the siorage
tank or purge gas and the excess syn-gas was fired as veformer fuel Petronas Fertilizer (KEDAH)
SDN, BHD. Company had decided to insiall the newly developed CO; recovery system from the
reformer flue gas to increase the wrea production and to balance the ammaia production with the OO,
production, increasing urea capacily from 1800 MTPD to over 2060 MTPLL

By applying this new technology, i is possible to muaich the ammonia production with CO; production
for the full conversion to the gramde wren product with recovery of the carbon dioxide from the flue
gas independent of the natural gas source that is supplied. As a vesalt, the heavier components of
ethane, propane, butesne will be extracted from the natuval gas source af the upstream plant and the
extracted gas will be used separaiely jor the ethviene planss and propane supply, with the remaining
natural gas containing the rich methane being supplied 1o the fertilizer and methanol plants,

This new technofogy will reduce the effiuent Cy in the flue pas from the primary reformer and help
the Kyote Protocol jor reducing OO, efflacnt gas.

Ryota Shimura
Mitsubishi Heavy Indusiries, LTD

Co~Author : Petronas Fertilizer (Kedah) Sdn Bhd
introduction feed. It 15 expected that the trend of using natural

gas for the ammonia and methanol plants will
steadily increase.

“atural gas bas been the primary feed
source of the synthesis gas in ammonia

t and methanol plants opposed to naphtba Usually ammonia prodoced in an ammonia plant is
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converted to granular wrea with the carbon dioxide
which 15 also produced in the aromoma plant.

In case of using the natural gas feed source in the
ammonia and urea complex plant, an excess of
ammonia 15 normally  produced since more
amnoma is produced than carbon dioxade.
Therefore, the reformed hvdrogen gas from the
amraoma plant is used for the primary reformer
fuel to prevent the excess ammonia production m
natural gas feed plant. The excess ammomnia can be
converied (o urea product if €O, gas s umported
from the outside.

In this paper, it 18 meotioved thai the wea
production can be enhanced by the recovered TGy
from the primary reformer flue gas of the ammonia
plant using natural gas as feed souree,

solvent (KS-1)

as from the

The new developed CO; recovery s
1 suitable for recovering the CO
reformer flue gas.

I
@&

Conventional Ammonia Plant

In an ammonia plant using natwral gas feed, an
excess of ammonia is normally produced since the
hydrogen 18 produced more than the carbon dioxide
due to the methane rich i natural gas.

However, it 15 not feasible to mstall ammonia
export facilities such as the ammoma loading or
the asunonia storage bottling because of the small
guantity of the excess ammonia production.

Therefore, the purge gas extracted from the
synthesis loop is sent to the ammorna recovery
enit and only ammonia 8 recovered from the
purge gas and the remamning purge gas meluding
methane, nitrogen and extensive guantites of
hydrogen is used for the reformer fuel 1 order to
treat the excess hydrogen.

In case that excess ammonia iz sitll being
produced even when the purge gas including
hydrogen is used for the reformer fuel, the excess
synthesis gas i3 withdrawn from the outlet of
methanator and then fired mthe reformer with the
purge gas until the CO; product 15 matched with
the ammonia product for the vrea plant.

This results in the front end facilities such as
primary, secondary reformer, reaciors, waste heat
facilities and €O, removal facilities increasing in
capacity compared to the synthesis foop facilities
and also the higher energy consumption due to
firing the hydrogen reformed from natural gas.

? Sy Gas Purge for Fu

el Hy/ CRYIN I

0y
NH;
Tank
?w e
Reforming = HIS/ " OOy Merhanator Compression NH; ) SRy Urea
{Pri /2nday} 018 Remaoval i ) Syuthesis f—y &

(=]

Purge Gas H/CHWN;

AR Ammonia BRecovery Unit

Figure 1. Conventional Acvmonia Pland
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In addition, the product ammonia i stored m
ammonia storage tank during stoppage of urea
plant. It 1s difficult to convert the stored ammonia
i the tank to area product in normal operating
condition because of the lack of CO-.

In order (o convert the ammonia in the ammonia
storage tank to urea product, it 18 required to
reduce the svnthesis loop load with the norroal
front end operation and vent the excess syn-gas 1o
flare upstream of the synthesis loop m order to
produce the necessary T gas. {See Figure-1)

Advanced Ammonia and Urea Complex
Plant with Flue Gas CO; Recovery

The excess ammoma can be converted fo urea

product by 1mporting U051 gas from the cutside of

plant and the hydrogen gas from the synthesis
purge gas can be recyeled to the suction of the
syn-gas compressor. However, it is very rare 1o
have a C0; gas supply plant near the ammonia and
ures complex plant.

1t 13 considered that U0, gas is extracted from the
flue gas of the primary reformer in ammonia

plant by the chemical absorption and the recovered
CO» gas and excess ammonia 1s converted to urea
product.

However, the conventional solvent s not suitable
for absorbing the CO» gas from the flue gas m the
primary reformer due to the low partial pressuore of
C 0O, in fhie gas and the high energy consumption
for the O, regeneration,

Also, the degradation of amine in the €O,
recovery svsten, higher amine consumption and
corrosion  trouble have been reporied using
conventional sobvent like mono-ethanolamine,

Therefore, 0 15 necessary o develop the new
solvent for recovering the €O, gas n the reformer
flue gas. It 15 found that the nvew CO: recovery
solvent {KS-1} developed by Kansai Electric
Power Company and Mitsubishi Heavy Industries,
Tad. 18 suitable for recovering €0y gas from the
reformer flue gas.

The flow scheme of the advanced ammonta and
urea complex plant with the CO; recovery process
from the flue gas n the primary reformer is shown
n Figure-2. This new developed scheme solves
the problem of the shortfall of CO; gas and the
ex¢ess ammona production

. €0, Recovery Ty
3 ES-1) 4 o,
Reformer 1\.} i
Fiue Gas o0, Tamk
5 Reforming e 706, — [ —— Nt rat Urea
NCpl o ming  GUIS o LO M;,E_‘. fethanator #é GRPRCSSIoN Eﬁ,ﬁ L ™ By
g (Primary/2ndary) L8 Removal Synthesis f— % Plant
Uren
ey Recycle H;
Parge Gas CHN, : z

ARU: Amumonia Recovery Unit
HGRU: Hydrogen Recovery Unit

Figure 2. Advanced Ammonia & Urea Complex Plant with Flue Gas CO; Recovery
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New CO, Recovery System

C(h absorption from the boiler flue gas or the gas
turbine exhaost gas in the power plants by the
chemical absorption methods requires the high
energy for the regeneration of the absorbents
contaimng €0y because of the low partial
pressure of CO; 1n the flue gas.

Kansai Electric Power Company and Mitsubishs
Heavy Industries, Lid. have been collaborating on
the development of flue gas {0y recovery
technology since 1990 which 1s named Kansa
Mitsubishu Carbon Dioxide Recovery (KMCUDR)
Process.

A coraprehensive range of available amines were
examined and tested, with the new advanced

KS8-1  solvent developed without toxic,
dramatically  wmproving €O, absorbency,

regeneration and low degradatnlity

This TGy 3 1 suitable for
absorbing the low partial presswre of €O, gas
such as the boiler flue gas and the gas turbine

recovery  gystem
]

Flue Gas
o Avmosphere

ABSORBER

Flue Gas
Covlar

SRR
e x

PO
(xR

exhaust gas. This new developed solvent 1s being
narged KS-1 solvent.

The MHI advanced CO, removal system offers

coroprehensive  advancements i process
configuration and erergy efficiencies  over

conventional systems.

Extracted flue gas is cooled down from 200 degC
t 40-50 degC through the flue gas cooler and the
axhaust conled gas flows to the COy absorber and
the CO, gas in the flue gas is absorbed by KS-1
solvent 1n the COy absorber while the remaimng
gas 18 exhausted from the top of the €O, absorber
10 atmosphere.

KS-1 solution absorbing CO, s pumped ap o the
C(y regenerator and CO: 5 regenerated by the
steant reboder at the bottom of the regenerator,
The regenerated T0; product gas is cooled down
at the overhead cooler at the top of regenerator
flowing to the user such as urea plant, methanol
plant and CO, gas plant (See Figure -3)

43,
Purity ; 92,9 ¥

STRIPPER [/

Rabailer

- Steam

Figure 3. Flue Gas CO; Recovery System
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Application of C0O; Recovery Process
from Flue Gas to Ammonia & Urea
Complex Plant

Recently, it is reguested to study that the source of
the ammonia and urea complex plant 18 changed
from naphtha to natural gas feed to troprove the
energy consumption by the owner of the fertilizer
plant and a few projects have reached engineering
stage.

In this study using the natural gas feed, the
excess ammonia will be produced because of the
lack of CO; production.

A convenfional counter measure of CO, gas
shortfall is that excess natural gas 15 reformed in
the primary reformer 1o order to produce CO; gas
matched with the urea production as described
the above.

Alternative way 1s that the necessary COy; gas for
urea production is recovered from the flue gas of

primary reformer.
The study result of both cases 15 shown as follows,

The natural gas condition is symular to the gas
sourge supplied from the hquid natural gas plant.

Natural gas source:

CHa: 98%, OoHe: 19, CiHs: 0.59%, Not 0.5%
Production:

Asmmonia 1350 MTPD, Urea 2380 MTPD

COy gas 1s needed to 1750 MTPD for the full
conversion of the ammonia product to urea plant
ncluding the €O, gas loss in urea plant.

The above nataral gas leads the lack of CG,
because of methane rich in the natural gas. Which
meare excess bydrogen s produced from the
natural gas for the necessity of OO gas and is used
as the primary reformer fuel. {See Figure-4).

{0, 1770 MTPD

Co,

Removal

Syn (ras Purge for Puel SL/CHL N

it E_rg Cowpression %_‘b

|

Purge Gas B/ CH/N,

Back-Ead (Compession to NH; Sy

Capacity Invrease : Front-End (HDS o Methanate!
wsis & Refrigs

1} 1490 MTFD NE; = 110% of 1350 MTPD
suy 1350 MTPD

ARU: Aramonia Recovery Unit

Figure 4. Larger Front-End Capacity Case

Alernatively 1 case of insiallation of the new
COy recovery system at the reformer stack, the
necessary COs gas of 160 MTPD is extracted from
the flue gas 1u the primary reformer,

The C0O; gas s muxed with the other CO; gas from
ammonia plant and the ouxed C0O; pas 15 used as

the source of the urea product. As a result, 1t is not
necessary 1o fire the excess syn-gas n the reformer
and the hydrogen in the purge gas 18 recovered by
the additional hydrogen recovery vnit at the outlet
of the ammonia recovery umit and the recoversd
hydrogen 1s recycled by the suction of the syn-gas
compressor. (See Figure-5}
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The new flue gas CO; recovery system redoces the
consumption of the process natural gas by 10 %. It
means that the front-end facilities such as primary
and secondary reformer, reactors, the waste heat
facilities and COp removal facilities can be
reduced to 90% or the ammonia and urca
production can increase to 110% if the ammonia
synthesis system and orea & granulation plant
have enough roargin.

Considering the utility consumption in the fhie gas
COy recovery plant such as the electricnty of the
flue gas blower, additional cooling water and the

Geal/MT-NH; (LHV Base) because of reducing the
consumption of process natural gas dramatically.
{See Table-1}

In addition, f this CO; recovery plant 1s installed
m g methanol plant, the extracted CO; from the
flue gas in the steam reformer is mixed (o process
natural gas or the synthesis gas and then methanol
production can increases to 110 — 12095 because
CO and €0, gas is the source of the methanol
The unit operations energy consumption is the
same as the onginal methano! plant oven though
the utibity consumption of CO, recovery system

regeneration  steam, the total umt  energy and the CO, booster compressor is considered.

consumption of ammonia plant reduces by -0.11

0, 160 MIPD

é, OO U770 MTPD
Ty, 1610 MIPD
s NH;. h
NG (D8 " €y Metbanator Compression N 1350 MTPD Usea
Kemoval X Syunttesis — :? Plaut

CH,. 98% k

o

Urea:
2380 MEPD
FHGRU ;

Recyele B,

Purge Gas CHyN,

Additional CO; Recovery Unit (160 MTPD) & HGRU
(Purge Gus Recovery Dty fur 1350 MTPD NH-

ARU: Ammonia Recovery Unit
HGRU: Hydrogen Recovery Unit

Figure 8, Flue Gas C0; Recovery Case

Table 1, Comparison of Energy Censumption

[Geal/MT-NH;]

Larger Front-Hnd Ty Recovery
Process NG Base —(.545
Fuel NG Base + {316
Export Steam Base 4+ (.124
Total Base —(.109
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First Commercial CQ; Recovery Plant

The first commercial flae gas €O, recovery plant
using K8-1 solvent for the ammonia and urea
complex plant has been constructed in Petronas
Fertilizer {(Kedah) Sdn Bhd in Malaysia.

Petronas Fertilizer (Kedalh) Sdn Bhd (PFK) has a
complex for ammonia (1350 MTPD), urea {1750
MTPD), methanol (200 MIPD) and urea
formaldebyde (17 MTPD) at Kedah in Malavsia.
This plant has urea bagging and hand
facibties and also ammona export facilites
mcluding ammonia botthing, truck loading and
rail loading. Therefore, the excess ammonia can
be treated through these export facilities.

e
jun)
o

At first, PFK designed larger front-end facility in
the ammonia plant in order to produce CO; gas
maiched with the ammonia production in case of
supplying methaoe rich gas.

Morcover, considering the risk of stopping the
arnmonia export facilities by the unexpected plant
stoppages in future, PFK continued to study the
way of the treatment of the excess aromonia 1o the
wnexpected accidental conditions and finally
decided not only to increase the front-end
capacity but also to nstall the new CO, removal
systern which extracts 160 MTPD (Max. 200
MTPD) €O, gas from the primary reformer fhue
gas i anumonia plant.

In addition, PFK also made the decision of
designing enough margin of the wrea and
gramulation capacity considenng the additional
facility of CO, recovery system.  This OO,
recovery svstem leads to the full conversion of
ammona product to urea product and can treat the
stored ammonia in the ammoma storage tank in
any operating case. As a result, operating
flexibility increases significantly in this plant

In the PFK plant, €05 gas recovered from the flue
gas of the steam reformer n the ammonia plant 13
mixed with the other O, product from the
Bentield system in the ammona plant and delivered

2008

by suction of the U8, Compressor n the wrea plant
and then it 15 used for the source of the granule urea.

This COn recovery plant leads the urea produst
expansion from 1800 MTPD to 2000 MTPD. The
flue gas (O, recovery plant stasted on 20
October, 1999 and has operated continuously.
Excellent performance of the process in terms of
low steam corsumption, very low solveng loss has
been confirmed comparing the conventional
solvent.

Maie operation parameters of the flue gas €Oy
recovery plant are as follows,
GO Purity ] Wore than 99.9 vol% Dy
base}. Impurities are nitrogen and oxygen
- C0O, Recovery Ratio ... 90 % at normal operation,
however more than 27 %C0, recovery was
atiatued by rucreasing steaw consunphon
- Steain Consuxaption. ... 1.5 on low pressuse sieam
(@03 3Ry /iom OO, recovered
- Amane Loss.................. .35 kg/ton CO, Recovered
{S¢e Figure -6, Table-2 and Table-3)

Table 2. Design Conditions of Flue Gas
Ch: Recovery Plant

- Fhue Gas Source  Steam Reformer Flue Gas
- Flue Gas Flow Rate 47,000 Nm*/H

- Flue Gas Temperature 168°C

- Flue Gas Composition

{vol.%%)
My 6779
CGy 3.08
O 0.85
Ar 1.00
H;0 22.28
SOx 2. 4d{ppm)
NOx 200 {ppm}
Total 100.00
- 0 Recovery % 0%
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Tabkle 3. Product COz Condition

3,400 Nm'/H

{160 MTPD)

Max. 200 MTPD

- Recovered CO, Pressure  0.55Bar Gauge

- CO; Purity More than 99.9 vol%
{Diry Base)

- C(y, Flow Rate

Figure 6. O, Recovery Plant
it Petronas Fertiliver (Keda) Sdn. Bhdd.

Conclusion

This advanced developed €0; recovery system
helps to a balance of the amroonia production and

the urea production with natural gas as source.

This system can also recover the necessary €O
gas for treating the stored armnmonia in the siorage
tank from the reformer flue gas. Which means the
excess urea product can be produced from the
stored ammonta in normal operating condition if
the urea and granulation plant has excess margin,

This advanced systern has been operating al
Petronus Fertilizer in Malavsia since 1999 and in
Japan for CO; product from 2008,

Two expansion urea projects are at construction
stage 1n India and one expansion urea project 1s at
engmeenng stage m Middle East with another at
feasibility study stage with results highlighting
considerable expansion potential for methanol
Qross,

The apphcation of the new CO; recovery system
to the EOR (enbanced oil recovery) are also being
studied, where the recovered €O, gas from the
power plant 1s injected n the o1l field to increase
the oil production.

In the future, it will be expected that the useful
ethane, propane and butane are extracted from the
natural gas at the well of natural gas and they are
supplied to the ethylene plant, chemical plant, and
propane gas plant with remaining natural gas
containing rich methane 13 supplied {0 the
fertitizer and methanol plant At this time, this
newly developed C(O, recovery syster helps the
fertilizer and methanol plants. (See Figure-7)

In addition, this advanced techmology can reduce
effluent CO; gas to 90% 1n the flue gas from the
primary reformer in ammonia and methanol plant
and helps the Kyoto Protocol for reducing CO;
eftluent gas.
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Figure 7, Natural Gas Distribution
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ABSTRACT

The autothermal reforming technology has been widely discussed in the past on con-
ferences and in technical magazines. Compared to the steam methane reformer
(SMR) with its muititude of twbes the gutothermal reformer (ATR) offers a much sim-
pler mechanical setup and superior operational robustness. The ATR can provide a
wider syngas composition range than the SMR, especially significantly lower Hx:CO
ratios.

Numerous ATHs are in operation worldwide. However, most of them operaie as sec-
ondary reformers in ammonia and methanol planis in collaboration with steam re-
formers. Only a few true stand alone ATRs have been realized up to now. For ammo-
nia and methanol plants the technology has so far been considered uneconomical.
Natural gas based GTL plants, for which the ATR is the best choice, have noi been
built in farge numbers as yet.

A comprehensive evaluation of the economic viability of an ATR based ammonia or
methanol plant must take into consideration that the ATR requires oxygen. it also pro-
vides significantly less wasie heat than the SMR for process media prehealing and
steam generation. So far, the additional operating costs for the utilities and the capital
cost for the required equipment have eliminated the cost advantages of the stand
alone ATR for ammonia plants and apparently also for methanol plants.

However, with ever growing plant capacities the competitiveness of ATR based plants
is improving continuously. Mainly responsible for this are the different building-cost-io-
capacity relationships of SMRs and air separation planis.

Uhde esiablished an ATR development programme some ysars ago. A pilot plant has
been built and is in operation since June 2009, There the applicability and robusiness
of the Uhde ATR concept is being validated.

The paper describes the pilot plant concept, its main design fealures, experiences
made during erection and commissioning and outlines the exiensive les! program,
Also, an ATR based ammonia process flowsheet is presented. Finally, an economic
comparison between a conventional SMR-based ammonia plant with an ATH-based
plant for a large capacity is discussed,
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INTRODUCTION

(Gas mixtures composed mainly of hydrogen and carbon monoxide are commonily ad-
dressed as synthesis gases. They are the base for important processes such as the
syntheses of ammonia and methanol.

As required by the reactions which take place in the syntheses the syngases vary
considerably in composition. Table 1 lists the most important processes and names
the main requirements with respect to ayngas composition.

Table 1: Synthesis gas composition requirements of downslream processes

ammonia (Ho+ CO)/Ne= 3.0

methanol (He — CO) /1 {CO + CO = 2.0
hydrogen max. Hp content
gas-to-lquids Hy : CO=2.0

Given their main constituents hydrogen and carbon monoxide synthesis gases can be
processed from practically any carbon containing feedstock such as natural gas,
naphtha, coal or petrol coke plus water via cracking and (steam) reforming. Coking
has also been an important source.

Due to the heats of formation of the species involved all these processes are highly
endothermic. The transfer of heat to the process gases {o force the desired reactions
can be effected via heat transier through surrcunding walls or by internal {auiother-
mal} heat generation through partial combustion of the process gas.

A number of syngas generaiors are available, compesling with sach other for the dif-

ferent downstream processes. Table 2 names the most important syngas generator
concepts and differentiates between externally and autothermally healed devices.

As Table 2 illustrates, most of the syngas generators operate on hydrocarbons as
feedstocks. The coke oven basically exiracts the volatile hydrocarbon components
from the charged coal (dry distiliation). i delivers a syngas composition not oo differ-
ent from the steam reformer, albeit with a significantly higher hydrocarbon content.
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Table 2: Synthesis gas generalor types

2xiernal heating

steam reformer
coke oven

auiothermal {internal) heating

auiothermal reformer
partial oxidation reactor

gasifier

natural gas, naphtha

coal

natural gas

natural gas

coal, petrol coke

By nalure, the ayngas generaiors operating with autothermal heating have signifi-
cantly higher CO and CO; contents in their syngases than the generators with exter-
nal healing, L.e. much smaller My : CO ratios. In syngas generators with external heat-
ing the carbon oxides are to be found in the flue gases of the external heating.

1 S . .
' possible gas compositions via

71 steam reformer

| combined reforming

ATR

POX reactor

gasifier

2.0 3.0

Hqf GO} i

Fig. 1: Composition ranges provided by syngas generators

This feature is most significant in the gasifier, where practically no hydrogen is pro-
vided by the feedsiock. The hydrogen has to come entirely from cracked water mole-
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cules, which requires more energy compared 1o the cracking of hydrocarbons and
hence is asscciated with higher CO and CG, production. This is illustrated by the
graph shown in Figure 1. The figure shows the individual ranges of Hz : CO ratios in
the syngases which can be provided by the various syngas generalors.

In general, malching the individual syngas-based processes with the syngas genera-
tors which can provide the required gas compositions straight away should give the
most economical solutions. However, as discussed briefly below, the required gas
compositions can not always be delivered by one syngas generator type on ifs own.

s Ammonia synthesis
The ammonia synthesis requires an Ha: Na ratio in the order of 3.0, Obviously, this
could not be realized by a steam reformer on its own. However, il can be mel eas-
ity by combined reforming using an air blown secondary reformer. The version
where the secondary reformer provides just the stoichiometric amount of nitregen
reguired in the synthesis has been the dominant syngas generation concept in
ammonia plants for the last fifty vears.
Other versions operating with an excess of nitrogen in the secondary reformer and
a downstream process step to remove the surplus nitrogen have also been real-
ized in considerable numbers. A stand alone ATR is also capabile of feeding an
ammenia synthesis. it has to be operated with oxygen-enriched air or pure oxygen
combined with a subsequent process step 1o introduce the required amount of ni-
frogen.

« Methano! synthesis
Steam reforming alone can not provide the syngas composition according o Table
1 best suited o the requirements of the methanol synthesis. A quite substantial
purge from the synthesis or other means, e.¢g. a pressure swing absorption {PSA),
are required to remove the surplus hydrogen. Pure autothermal reforming gener-
ates a syngas (oo low on hydrogen, requiring CO conversion and subsequert 80,
removal.

Again, combined reforming can generate the optimum gas composition for the
methanol synthesis straight away, leading to a significantly betler consumption
figure for the plant. Other advantages such as a smaller steam reformer size and a
higher operating pressure in the syngas generation seclion are glso associated
with combined reforming. Hence, although requiring pure oxygen, combined re-
forming appears o be the superior alternative for larger plant capacities.

e Hydrogen

Hydrogen plants aim for maximum hydrogen production from a given amount of
feedstock. Hence, most of these plants are based on steam reforming although
several plants based on partisl oxidation reactors are still in use. However, as ATR
and POX reactors require pure oxygen, steam reforming is nowadays considered
the more economic option. If this is valid for larger capacilies in excess of 100,000
Nm®/h, e.¢. for heavy il upgrader plants, remains to be seen.
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e Gas-to-liquids
As illusirated by Fig. 1 the ATR is the syngas generator best suited o Fischer-
Tropsch (FT-) syntheses as i provides the required gas composition siraight
away. Besides using pure oxygen it is technically feasible to operate the ATH on
plain air and feed the nitrogen containing syngas to the FT-synthesis. However,
this obvigusly increases the flowrates in the entire process considerably and does
not seem to be the most economic solution.

This brief excursion info the basics of syngas production shows that autothermal re-
forming has already been an established slement of synthesis gas production for
gquite some time, it nevertheless wants to draw attention o the fact that — with the ex-
ception of the stand-alone ATR in GTL plants — ali cther autothermal reformers so far
operate as secondary reformers on pre-reformed gas or mixtures of pre-reformed gas
with natural gas. In addition, the effective steam-to-carbon ratios for these secondary
reformers are also quite high.

Both the presence of considerable amounis of hydrogen in the pre-reformed gases
and the high steam-to-carbon ratios substantially reduce the risk of soot formation in
the ATR’s combustion zones. Hence, operaling experience gained with secondary
reformers can nol really be considered as a reliable basis for the design of “pure” ATH
applications.

Recent years have brought a renewed interest in ATH based synthesis gas genera-
tion for ammonia plants. This is closely linked {o further increases in plant capacity
well beyond today’s maximum of 3,300 mipd realized by Uhde in the SAFCO IV and
Ma'aden ammonia plants. As mentioned above in context with methanol plants,
steam reformers are coming closer 1o their technical imits in this capacity range. The
ATR technology appears o be a promising alternative here.

This paper presents Uhde's assessment of the economic viability of this approach
and outlines what Uhde has done in recent years to prepare itself for this scenario.

AMMONIA PLANTS BASED ON AUTOTHERMAL REFORMING
Fiowsheet options

An autothermal reformer can be operated with the entive range of oxidator composi-
tions between plain air and pure oxygen. The amount of oxygen which has to be pro-
vided by the oxidator is defined by the regquired reforming heat duty. It does not de-
pend significantly on the overall oxidator composition. The process steps required
downstream of the ATH for syngas preparation are however closely linked fo the oxi-
dator composition. Below, the consequences of the three most important oxidalor
compaositions plain air, oxygen-enriched air with stoichiometric nitrogen content and
pure oxygen on the process configurations as well s on equipment sizes are dis-
cussed brigily.

Fig. 2 coniains simplified block How diagrams of the process variations. Obviously, the
numbers of process units are not significantly different between the three concepis.
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Option 1~ plain air as oxidaior

aiy

steam steam

natural gas

arnmaonia

waste gas

Optlion 2 — oxygen enriched air as oxidator

naturai gas ammonia

oxygen + nitrogen

air

Option 1 ~ pure axvaen as oxidator

steam

steam

ratural gas Ammonia

i
i oxygen

fiquid nitrogen

Fig. 2. Flowshest oplions of ATR-based ammonia planis
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e Option 1 ~ plain air

Using plain air resulls in a large nitrogen surplus in the syngas. Hence, a cryo-
genic unil is required Lo exiract the excessive nilrogen upstream of the syngas
COMPresser or a very large purge stream from the ammonia synthesis. Chviously,
this concept is associated with the largest flowrates and equipment sizes at least
in the synthesis gas generation section.

« Oplion 2 — oxvgen enriched air

The optlion requires an air separation unit. The air flowrate is specifically selected
to provide the correct amourt of nitrogen for the ammonia synthesis. The oxygen
coming in with the air and the added amount fogether meet the required reforming
heal duty. Thus, the capacity of the gir separation is minimized.

e Option 3 — pure oxygen

in this process concept only marginal amounts of nitrogen depending on the oxy-
gen purity are introduced into the ATR. Hence, flowrales in the synthesis gas gen-
eration section take on their smallest values. The nitrogen required in the ammo-
nia synthesis is introduced into the syngas just upstream of the syngas compres-
sor for example vig g liquid nilrogen wash unit.

A natural advantage of the process concepis using final eryogenic uniis in the syngas
preparation is the practically inert-free synthesis gas. Without accumulation of inerts
the size of the equipment in the ammeonia synthesis can be reduced in the order of 10

(7
7.

Option 1 operates with significantly larger flowrates than option 2 in the syngas gen-
eration section. This may be compensated by a somewhat simpler crvogenic unit
compared io the air separation, smaller flowrates in the synthesis and the missing
purge gas treatment. Hence, the two options may have fairly similar investment costs.

Comparing oplion 3 with option 2 the following can be pointed out. The capacity of the
air separation plant has to be about 40 % larger. A nitrogen wash unit is considerably
more complicaied than a methanation section. Whether this is fully compensated by
the somewhat larger equipment of the versions 1 and 2 remains doubtiul at least.
Hence, option 3 is likely to have the highest investment costs among the three pro-
cess versions discussed.

Economic comparison with steam reforming based planis

The economics of ATR based ammonia plants compared (o plants using conventional
tubular steam reformers has been gddressed in a number of papers in recent years in
more or less detail [1], [2]. The projections about possible investment cost reductions
vary between 20% and none. With respect Lo operating costs an even larger range
between 30 % reduction and none can be derived from the references. These assess-
ments do not always reveal which cost components are taken into account and hence
can not really be comparad.
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Uhde's assessment oullined below leads io the conclusion, that any definite figure is
misteading since plant capacity is the decisive parameter. The break even point in-
deed appears to be in the area of 4000 mipd as it has been reported by other authors.
However, with the limited accuracy possible at this moment a range of uncertainty, at

least in the order of £ 500 mipd, should be expected.

An economic comparison between the two plant concepts must fook at both operating
and investment costs.

Operating cost

About 65 % of the specific energy consumption of a modern ammonia plant is trans-
ferred 10 the ammonia product as chemical energy. The remaining 35 % are needed
to enforce the required process steps, L.e. via preheating and compression of the pro-
cess media. The energy balance of an entire ammonia plant is fairly complex. As both
parts are afiected by the quite significant changes in the process, the consumption
side as well as the available wasle heat have o be looked al.

Table 3 contains a comparison of the consumption side. The table lists the most im-
portant energy consumers in ammonia plants for both plant concepts. The right hand
side column of the table indicates the change In energy consumption which has to be
expected for the respective process unit in the ATR-based plant. It has o be pointed
out however that the individual energy consumptions of the consumers listed in the
table differ significantly. By far the most important consumers are the reformer, the
waste heat sectionffired heater and the air separation.

The feed flowrate in the ATR-based plant iz aboui 25 % larger compared to a sieam
reformer based plant as it contains between 50 and 60 % of the fuel flow for the re-
former burners. Oxidation of this additional amount provides the heat for the reforming
reactions. Due to the resulling increase in natural gas flowrate the related energy con-
sumptions in the syngas generation section are likely to go up, though not always in
the same order as indicated in Table 3.

Due to the larger process gas flowrate in the syngas generation section of the ATR-
hased plant more heat is available from this process siream. The surplus can be used
to raise the additional steam required for the air separation.

The large amount of heat contained in the flue gas of the primary reformer is usually
utilized for the process media prehealing addressed in Table 3 as well as steam su-
per heating. In the ATR-based plant this has {o be supplied by a fired heater. Due to
the increased sieam production more heat for steam superheating has o be supplied
by the fired heater in addition 1o the increased heat demand for feed and fesd/steam
preheating.

The heater operates with a smaller specific flue gas flowrale than the waste gas dud!
of the steam reformer. Hence, stack loss as well as heat duty for burner air prehealing
are reduced compared o the steam reformer,
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in summary, our calculations carvied cut so tar show an addifional energy consump-
tion for the ATR-based ammonia plant in the order of § % for the wm“f‘%% VEISION Op-

srating on enriched air (option 2). Forthe vers ion operating on pure oxvaen {oplicn 33
a somewhat hi igher additional consumption in the order of 10 % has 1o be expectad.

Table 3: Comparison of primary ammonia plant energy consumers

reformer {(feed + related fuel) reformer feed 0
waste heat section (related fuel) | fired preheater +15
feed compression feed comprassion + 25
feed prehsating faad preheating + 25
feed/steam preheating feed/steam preheating +7
Process air comprassion air separation + 150/ + 188"
process air preheating process air preheating 02
synthasis gas comprassion symihesis gas compression G
AMIMOoNIA vapour Compress. Ammaonia vapour comprass, G

1} enriched air / pure oxygen
2} reduced prehsating lemperaiure with regard to higher oxygen content

{nvesiment cost

Mo ATR-based ammonia plant has been built as yet. Hence, a comprehensive cost
data base, comparable {o that available for conventional plants, does not exist. There-
fore, the gualitative analysis presented below is used o derive a cosl relation bet-
ween the two plant concepts.

Table 4 lists the main process siegps in an armmonia plant and the respective unifs in
the conventional plant based on steam reforming as well as in the ATR-based piant.
The right hand side column of the table indicates whether the respective unit in an
ATR based plant is expected o have lower (¥}, equal (~) or higher {4} investment
costs. To keep the focus on the most relevant process units the ATR process concept
based on enriched air is used for this comparison.

This qualitative approach illustrates that the two process steps “oxidator preparation”
and “reforming” are decisive for the investment cost relation between the two plant
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concepts. Minor cost differences can be expecied for each other process siep as
eguipment numbers, sizes and complexilies vary moderately throughout the entire
flowsheets. However, excluding the fundamentally different process steps "oxidator
preparation” and “reforming” it can be expected that these differences will not alibe in
favour of one plant concept and hence equal each other oul.

Tabie 4: Ihvestment cost comparison per process step

oxidator preparation COMPressor air separation %
desuiphurization preheater / reactor ~
process gas preheating | flue gas duct fired heater ~
reforming steam reformer - ¥
secondary reformer | ATH ~
process gas cooling steam generator / superheater ~
CO conversion 2 converter / 2 BFW preheatar ~
GOy removal aMDEA, alternatively physical solvent ~
methanation preheater / reacior -~
sSyngas compression 2-casing turbo compressor ~
amimonia synthasis 3 converter dual-prassure synthesis ~
refrigeration comprassion yps ~
purge gas treaimert hydrogen recovery ~1 ¢ 1)

1} option 2 "enriched air" / option 3 - "pure oxygen” with inert free syngas

The cost structure for a steam reformer has a fairly linear relationship between capac-
ity and unit cost. With {ew exceptions material and construction costs are divectly pro-
portional to the number of tubes, Le. unil capacity.

The cryogenic alr separation is by nature a single train unit. Hence, contrary o the
steam reformer, a considerable reduction of the specific investment cost with growing
capacity can be expected. This characteristic is Hustratad in Fig. 8. The steam re-
former cost curve is derived from Uhde's respective database. The figures for air
saparation plants are derived from proposals provided by plant vendors.

The cost datag have been deliberately related to the SAFCO IV reformer costs as it
does not make sense (o discuss absolute figures in this conlext. The actual cosis de-
pend very much on the region where the plant is 1o be built, specific requiremenis and
the overall economic situation.
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Fig. 3: Investment cost relation steam reformer ve. alr separation plant

The tigure illusirates that with the cost data available at present a single break-even
capacity can hardly be determined. The cost tigures of air separation units may be
interpreted conservatively or optimistically by the continuous curves as shown in the
figure. Obviously, there is a considerable capacity range of uncertainty. However, the
figure indicates thal — even with a conservative approach — beyond plant capacities of
4000 mipd an ATH based plant is likely (o have growing investment cost advantages
compared io a steam reforming based plant.

UHDE'S ATR TECHNOLOGY
Description of Uhde's ATR lest facility

The pariial, i.e. substoichiometric combustion in autothermal reforming is in principal
likely to generate soct. For any set of operating conditions defined by feed gas com-
position, pressure and steam-to-carbon ratio g minimum operating temperature exist
below which soot is generated. Steam and hydrogen in principal reduce the soot
forming potential, i.e. move the boundary move the boundary for soof-free operation
to lower operating temperatures. The minimum temperalure also depends onthe
burner design and the flow conditions in the combustion zone.
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Uhde has exiensive experience in the design of secondary reformers for ammonia
plants. These vessels operate under similar pressure and temperature, but in the fol-
owing two important aspects enjoy considerably milder conditions compared with
pure autothermal reformers.

Secondary reformers process partly reformed gases which contain significant
amounts of hydrogen and operate with quite high effective steam-to-carbon ratios.
Hence, they do not provide a basis to determine the minimum possible operating
temperatures with respect to soot formation. This temperature is directly related to the
amount of oxygen supplied. Therefore, {0 minimize plant operaling cost the ATR is to
operate at the lowest possible operaling temperature,

The heat generation rales of secondary reformers are refatively small. With the con-
siderably higher heat generation in autothermal reformers, increased wear and tear
on the burner and thermal insulation must be expected. They have {o be taken care of
by modified design features. Also catalyst bed design and size can be expecied o
vary.

To gain further insight into ATR operation and to produce the operational data re-
quired to adjust the design procedures, Uhde set up a development program several
yvears ago. Subssquently {0 being successful in finding a cooperation partner in the
russian company Kuibyshev Azot, g test facility was designed, built and commis-
sioned at Kuibyshev Azot's production site.

Fig. 4 coniains the process flowsheet of the test facility. The production site usually
operates on fairly light natural gas with low contents of higher hydrocarbons and sul-
phur. Hence, 1o simulate heavier feedstocks, the test facilily was equipped with a de-
vice {0 add propane fo the incoming natural gas.

Provisions where also made for the addition of a hydrogen rich stream to the natural
gas to simulate a pre-processed gas. With regard o the low sulphur content a further
desulphurization of the incoming natural gas was considered unnecessary. It was also
decided to take the required process steam from an extemal source. The heaters for
natural, feed/slearm mixture and oxidator are powered electrically.

At the ATH gas cutlet a water quench is installed. Hence, only moderate gas tem-
peratures gre present culside the ATR pressure vessel. The ATR design capacily can
be best characterized by a syngas flowrate at reactor outlet in the order of 1000
Nmh at 30 bar operatling pressure.

The test rig Is equipped with optical light extinction measurermnent devices {o detect
soot in the gas phase as well as in the process condensale.

During the design phase of the ATR itself, considerable offort was spent to optimize
the geometry of the combustion or partial oxidation (POX) zone, gas inlet velocity and
swirl and 1o find the best position for the oxidalor nozzies. CFD analysis has been
emploved extensively for this step. As a result of these studies two ATR reacior tops
with completely different shapes of the combustion zong have been manufactured.
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Fig. 4: Process flow diagram of the ATH test facllity

With regard 1o the high design pressure and other restrictions it was decided early in
the design phase to abandon the idea of installing an oplical access io the combus-
tion zone. Also, the number of nozzles which could be fitted o the reactor pressure
vessel, is limited as each one is quite bulky due to the high design pressure.

Fig. 5 shows a CAD drawing of the test rig. The lower steel structures in the front con-
tain the modules for burner cogling, hydrogen compression and feed preheating. The
high steel structure at the back contains the ATR iiself and the feed/ steam pre-
heaters.
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Fig. 5: CAD drawing of the ATR test rig

The process plant occupies an area of appr. 30 m by 11 m. The height of the central
steel structure is about 10 m.

The main part of the test rig has been assembiled on-site from prefabiicated parts.
This was considered more cost efficient than complete preassembly and transport of
the relatively huge siructure to the production site. The three modules in front were
preassembled and transported as complete units.

Fig. 6 presents a photograph, showing the test facility in its final state of construction
ready for startup. The picture contains g view on the facility from the opposite side
compared to the CAD drawing in Fig. 5 with the main structure containing the ATR
now in the front. On the right hand side of the picture the pipe rack for the utilities re-
quired by the test facility is visible.
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Fig. 6: View of the ATR test facility ready for startup

Experiences during erection and commissioning

To obtain building and operating permission for the test rig turned out fo be a time
consuming and relatively costly procedure. A safety study had o be carried out o
show conformity of the plant's design and instrumentation with russian reguiations,
Also, a special documentation conforming with russian standards had to be generated
from the plants engineering documents.

Transportation of the material to the consiruction site did not present any problems.

Agsembly of the lest rig presented no major problem and could be continued even
through the cold season. it should be mentioned, however, that the winter of 2008 to
2008 was unusually mild. Subsequently to the thorough execution of pre-com-
missioning and commissioning procedures the ATH was igniled for the first ime in
June 2008,

Operation of the optical soot detection devices has shown that the lowest soot content
which can be delecled in the samples taken from the quench waler offiake is in the
order of 1-3 ppm wi. Quench water and process gas mass flowrates are not really
linked but usually of the same order. Hence, the soot concentration determined in the
guench water should correspond roughly to the concentration in the process gas.

The minimum measurable soct concentration in the process gas named by the manu-
tacturer of the measuring device should be in the order of 80 mg/Nm3 (0.1 ppom wi.).
During the test runs the onset of soot always became apparent at first in the quench
water. Hence, the actual sensitivity of the measurement device appears (¢ be at least
one order of magnitude lower than pronounced.
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The target in the test runs so far has been the detection of the soot formation bound-
ary. Therefore, as soon as the onset of soot was detecied, the run conditions have
been readjusted immediately to {ake the reactor away from the critical region. Any
prolonged operation in the critical region always demanded a considerably longer pe-
ricd under soot free conditions to get the soot out again.

Opsrational Resulis

Depending on the process an autothermal reformer is 10 serve as sole synthesis gas
generator it has to meet certain
e putlet gas requirements
- composition (e.g. [CO+ H/Na=3.00rHy : CO = 2.0)
—~ pressure
methane conient
To meet these requirements with the feedstock available at the respective production
site and present the most economical solution with respect o investment and operat-
ing cost the following parameters have to be selected carefully:
+ primary design parameiers
-~ combustion zone shaps
combustion zone gas residence time
inlet velocity feed/steam mixiure
— inlet swirl feed/steam mixture
- intet velocity oxidator
number of oxidator nozzles
- oxidator nozzles direction
— space velocity catalyst bed

s gperaling parameters
steam-to-carbon ratio
combustion zone temperature {— oxygen-to-carbon ratio)
- gxidalor composition
Obviously, it is economically infeasible, 1o investigate sl of the above mentioned pa-

rameters in an experimental program. The number of test runs and individual pieces
of equipment (o be manufaciured would be simply (oo large.

With the capabilities of modern CFD calculations this could be considerably reduced.

As discussed in chapter 3.1 an optimization of the geometrical parameters around the
combustion zone has been carried out 1o determine the most promising combinations
for two different combustion zone shapes.

On this basis a still quite extensive test program has been devised 1o cover the rele-
vant ranges of the parameters listed in Table 5.
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Table 5: ATH test program

feedstock higher hydrocarbon content %o 2 14
N, cortent oxidator % 0 19
operating pressure bar 20 Kt
steam-to-carbon ratio - 3.5 3.0
combustion zone shape - A B
rel. gas residence iime comb. Zone Y 50 100
combustion zone {emperature C 1150 1250

As the first set of {ests is specifically designed to determine the soot formation bound-
ary, i.e. the minimum {emperature for soot-free operation at given steam-io-carbon
ratios, these tests were run without any catalyst in place o aveid damage to the cala-
fyst,

These les! runs carried out so far have dslivered satislying resulls. The performance
of the ATR can be characterized by the three most important aperating points de-
picted in Table 8. All points showed reasonable margins against the soot formation
boundary despiie rather unfavourable feedstock compositions, i.e. relatively high con-
tents of higher hydrocarbons.

Cperating point A reprasents the situation where an ATR generates a stoichio-metric
syngas composition for an ammaonia synthesis operaling on oxygen enriched air and
a steam-to-carbon ralio of 3.0.

In point B the ATH is operaling on pure oxygen. With the steam-to-carbon ratio of 2.0
the conditions tend to ammonia or methanol plants.

Point C represents ATR operating conditions typical for a syngas unit in a gas-to-
fiquid plant based on Fischer-Tropsch synthesis with an He - CO ratio in the syngas in
the order of 2.0.

Since no catalyst had been in place during these test runs the syngas still contains
noticeable methane conients. Also, the relatively large specific heat losses of the still
rather small test {facility lead to exira CO; generation compared o a large production
plant. Hence, gas compositions at the reactor outlet are not really significant and have
therefore not being included in the {able.

Table §: Operational resulls of the test ATR
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s Ei

feec; compasition

CHy mol%, dry 82.2 82.9 88.7
Cas mol%, dry 7.1 14.5 7.4

oxidator N, content mol%, dry 421 5.0 5.0

steam-to-carbon ratio 3.0 2.0 0.7

outlet temp. oxidat. zone °C 1200 1250 1238
oxygen-to-carbon ratio 0.85 0.74 0.60
SYNgas pressure bar abs 28.0 23.0 28.0
outl. temp. catalyst zone C 1086 1100

CONCLUSION AND QUTLOOK

So far only a very imited number of true stand-alone autothermal reforming applica-
tions have been realized though the technology has been invesligated extensively for
more than a decade now. As discussed above, the well esiablished combination of
autothermal reformers with steam reformers does nol count in this respect. The oper-
ating conditions of these secondary reformers are considerably less severs than
those of g true stand along ATR.

The analysis presented in this paper investigates the reasons for this and illustrates -
with the main focus on ammonia plants — why the conventional syngas generalion
based on combined steam and autothermal reforming still dominates newly built
plants. The analysis also shows that the cost advantage of the conventional concept
against ATR-based syngas generation is shrinking with increasing plant capacity.

The capacity of world scale ammonia plants has grown substantially since the early

beginnings and markedly in the past 50 years. Though it is technically and logistically
more challenging o provide the equipment for large capacity plants there is no indica-
tion that the economy of scale does no longer work for today's world scale capacities.

As discussed before it is difficult to determine the actual break-even capacity, where
investment costs of both plant versions become equal. However, there are substantial
arguments that for capacities beyond 4000 mipd the ATH-based plants will have in-
creasing advaniages.

Such capacities are also feasible with steam reformer based plants as Uhde has
shown with a concept presented on the AIChE ammonia safety symposium 2004 [3].
However, the ATR allows 10 increase the pressure level in the syngas genergtion sec-
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tion considerably beyond the current fimit of appr. 45 bar for steam reforming based
plants. Hence, with reduced volumetiic flowrates in the syngas generation section it
will be much sasier to realize larger capacities.

Uhde intends o prepare itself for this scenario. The test program for the ATR will be
completed during the next months. The operating dala will provide the basis to iden-
tify the most promising design and to update the design tools.

The currently feasible maximum operating pressure for the tests covers ATH applica-
tions for hydrogen production as well as GTL plants. it also provides a reasonable
basis o judge the ATR behaviour under ammonia plant conditions.

(nce the test results have been fully evaluated and transferred to the design fools
Uhde intends to start offering its ATR technology to customers. in the beginning the
focus will be on plants with medium size syngas capacities, e.g. in a revamp project,
to limit the upscaling factor from the test facility. In the long run, however, the prime
target are larger plant capacities,

Since the consumption figures of ATR based ammonia plants are in the same order
as those of steam reforming based plants, there will be no significant differences in
the overall CO, balances. However, a natural advantage of the ATR-based plant is
that a much larger part of the generated CO» is always confained in the syngas under
high pressure. it is separated in the CQOy removal section without additional equipment
and marginal exira energy expenditure. This allows full conversion of the entire am-
monia production into urea. A steam reforming plant would require an expensive re-
moval system to extract the CQOp from the atmospheric reformer flue gases.

A complete separation of the entire CO3 could also be realized in the ATR-based

plant with litte extra investment and an only moderale increase of the plants con-
sumption figure provided the fired heater would be fed with syngas instead of natural
gas.
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a7le
Warnings:
Information:
640721
ExhibitL-
i no 10
1 Foreign Reference D10_DE102015210803A1.pdf
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9dfad
Warnings:
Information:
183508
. . ExhibitM-
12 Translation of Non-English ltemof | 1y, 1e105015210803A1_Eng! no 4
Information . .
|5hTran5|at|on_pdf 41d7d3c18504a2aee22abbe0469744b5db
d576f9
Warnings:
Information:
1438327
ExhibitN-
i no 19
13 Foreign Reference D11_DE102014209635A1.pdf
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941
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215843
. . ExhibitO-
14 Translation of Non-English ltem of | 1,11 1050142006351 Engl no 10
Information . .
|5hTran5|at|on_pdf 79bfe78a08568b350914011e792b1fb0ed
9e9c4
Warnings:
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Warnings:
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ExhibitB-
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This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. 111

If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR
1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810), a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.
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VIA eFILE PATENT APPLICATION
Docket No. 283386WOUSO01_495230-44

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re application of

)
)
CASALE SA )
)
Application No.: 96/000,424 )
)
Patent No. 11,286,168 ) Art Unit
) 1622
Filed: August 13, 2019 )
)
Confirmation No.: 3128 )
)
For: PROCESS FOR THE SYNTHESIS OF AMMONIA )
WITH LOW EMISSIONS OF CO2 IN ATMOSPHERE )
)
Examiner: Jafar Parsa )
)
Customer No.: 116407 )

CORRECTED REQUEST FOR SUPPLEMENTAL EXAMINATION

Commissioner for Patents
P.O. Box 1450

Alexandria, VA 22313-1450
Dear Commissioner:

Pursuant to the provisions of 37 C.F.R. § 1.610, and responsive to a Notice of
Noncompliant Supplemental Examination Request (“Notice”) dated April 12, 2023, a request for
supplemental examination (“Request”) is taken herein for U.S. Patent No. 11,286,168
(Application No. 96/000,424). A Request For Supplemental Examination Transmittal Form is

filed concurrently with this Request for Supplement Examination.
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Application No. 96/000,424
U.S. Patent Number 11,286,168
Request for Supplemental Examination

1. Remarks

The Patent Owner notes that the European counterpart (EP Patent No. 3583067B1) to
U.S. Patent No. 11,286,168 was challenged via two Notices of Opposition both filed before the
European Patent Office on June 8, 2022. These opposition proceedings remain pending before
the European Patent Office, with the Patent Owner having filed a reply to the Notice of
Opposition on November 3, 2022. Out of an abundance of caution, the Patent Owner is
submitting this Request, which includes as the items of information to be considered the
references cited in the Notice of Opposition. The Patent Owner believes the claims of U.S.
Patent No. 11,286,168 remain patentable in light of the items of information presented herein.

The Patent Owner further notes an initial Request was filed on February 16, 2023 and
assigned Application No. 96/000,424. The Notice was issued on April 12, 2023 and alleged
three items of noncompliance in the Request. The Patent Owner submits a good faith effort is
made herein to address the items alleged to be noncompliant in the Notice. Specifically, in Item
I(1) on page 2 of the Notice, the PTO asserted that the Request “does not mention dependent
claims 6, 13, 18 and 22-23” and “it is unclear how any of the items of information is applied to
claims 6, 13, 18 and 22-23.” The Patent Owner believes the original Request indicated that the
Patent Owner relies upon the required explanation under 37 CFR 1.610(b)(5) of the manner of
applying D1, D2, D3, D6, D7, and/or DS to independent claims 1 and/or 21, provided below, as
the required explanation under 37 CFR 1.610(b)(5) for at least dependent claims 6, 13, 18, 22,
and 23. The Patent Owner has further highlighted (e.g. underlined) herein where the Patent
Owner relies upon the required explanation of applying an item of information to an independent
claim as the required explanation for at least dependent claims 6, 13, 18, 22, and 23.

In Item I(2) on pages 2-3 of the Notice, the PTO asserted that the “detailed explanation
must reflect the opinion of the patent owner, and not that of a third party.” Accordingly, as
instructed by Supervisory Patent Reexamination Specialist Eileen D. Lillis in a phone call on
April 20, 2023, the Patent Owner has removed the communication of a notice of opposition for
European Application No. 18702977.2 as an Item of Information in this Request.

In Item I(3) on page 3 of the Notice, the PTO asserted that item of information D4 “is not
applied to the limitations of the claims.” The Patent Owner has applied D4 to the limitations of
claim 1 herein.

In summary, the Patent Owner believes the Request is compliant with requirements for

Supplemental Examination Request under 37 C.F.R. § 1.610.
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2. Identification of the Number of the Patent

The number of the patent for which supplemental examination is requested is 11,286,168

(“the ‘168 Patent™), attached herewith as Exhibit A.

3. List of Items of Information

The list of items of information that are requested to be considered, reconsidered, or
corrected includes:

® Noelker, et al., “Autothermal Reforming: A Flexible Syngas Route with Future
potential,” Prepared for Presentation at NITROGREN & SYNGAS 2010
International Conference, Bahrain, 28 February - 3 March 2010, pp. 1-20 (“D17),
attached herewith as Exhibit B.

e [.S. Patent No. 8,137,422 B2 to Licht, et al. (“D2”), attached herewith as Exhibit
C.

¢ European Patent No. 2 817 260 B1 to Fillippi, et al. (“D3”), attached herewith as
Exhibit D.

e Shimura, “Urea Product Expansion by Newly Developed CO2 Recovery Process
from Primary Reformer Flue Gas,” Ammonia Technical Manual, Vol. 47, 2006,
pp- 237-246 (“D4”), attached herewith as Exhibit E.

® Hiussinger, et al., "Hydrogen, 3. Purification”, Ullmann’s Encyclopedia of
Industrial Chemistry, Vol. 18, 2012, pp. 309-333” (“D5”), attached herewith as
Exhibit F.

e [.S. Patent Application Publication No. 2004/0234426 to Reddy, et al. (“D6”),
attached herewith as Exhibit G.

e FEuropean Patent No. 1 648 817 Bl to Blumenfeld, et al. (“D7”), attached
herewith as Exhibit H. An English translation of D7 is attached herewith as
Exhibit 1.

e FEuropean Patent No. 2 266 922 Al to Licht, et al. (“D8”), attached herewith as
Exhibit J.

¢ "Ammonia; Principles and Industrial Practice”, Wiley-VCH, ISBN 3-527-29593-
3, January 1999, pp. 1-301 (“D9”), attached herewith as Exhibit K.
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e DE 10 2015 210 803 Al to Gorval, et al. (“D10”), attached herewith as Exhibit L.
An English translation of D10 is attached herewith as Exhibit M.

e DE 10 2014 209 635 A1l to Gorval, et al. (“D11”), attached herewith as Exhibit N.
An English translation of D11 is attached herewith as Exhibit O.

4. List of Any Other Prior or Concurrent Post-Patent Office Proceedings Involving the

‘168 Patent

There are no other prior or concurrent post-patent Office proceedings involving the ‘168

Patent in the United States.

5. Identification of Each Claim of the ‘168 Patent For Which Supplemental

Examination is Requested

Supplemental examination is requested of claims 1-23 (i.e., all claims of the ‘168 Patent)

is requested in light of D1-11.

6. Detailed Explanation of the Relevance and Manner of Applving Each Item of

Information
A detailed explanation of the relevance and manner of applying D1-D11 is provided
below. As provided in greater detail in the claim chart below:
® DI may be relevant to independent claims 1 and 21 and dependent claims 3, 4, 8-
10, and 14-17 (and the Patent Owner relies upon the required explanation under
37 CFR 1.610(b)(5) of the manner of applying D1 to independent claims 1 and
21, provided below, as the required explanation under 37 CFR 1.610(b)(5) for at
least dependent claims 2, 5-7, 11-13, 18-20, 22, and 23);
¢ D2 may be relevant to independent claim 1 and dependent claims 3, 4, 8-11, and
20 (and the Patent Owner relies upon the required explanation under 37 CFR
1.610(b)(5) of the manner of applying D2 to independent claim 1, provided
below, as the required explanation under 37 CFR 1.610(b)(5) for at least
dependent claims 2, 5-7, and 12-19);
* D3 may be relevant to independent claim 1 and dependent claims 11, 14-16, and
19 (the Patent Owner relies upon the required explanation under 37 CFR

1.610(b)(5) of the manner of applying D3 to independent claim 1, provided
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below, as the required explanation under 37 CFR 1.610(b)(5) for at least
dependent claims 2-10, 12, 13, 17, 18, and 20);

¢ D4 may be relevant to independent claim 1 in view of D2 and/or D3;

¢ D5 may be relevant to dependent claim 7 in view of D1-D3;

e D6 may be relevant to independent claims 1 and 21 and dependent claims 2, 5, 8,
and 9 (and the Patent Owner relies upon the required explanation under 37 CFR
1.610(b)(5) of the manner of applying D6 to independent claims 1 and 21,
provided below, as the required explanation under 37 CFR 1.610(b)(5) for at least
dependent claims 3, 4, 6, 7, 10-12, 22, and 23);

¢ D7 may be relevant to independent claims 1 and 21 and dependent claim 2 (and
the Patent Owner relies upon the required explanation under 37 CFR 1.610(b)(5)
of the manner of applying D7 to independent claims 1 and 21, provided below, as
the required explanation under 37 CFR 1.610(b)(5) for at least dependent claims
3-20, 22, and 23);

¢ D8 may be relevant to independent claim 1 and dependent claims 3, 4, 8-11, 17,
and 20 (and the Patent Owner relies upon the required explanation under 37 CFR
1.610(b)(5) of the manner of applying D8 to independent claim 1, provided
below, as the required explanation under 37 CFR 1.610(b)(5) for at least
dependent claims 2, 5-7, 12-16, 18, and 19);

¢ D9 may be relevant to dependent claims 7, 11, 12, and 14-16;

¢ D10 may be relevant to independent claim 1 in view of D7 and dependent claim
19;

¢ D11 may be relevant to independent claim 1 in view of D7.

A. D1 (Autothermal Reforming: A Flexible Syngas Route with Future Potential)

D1 may be relevant to independent claims 1 and 21 of the “168 Patent and dependent
claims 3, 4, 8-10, and 14-17 as provided in the following claim charts. Because dependent claims
2, 5-7, 11-13, 18-20, 22, and 23 include all the limitations of independent claims 1 and 21, the
Patent Owner relies upon the required explanation under 37 CFR 1.610(b)(5) of the manner of
applying D1 to independent claims 1 and 21, provided below, as the required explanation under

37 CFR 1.610(b)(5) for dependent claims 2, 5-7, 11-13, 18-20, 22, and 23.
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Claim 1 of the ‘168 Patent

D1

A process for synthesis of ammonia
from natural gas, the process
comprising:

conversion of a charge of
desulphurized natural gas and steam,
with oxygen-enriched air or with
oxygen, into a synthesis gas
containing hydrogen, CO and CO?2,
in a conversion section;

Table 3; Page 12:
Facility” Figure 2, Options 2 and 3.

“Description of Uhde’s ATR Test

treatment of said synthesis gas
including at least a shift reaction of
the carbon monoxide into CO2,

Figure 2, Options 2 and 3

and subsequent separation of CO2
from the gas, thus obtaining a CO2-
depleted synthesis gas and a CO2-
rich gaseous flow containing the
CO2 separated from the gas;

Figure 2, Options 2 and 3

separation of a part of said CO2-
depleted synthesis gas as fuel
fraction, wherein said fuel fraction is
fed as fuel to at least one furnace

No apparent corresponding disclosure.

and wherein said separation of the
fuel fraction includes the split of said
CO2-depleted synthesis gas into at
least a first stream and a second
stream, said first and second streams
having the same composition,

No apparent corresponding disclosure.

wherein the first stream forms the
fuel fraction and the second stream
is process gas intended for the

No apparent corresponding disclosure.
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synthesis of ammonia.

Claim 3 of the ‘168 Patent

D1

The process of claim 1, wherein said
fuel fraction is between 1% and 40%
of the total amount of said CO2-
depleted syngas.

Page 20: “A complete separation of the entire CO2
could also be realized in the ATR-based plant with little
extra investment and an only moderate increase of the
plants consumption figure provided the fired heater
would be fed with syngas instead of natural gas.”

Claim 4 of the ‘168 Patent

D1

The process of claim 1, wherein said
fuel fraction is between 10% and
30% of the total amount of said
CO2-depleted syngas.

Page 20: “A complete separation of the entire CO2
could also be realized in the ATR-based plant with little
extra investment and an only moderate increase of the
plants consumption figure provided the fired heater
would be fed with syngas instead of natural gas.”

Claim 8 of the ‘168 Patent

D1

The process of claim 1, wherein said
enriched air contains at least 50%
oxygen.

Page 19 Table: (provided below)

Claim 9 of the ‘168 Patent

D1

The process of claim 1, wherein said
enriched air contains at least 90%
oxygen.

Page 19 Table: (provided below)

Page 19 Table: (provided below)
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Iped conposition
CHs mol%, dry 8.2 829 88.7
G miolss, dry 74 14.5 7.4
cocidator Ne condent o, dry 42.1 50 50
steam-lo-carbon ratia 3.0 2.0 0y
outlet temyp. oxidat, zone ¢ 1206 1250 1238
axygen-to-carbon ratio 0.85 (.74 .80
SYNJAs Pressure bar abis 28.0 28.0 28.0
outl. temp. catalyst zong G a8 110
Claim 10 of the ‘168 Patent D1
The process of claim 1, wherein said | Page 20: “A complete separation of the entire CO2

fuel fraction of the synthesis gas
feeds one or more of the following
apparatuses: a steam production
and/or superheating furnace; one or
more burners of a primary steam
reformer; or one or more furnaces
for pre-heating the charge of an
autothermal reformer or partial
oxidation reactor or natural-gas
desulphurization section.

could also be realized in the ATR-based plant with little
extra investment and an only moderate increase of the
plants consumption figure provided the fired heater
would be fed with syngas instead of natural gas.”

Claim 14 of the ‘168 Patent

D1

The process of claim 1, wherein the
overall steam/carbon ratio in the

Page 18:

Operating point A represents the situation
where an ATR generates a stoichio-metric syngas
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conversion step is greater than 2.0.

composition for an ammonia synthesis operating on
oxygen enriched air and a steam-to-carbon ratio of 3.0. In
point B the ATR is operating on pure oxygen. With the
steam-to-carbon ratio of 2.0 the conditions tend to
ammonia or methanol plants.

Claim 15 of the ‘168 Patent

D1

The process of claim 1, wherein the
overall steam/carbon ratio in the
conversion step is greater than 2.4.

Page 18: Operating point A represents the situation
where an ATR generates a stoichio-metric syngas
composition for an ammonia synthesis operating on
oxygen enriched air and a steam-to-carbon ratio of 3.0. In
point B the ATR is operating on pure oxygen. With the
steam-to-carbon ratio of 2.0 the conditions tend to
ammonia or methanol plants.

Claim 16 of the ‘168 Patent

D1

The process of claim 1, wherein the
overall steam/carbon ratio in the
conversion step is greater than 2.7.

Page 18: Operating point A represents the situation
where an ATR generates a stoichio-metric syngas
composition for an ammonia synthesis operating on
oxygen enriched air and a steam-to-carbon ratio of 3.0. In
point B the ATR is operating on pure oxygen. With the
steam-to-carbon ratio of 2.0 the conditions tend to
ammonia or methanol plants.

Claim 17 of the ‘168 Patent

D1

The process of claim 1, wherein said
synthesis gas fuel fraction forms all
of the fuel of the furnaces used in the
conversion section, or an amount of
natural gas is provided as trim fuel,
said trim fuel accounting for not
more than 15% of the total
combustion heat.

Page 20: “A complete separation of the entire CO2
could also be realized in the ATR-based plant with little
extra investment and an only moderate increase of the
plants consumption figure provided the fired heater
would be fed with syngas instead of natural gas.”
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Claim 21 of the ‘168 Patent

D1

A method for revamping a plant for
synthesis of ammonia from natural
gas or ammonia/urea plant,

wherein the plant includes a
reforming section that includes a
primary steam reformer and an air-
fired secondary reformer,

Page 5: The ammonia synthesis requires an H2: N2 ratio
in the order of 3.0. Obviously, this could not be realized
by a steam reformer on its own. However, it can be met
easily by combined reforming using an air blown
secondary reformer.

and a section for treatment of the
synthesis gas by a shift reaction of
carbon monoxide into carbon
dioxide, and decarbonation;

Figure 2, Options 2 and 3

the method comprising: providing a
flow of enriched air or oxygen and
using said flow as oxidant, instead of
air, for the secondary reformer;

Table 3; Page 12: “Description of Uhde’s ATR Test
Facility” Figure 2, Options 2 and 3.

separating a part of the synthesis gas,
downstream of decarbonation, for
use as fuel fraction, and allocating a
remaining process fraction of the
synthesis gas for  ammonia
conversion;

No apparent corresponding disclosure.

feeding said fuel fraction of the gas,
which has a reduced CO2 content, as
fuel for at least one furnace of the
plant.

No apparent corresponding disclosure.

B. D2 (U.S. Patent No. 8,137.422 B2)

D2 may be relevant to independent claim 1 of the ‘168 Patent and dependent claims 3, 4,

8-11, and 20 as provided in the following claim charts, and may be further relevant to
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independent claim 1 in view of D3 and D4 (described below). Because dependent claims 2, 5-7,

and 12-19 include all the limitations of independent claim 1, the Patent Owner relies upon the

required explanation under 37 CFR 1.610(b)(5) of the manner of applying D2 to independent

claim 1, provided below, as the required explanation under 37 CFR 1.610(b)(5) for dependent

claims 2, 5-7, and 12-19.

Claim 1 of the ‘168 Patent

D2

A process for synthesis of ammonia

from natural gas, the process
comprising:
conversion of a charge of | Col. 3, 1. 39-43: “The process stream 10 may contain

desulphurized natural gas and steam,
with oxygen-enriched air or with
oxygen, into a synthesis gas
containing hydrogen, CO and CO?2,
in a conversion section;

more than one hydrocarbon. The process stream may be
initially formed from natural gas and steam, liquefied
petroleum gas (LPG) and steam, naphtha and steam
and/or other feedstocks known in the art.”

Col. 5, 1Il. 57-59: “FIG. 2 and FIG. 3 show additional
optional features, for example a so-called prereformer 80,
an oxygen secondary reformer 20, and a second shift
reactor 50.”

Col. 7,11. 4-17: “FIG. 2 and FIG.3 also show an optional
secondary reforming reactor 20 located in the process
between the plurality of catalyst-containing tubes 104
and the shift reactor 40. The process may further
comprise introducing an oxygen-rich gas 26 into the
reformate stream 12 after withdrawing the reformate
stream 12 from the plurality of catalyst-containing
reformer tubes 104 to partially oxidize the reformate
stream, and reacting the partially oxidized reformate
stream 12 in the presence of a reforming catalyst 24 in
the secondary reforming reactor 20 under reaction
conditions sufficient to form reaction products
comprising carbon monoxide and hydrogen in the
reformate stream 22. The oxygen-rich gas 26 may be
introduced into the reformate stream 12 before reactor 20
or may be introduced into the reformate stream 12 in
reactor 20, for example through a burner.”
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FIG. 2, 14

treatment of said synthesis gas
including at least a shift reaction of
the carbon monoxide into CO2,

Col. 3, 1. 53-67: “The reformate stream 12 withdrawn
from the plurality of catalyst-containing reformer tubes
104 is cooled in a heat exchanger 30 which may be a
boiler to produce steam 36 from a water-containing
stream 34 by indirect heat transfer and thereby remove
heat from the reformate stream 12. Reformate stream 32
is withdrawn from the boiler 30. Reformate stream 12
may be passed to the heat exchanger 30 to remove heat
from the reformate stream 12 and improve the thermal
efficiency of the process.

“The reformate stream is passed to shift reactor 40. The
process further comprises reacting carbon monoxide and
steam in the reformate stream 32 in the presence of a
shift catalyst 44 at a temperature ranging from 190° C. to
500° C. and a pressure ranging from 2 to 50 atmospheres
to form a second process stream 42 comprising carbon
dioxide, hydrogen, carbon monoxide and methane.”

and subsequent separation of CO2
from the gas, thus obtaining a CO2-
depleted synthesis gas and a CO2-
rich gaseous flow containing the
CO2 separated from the gas;

Col. 4, 1. 13-22: “The process further comprises
scrubbing the second process stream 42 with a wash
stream 64 to form a carbon dioxide-depleted stream 62
and a carbon dioxide-loaded wash stream 66. Scrubbing
may be done in a so-called gas scrubber 60. Carbon
dioxide scrubbing is also known in the art as acid gas
removal. The wash stream 64 may be any scrubbing fluid
known in the art, for example N-methyl diethanolamine
(aMDEA). Other scrubbing fluids associated with other
scrubbing methods, for example, Rectisol®, Selexol®,
Genosorb®, and sulfinol are known in the art.”

Col. 4, 1l. 36-43: “The process further comprises
separating the carbon dioxide-depleted stream 62 in a
separator 70 to form the hydrogen-containing product gas
72 and a by-product gas 76 comprising methane and
carbon monoxide. The step of separating the carbon
dioxide-depleted stream may be done by pressure swing
adsorption and/or temperature swing adsorption. The
separator 70 may be a pressure swing adsorber and/or
temperature swing adsorber.”
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separation of a part of said CO2-
depleted synthesis gas as fuel
fraction, wherein said fuel fraction is
fed as fuel to at least one furnace

Col. 5, Il. 27-33: “The process further comprises
combusting a fuel gas 74 comprising a portion of the
hydrogen-containing product gas 72, optionally a portion
77 of the by-product gas 76, and optionally a
supplementary fuel 18 in the reformer furnace 100
external to the plurality of catalyst-containing reformer
tubes 104 to supply energy for reacting methane and
steam inside the plurality of catalyst-containing reformer
tubes 104.”

and wherein said separation of the
fuel fraction includes the split of said
CO2-depleted synthesis gas into at
least a first stream and a second
stream, said first and second streams
having the same composition,

Col. 5, 11. 12-14: “As used herein a ‘divided portion’ of
a stream is a portion having the same chemical
composition as the stream from which it was taken.”

Col. 5, 1. 39-41: “The portion of the hydrogen-
containing product gas 72 and the portion of the by-
product gas 76 may be divided portions of the respective
gases.”

wherein the first stream forms the
fuel fraction and the second stream
is process gas intended for the
synthesis of ammonia.

No apparent corresponding disclosure.

Claim 3 of the ‘168 Patent D2

The process of claim 1, wherein said | Table 4
fuel fraction is between 1% and 40%

of the total amount of said CO2-

depleted syngas.

Claim 4 of the ‘168 Patent D2

The process of claim 1, wherein said | Table 4

fuel fraction is between 10% and
30% of the total amount of said
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CO2-depleted syngas.

Claim 8 of the ‘168 Patent

D2

The process of claim 1, wherein said
enriched air contains at least 50%
oxygen.

Col. 7, 11. 38-43: “As used herein, an oxygen-rich gas is
an oxygen-containing gas having an oxygen
concentration of 98 volume % to 100 volume %, for
example industrial grade oxygen. Oxygen is added in an
amount for incomplete combustion of any hydrocarbons
in the reformate stream. The resulting stream 22 is rich in
hydrogen and carbon monoxide.”

Claim 9 of the ‘168 Patent

D2

The process of claim 1, wherein said
enriched air contains at least 90%
oxygen.

Col. 7, 11. 38-43: “As used herein, an oxygen-rich gas is
an oxygen-containing gas having an oxygen
concentration of 98 volume % to 100 volume %, for
example industrial grade oxygen. Oxygen is added in an
amount for incomplete combustion of any hydrocarbons
in the reformate stream. The resulting stream 22 is rich in
hydrogen and carbon monoxide.”

Claim 10 of the ‘168 Patent

D2

The process of claim 1, wherein said
fuel fraction of the synthesis gas
feeds one or more of the following
apparatuses: a steam production
and/or superheating furnace; one or
more burners of a primary steam
reformer; or one or more furnaces
for pre-heating the charge of an
autothermal reformer or partial
oxidation reactor or natural-gas
desulphurization section.

Abstract:  “A process for producing a hydrogen-
containing product gas with reduced carbon dioxide
emissions compared to conventional hydrogen
production processes. A hydrocarbon and steam are
reformed in a reformer and the resulting reformate
stream is shifted in one or more shift reactors. The
shifted mixture is scrubbed to remove carbon dioxide to
form a carbon dioxide-depleted stream. The carbon
dioxide-depleted stream is separated to form a hydrogen-
containing product gas and a by-product gas. A portion
of the hydrogen containing product gas is used as a fuel
in the reformer and a portion of the by-product gas is
recycled back into the process. The process may
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optionally include reforming in a prereformer and/or an
oxygen secondary reformer.”

FIG. 1-3

Claim 11 of the ‘168 Patent

D2

The process of claim 1, wherein: a
purge gas of the ammonia synthesis
process, containing hydrogen and
methane, is treated so as to recover
the hydrogen contained in the purge
gas, obtaining a hydrogen-rich gas
and a tail gas containing methane; at
least part of said tail gas is recycled
as process gas and subjected to said
step of conversion of the natural gas
into synthesis gas.

Col. 4, 1. 36-39: The process further comprises
separating the carbon dioxide-depleted stream 62 in a
separator 70 to form the hydrogen-containing product gas
72 and a by-product gas 76 comprising methane and
carbon monoxide. The step of separating the carbon
dioxide-depleted stream may be done by pressure swing
adsorption and/or temperature swing adsorption.

Col. 4 In. 56 — col 5. In. 6: “With reference to FIGS. 1-
3, the process further comprises introducing a portion 78
of the by-product gas 76 into the process stream 10, 14 at
a location upstream of the plurality of catalyst-containing
reformer tubes 104 and/or into the reformate stream 12 at
a location upstream of a reforming catalyst in a
secondary reforming reactor 20 (described later). The
portion 78 of the by-product gas 76 may be introduced
into the process stream at one or more locations in the
process. The portion 78 of the by-product gas 76 may be
introduced into the process stream 10, 14 at a location
upstream of the plurality of catalyst-containing reformer
tubes 104. The portion 78 of the by-product gas 76 may
be introduced into the reformate stream 12 at a location
upstream of a reforming catalyst in a secondary
reforming reactor 20. The portion 78 of the by-product
gas 76 may be introduced into the process stream 10, 14
at a location upstream of the plurality of catalyst
containing reformer tubes 104 and introduced into the
reformate stream 12 at a location upstream of a
reforming catalyst in a secondary reforming reactor 20.

Col. 5, Il. 27-33: “The process further comprises
combusting a fuel gas 74 comprising a portion of the
hydrogen-containing product gas 72, optionally a portion
77 of the by-product gas 76, and optionally a
supplementary fuel 18 in the reformer furnace 100
external to the plurality of catalyst-containing reformer
tubes 104 to supply energy for reacting methane and

Topsoe, Inc. — EX1003
Page 538 of 1210




Application No. 96/000,424
U.S. Patent Number 11,286,168
Request for Supplemental Examination

steam inside the plurality of catalyst-containing reformer
tubes 104.”

Claim 20 of the ‘168 Patent

D2

The process of claim 1, wherein the
conversion of the natural gas into
synthesis gas includes primary
reforming of the natural gas in the
presence of steam and secondary
reforming performed with said
oxygen flow or enriched air.

Abstract:  “A process for producing a hydrogen-
containing product gas with reduced carbon dioxide
emissions compared to conventional hydrogen
production processes. A hydrocarbon and steam are
reformed in a reformer and the resulting reformate
stream is shifted in one or more shift reactors. The
shifted mixture is scrubbed to remove carbon dioxide to
form a carbon dioxide-depleted stream. The carbon
dioxide-depleted stream is separated to form a hydrogen-
containing product gas and a by-product gas. A portion
of the hydrogen containing product gas is used as a fuel
in the reformer and a portion of the by-product gas is
recycled back into the process. The process may
optionally include reforming in a prereformer and/or an
oxygen secondary reformer.”

FIG. 2

C. D3 (EP 2817260B1)

D3 may be relevant to independent claim 1 of the ‘168 Patent and dependent claims 11,

14-16, and 19 as provided in the following claim charts, and may be further relevant to

independent claim 1 in view of D2 (described above) and D4 (described below). Because

dependent claims 2-10, 12, 13, 17, 18, and 20 include all the limitations of independent claim 1,

the Patent Owner relies upon the required explanation under 37 CFR 1.610(b)(5) of the manner

of applying D3 to independent claim 1. provided below, as the required explanation under 37

CFR 1.610(b)(5) for dependent claims 2-10, 12, 13, 17, 18, and 20.

Claim 1 of the ‘168 Patent

D3

A process for synthesis of ammonia
from natural gas, the process

FIG. 2: natural gas 10, ammonia 31
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comprising:

conversion of a charge of
desulphurized natural gas and steam,
with oxygen-enriched air or with
oxygen, into a synthesis gas
containing hydrogen, CO and CO?2,
in a conversion section;

Paragraph [0048]: “A natural gas feed 10 is mixed with
steam and is converted to synthesis gas by partial
oxidation in oxygen-fired reactor 11 which is either an
autothermal reformer or a partial oxidation reactor,
according to different options.”

treatment of said synthesis gas
including at least a shift reaction of
the carbon monoxide into CO2,

Paragraph [0050]: ‘“The reactor effluent 14, after
cooling, is directly routed to a medium temperature shift
(MTS) converter 15. Said MTS converter 15 operates at
200°C-250°C preferably. The effluent 16 of the MTS
converter is routed to a pressure swing adsorption (PSA)
unit 17 to remove the residual carbon oxides and
methane, without the need of a CO2 washing column.”

and subsequent separation of CO2
from the gas, thus obtaining a CO2-
depleted synthesis gas and a CO2-
rich gaseous flow containing the
CO2 separated from the gas;

Paragraph [0054]: “Upstream removal of CO2 is an
optional feature, if pure CO2 is required as product (e.g.
for urea production). This is shown in Fig. 2. Blocks 23
and 24 show optional CO2 removal units. In a first
option, CO2 is removed from MTS converter effluent 16
before admission to PSA unit 17. Hence the PSA unit
receives a decarbonated syngas 16’ with a reduced
content of CO2 or which is substantially CO2-free. In a
second option, CO2 is removed from the fuel gas 22 and
then a purified fuel gas 22’ is obtained.”

separation of a part of said CO2-
depleted synthesis gas as fuel
fraction, wherein said fuel fraction is
fed as fuel to at least one furnace

No apparent corresponding disclosure.

and wherein said separation of the
fuel fraction includes the split of said
CO2-depleted synthesis gas into at
least a first stream and a second
stream, said first and second streams
having the same composition,

No apparent corresponding disclosure.

wherein the first stream forms the
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fuel fraction and the second stream
is process gas intended for the
synthesis of ammonia.

No apparent corresponding disclosure.

Claim 11 of the ‘168 Patent

D3

The process of claim 1, wherein: a
purge gas of the ammonia synthesis
process, containing hydrogen and
methane, is treated so as to recover
the hydrogen contained in the purge
gas, obtaining a hydrogen-rich gas
and a tail gas containing methane; at
least part of said tail gas is recycled
as process gas and subjected to said
step of conversion of the natural gas
into synthesis gas.

Paragraph [0056]: “The effluent 18 of the PSA unit 17
is subject to methanation in a reactor 25, and the so
purified gas 26 is directed to the ammonia synthesis
section 30. Said reactor 25 convert catalytically the
residual CO and CO2 to methane, thereby protecting the
ammonia synthesis catalyst. Due to the presence of some
methane in the ammonia synthesis gas, a purge stream
must be taken from the loop to control the concentration
of inerts therein.”

Paragraph [0058]: “Fig. 4 shows the optional CO2
removal units 23 and 24 for the embodiment of Fig. 3.”

Claim 14 of the ‘168 Patent

D3

The process of claim 1, wherein the
overall steam/carbon ratio in the
conversion step is greater than 2.0.

Paragraph [0005]: “According to the prior art, a
hydrocarbon source such as natural gas is steam-
reformed in a primary reformer at a temperature around
800 °C. The first gas product leaving the primary
reformer is further reacted with air in a secondary
reformer, obtaining a second gas product at around
1000°C. Said second gas product is then cooled for heat
recovery and treated to remove carbon oxides and obtain
a gas composition suitable for ammonia synthesis i.e.
having a HN ratio close to 3:1. Treatment includes shift
converters where CO is converted to carbon dioxide and
hydrogen, carried out in a high-temperature shift reactor
(HTS) at around 400-500 °C, and in a low-temperature
shift reactor (LTS); a CO2 removal unit such as a
washing column; a methanator reactor where the residual
carbon oxides are catalytically converted to methane.
The so obtained purified gas is then compressed in a
syngas compressor to the synthesis pressure which is in
the range 80 - 300 bar and typically around 150 bar. Due

Topsoe, Inc. — EX1003
Page 541 of 1210




Application No. 96/000,424
U.S. Patent Number 11,286,168
Request for Supplemental Examination

to inherent limitations of the catalyst loaded in the HTS
reactor, the steam-to-carbon ratio (SC ratio) in the
primary reformer must be greater than 2.7 and is
typically equal to 3.0.”

Claim 15 of the ‘168 Patent D3

The process of claim 1, wherein the | Paragraph [0005]: “According to the prior art, a
overall steam/carbon ratio in the | hydrocarbon source such as natural gas is steam-
conversion step is greater than 2.4. reformed in a primary reformer at a temperature around
800 °C. The first gas product leaving the primary
reformer is further reacted with air in a secondary
reformer, obtaining a second gas product at around
1000°C. Said second gas product is then cooled for heat
recovery and treated to remove carbon oxides and obtain
a gas composition suitable for ammonia synthesis i.e.
having a HN ratio close to 3:1. Treatment includes shift
converters where CO is converted to carbon dioxide and
hydrogen, carried out in a high-temperature shift reactor
(HTS) at around 400-500 °C, and in a low-temperature
shift reactor (LTS); a CO2 removal unit such as a
washing column; a methanator reactor where the residual
carbon oxides are catalytically converted to methane.
The so obtained purified gas is then compressed in a
syngas compressor to the synthesis pressure which is in
the range 80 - 300 bar and typically around 150 bar. Due
to inherent limitations of the catalyst loaded in the HTS
reactor, the steam-to-carbon ratio (SC ratio) in the
primary reformer must be greater than 2.7 and is
typically equal to 3.0.”

Claim 16 of the ‘168 Patent D3

The process of claim 1, wherein the | Paragraph [0005]: “According to the prior art, a
overall steam/carbon ratio in the | hydrocarbon source such as natural gas is steam-
conversion step is greater than 2.7. reformed in a primary reformer at a temperature around
800 °C. The first gas product leaving the primary
reformer is further reacted with air in a secondary
reformer, obtaining a second gas product at around
1000°C. Said second gas product is then cooled for heat
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recovery and treated to remove carbon oxides and obtain
a gas composition suitable for ammonia synthesis i.e.
having a HN ratio close to 3:1. Treatment includes shift
converters where CO is converted to carbon dioxide and
hydrogen, carried out in a high-temperature shift reactor
(HTS) at around 400-500 °C, and in a low-temperature
shift reactor (LTS); a CO2 removal unit such as a
washing column; a methanator reactor where the residual
carbon oxides are catalytically converted to methane.
The so obtained purified gas is then compressed in a
syngas compressor to the synthesis pressure which is in
the range 80 - 300 bar and typically around 150 bar. Due
to inherent limitations of the catalyst loaded in the HTS
reactor, the steam-to-carbon ratio (SC ratio) in the
primary reformer must be greater than 2.7 and is
typically equal to 3.0.”

Claim 19 of the ‘168 Patent

D3

The process of claim 1, wherein:

the conversion of the natural gas
charge into synthesis gas includes a
step of autothermal reforming, or a
step of partial oxidation; said step of
autothermal reforming or partial
oxidation is performed with a
steam/carbon ratio not greater than
2.

Paragraph [0018]: “To this purpose, the invention
proposes a process for producing ammonia synthesis gas
from a hydrocarbon source, comprising:

- conversion of said hydrocarbon source into a raw
synthesis gas solely by means of a catalytic autothermal
steam reforming or by means of a non-catalytic partial
oxidation with steam, in ATR or POX reactor
respectively and without a primary reforming stage;

- said steam reforming or said partial oxidation being
carried out with an oxidant which is oxygen or oxygen-
enriched air;

- a water-gas shift treatment of said raw synthesis gas,
which consist of a medium-temperature shift at a
temperature of 200 - 300 °C, thus obtaining a shifted
synthesis gas;

- purification of said shifted synthesis gas, said
purification including at least a step of pressure-swing
adsorption to remove residual carbon oxides and methane
from the synthesis gas, obtaining a purified synthesis gas
(18), and

- optionally, addition of nitrogen (19) to said purified
synthesis gas, thus obtaining ammonia synthesis gas with
a desired hydrogen to nitrogen ratio,

- said conversion of the hydrocarbon source into raw
synthesis gas being carried out in an autothermal steam
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reforming reactor or in a partial oxidation reactor, and
the steam-to-carbon ratio in the feed of said reactor being
lower than 2.”

Paragraph [0023]: “The invention allows the adoption
of a low SC ratio in the feed of the reactor. When the
reactor is an ATR, said SC ratio is preferably in the range
1.0 - 2.0. When the reactor is a POX reactor, said SC
ratio is preferably in the range 0.5 - 1.0.”

D. D4 (Urea Product Expansion by Newly Developed CO2 Recovery Process from

Primary Reformer Flue Gas)

D4 may be relevant to independent claim 1 of the ‘168 Patent as provided below in view
of D2 and/or D3. In particular, the Introduction, Figure 1 (provided below), and Figure 4
(provided below) of D4 may be relevant to claim 1 of the ‘168 Patent in view of D2 and/or D3,
as noted in the claim chart below.

L8

AR Arvmonis Rocovaey Usi

Figarve 1, Crnventionst Ammonta Plunt

PO RY 132 TR

ARLE Avomonms Regovery Usa

Figure 4. Larger Fromi-End Capacity {ase
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Claim 1 of the ‘168 Patent

D4

A process for synthesis of ammonia

Figures 1 and 4 (provided above): NG (natural gas) as an

from natural gas, the process | input in a conventional ammonia plant (Figure 1) and a

comprising: larger front-end capacity case (Figure 4); NH3 synthesis
followed by ammonia recovery units of a conventional
ammonia plant (Figure 1) and a larger front-end capacity
case (Figure 4).

conversion of a charge of | No apparent  corresponding disclosure: the

desulphurized natural gas and steam,
with oxygen-enriched air or with
oxygen, into a synthesis gas
containing hydrogen, CO and CO?2,
in a conversion section;

hydrodesulphurization (HDS) stage is not followed by
conversion of the charge of desulphurized natural gas
with oxygen-enriched air or oxygen.

treatment of said synthesis gas
including at least a shift reaction of
the carbon monoxide into CO2,

Figures 1 and 4 (provided above): include a step of HTS
(high temperature shift) / LTS (low temperature shift)
between steps of reforming and CO2 removal in a
conventional ammonia plant (Figure 1) and a larger
front-end capacity case (Figure 4).

and subsequent separation of CO2
from the gas, thus obtaining a CO2-
depleted synthesis gas and a CO2-
rich gaseous flow containing the
CO2 separated from the gas;

Figures 1 and 4 (provided above): include a step of CO2
removal after step of HTS/LTS and before a methanator,
while the separated CO2 is directed to a urea plant in a
conventional ammonia plant (Figure 1) and a larger
front-end capacity case (Figure 4).

separation of a part of said CO2-
depleted synthesis gas as fuel
fraction, wherein said fuel fraction is
fed as fuel to at least one furnace

Figures 1 and 4 (provided above): include a flow of
synthesis gas purge for fuel to reforming after the
methanator in a conventional ammonia plant (Figure 1)
and a larger front-end capacity case (Figure 4).

and wherein said separation of the
fuel fraction includes the split of said
CO2-depleted synthesis gas into at
least a first stream and a second
stream, said first and second streams
having the same composition,

Figures 1 and 4 (provided above): include a flow of
synthesis gas purge for fuel after the methanator and a
flow to a step of compression in a conventional ammonia
plant (Figure 1) and a larger front-end capacity case
(Figure 4).

Topsoe, Inc. — EX1003
Page 545 of 1210




Application No. 96/000,424
U.S. Patent Number 11,286,168
Request for Supplemental Examination

wherein the first stream forms the
fuel fraction and the second stream
is process gas intended for the
synthesis of ammonia.

Figures 1 and 4 (provided above): include a flow of
synthesis gas purge for fuel after the methanator and a
flow to a step of compression before NH3 synthesis in a
conventional ammonia plant (Figure 1) and a larger
front-end capacity case (Figure 4).

E. D5 (Hyvdrogen,

3. Purification'',

Ullmann’s Encyclopedia of Industrial

Chemistry)

D5 may be relevant to dependent claim 7 of the ‘168 Patent in view of D1-D3 as

provided in the following claim charts.

Claim 7 of the ‘168 Patent

D5

The process of claim 1, wherein said
CO2-depleted syngas contains no
more than 1000 ppm by volume of
CO2.

Page 327: “Depending on the process chosen, carbon
dioxide and hydrogen sulfide can be recovered together
or separately. Usually the simpler plants have a common
scrubbing stage. Proper configuration of the main
scrubbing and the purification section allows a very high
attainable purity (20 - 50 ppm [mL/m3] CO2).”

F. D6 (US Patent Application Publication No. 2004/0234426 A1)

D6 may be relevant to independent claims 1 and 21 and dependent claims 2, 5, 8, and 9

of the ‘168 Patent as provided in the following claim charts. Because dependent claims 3, 4, 6, 7,

10-20, 22, and 23 include all the limitations of independent claims 1 and 21, the Patent Owner

relies upon the required explanation under 37 CFR 1.610(b)(5) of the manner of applying D6 to

independent claims 1 and 21, provided below, as the required explanation under 37 CFR
1.610(b)(5) for dependent claims 3. 4, 6, 7, 10-20, 22, and 23.

Claim 1 of the ‘168 Patent D6

A process for synthesis of ammonia

from natural gas, the process
comprising:
conversion of a charge of | Paragraph [0026]: “Alternatively, or additionally as
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desulphurized natural gas and steam,
with oxygen-enriched air or with
oxygen, into a synthesis gas
containing hydrogen, CO and CO?2,
in a conversion section;

depicted in FIG. 3, ammonia production may be further
improved in a plant 300 where an air separation unit is
available. In such configurations, an oxygen-rich gas 306
(i.e., comprising at least 25 mol %, more typically at
least 75 mol %, and most typically at least 90 mol %
oxygen) may be provided to the secondary reformer 320,
and a nitrogen rich gas 308 (i.e., comprising at least 25
mol %, more typically at least 75 mol %, and most
typically at least 90 mol % oxygen) may be introduced to
the reformed and/or shift converted gas at a position
upstream of the methanator 360.”

Fig. 3

treatment of said synthesis gas
including at least a shift reaction of
the carbon monoxide into CO2,

Paragraph [0024]: “Heat from the reforming process is
recovered in a waste heat recovery unit 230, and the
reformer effluent is shift converted in one or more
downstream shift converters (e.g., high and low
temperature shift converters) 240 to produce converter
effluent 242, predominantly comprising hydrogen,
nitrogen, and carbon dioxide. A subsequent acid gas
removal unit (here: carbon dioxide removal
unit) 250 removes  significant quantities of carbon
dioxide, and a methanator 260 downstream of the acid
gas removal unit converts residual carbon monoxide and
carbon dioxide to methane.”

and subsequent separation of CO2
from the gas, thus obtaining a CO2-
depleted synthesis gas and a CO2-
rich gaseous flow containing the
CO2 separated from the gas;

Paragraph [0039]: “Heat from the reforming process is
recovered in a waste heat recovery unit 630, and the
reformer effluent is shift converted in one or more
downstream shift converters (e.g., high and low
temperature shift converters) 640 to produce converter
effluent 642, predominantly comprising hydrogen,
nitrogen, and carbon dioxide. A subsequent acid gas
removal unit (here: carbon dioxide removal
unit) 650 removes  significant quantities of carbon
dioxide, and a methanator 660 downstream of the acid
gas removal unit converts residual carbon monoxide and
carbon dioxide to methane.”

separation of a part of said CO2-
depleted synthesis gas as fuel

Paragraph [0014]: “In one particularly preferred aspect
of the inventive subject matter, contemplated plants
include an ammonia synthesis loop that receives an
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fraction,

ammonia synthesis make-up gas having a molar ratio of
hydrogen to nitrogen of about 3.0 that is cooled in a
refrigeration circuit using a refrigerant other than air (and
optionally fuel gas), and wherein a separation unit
separates a feed gas having a molar ratio of hydrogen to
nitrogen of less than 2.5 into a fuel gas and the ammonia
synthesis make-up gas.”

wherein said fuel fraction is fed as
fuel to at least one furnace

Paragraph [0018]: “Especially preferred feed gas is
produced in such configurations from a natural gas via a
primary and secondary reformer, and wherein additional
process air is provided to the secondary reformer, and
suitable plants may advantageously further include a
methanator and/or an acid gas removal unit upstream of
the pressure swing absorption unit. In yet further
contemplated aspects, the synthesis loop produces a
purge gas, and at least one of the purge gas and the fuel
gas are combusted in the primary reformer. The ammonia
synthesis make-up gas preferably has a molar ratio of
hydrogen to nitrogen of about 3:1, and at least a portion
of nitrogen, argon, and methane contained in the feed gas
is removed from the feed gas in the pressure swing
absorption unit via the fuel gas. While contemplated
configurations may be operated as new plants, it is
especially contemplated that the pressure swing
absorption unit may functionally cooperate with a plant
configuration as an upgrade that increases an ammonia
production of the plant configuration in an amount of
between about 0.1% to 25%.”

and wherein said separation of the
fuel fraction includes the split of said
CO2-depleted synthesis gas into at
least a first stream and a second
stream, said first and second streams
having the same composition,

No apparent corresponding disclosure.

wherein the first stream forms the
fuel fraction and the second stream
is process gas intended for the
synthesis of ammonia.

No apparent corresponding disclosure.
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Claim 2 of the ‘168 Patent

Dé6

wherein the first stream forms the
fuel fraction and the second stream
is the process gas intended for the
synthesis of ammonia after further
purification.

Paragraph [0018]: “Especially preferred feed gas is
produced in such configurations from a natural gas via a
primary and secondary reformer, and wherein additional
process air is provided to the secondary reformer, and
suitable plants may advantageously further include a
methanator and/or an acid gas removal unit upstream of
the pressure swing absorption unit. In yet further
contemplated aspects, the synthesis loop produces a
purge gas, and at least one of the purge gas and the fuel
gas are combusted in the primary reformer. The ammonia
synthesis make-up gas preferably has a molar ratio of
hydrogen to nitrogen of about 3:1, and at least a portion
of nitrogen, argon, and methane contained in the feed gas
is removed from the feed gas in the pressure swing
absorption unit via the fuel gas. While contemplated
configurations may be operated as new plants, it is
especially contemplated that the pressure swing
absorption unit may functionally cooperate with a plant
configuration as an upgrade that increases an ammonia
production of the plant configuration in an amount of
between about 0.1% to 25%.”

Claim 5 of the ‘168 Patent

Dé6

further comprising a step for
methanation of the synthesis gas
and/or addition of nitrogen to the
synthesis gas.

Paragraph [0039]: “A subsequent acid gas removal unit
(here: carbon dioxide removal unit) 650 removes
significant quantities of carbon dioxide, and methanator
660 downstream of the acid gas removal unit converts
residual carbon monoxide and carbon dioxide to
methane.”

Claim 8 of the ‘168 Patent

Dé6

The process of claim 1, wherein said
enriched air contains at least 50%

Paragraph [0026]: Alteroatively, or additionally as
depicted wm FIG. 3, ammoenia production may be further
improved in 2 plant 300 where an air separation unit is
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oxygen.

available. In  soch  configurations, an  oxygen-rich
gas 306 (e, comprising af least 25 mol %, more
typically at least 75 mol %, and most typically at Jeast 90
mol % oxygen) way be provided to the secondary
reformer 320, and a  nitrogen  rich  gas 308 (ie,
comprising at least 25 mol %, more typically at keast 75
wol %, and most typically at least 80 mol % oxygen)
may be introduced to the reformed and/or shift converted
gas at 2 position apstream of the methanator 360

Claim 9 of the ‘168 Patent

D6

The process of claim 1, wherein said
enriched air contains at least 90%
oxygen.

Paragraph [0026]: Alternatively, or additionally as
depicted wn FIG. 3, ammonia production may be fuvther
improved 1o a plant 300 where an air separation unit is
available. In  soch  configurations, an  oxygen-rich
gas 306 (e, comprising af least 25 mol %, more
typically at least 75 mol %, and most typically at least 90
mol % oxygen) may be provided to the secondary
reformer 320, and a  nitrogen  rich  gas 308 (ie.,
comprising at least 25 mol %, more typically at keast 75
wol %, and most typically at least 80 mol % oxygen)
may he introduced to the reformed and/or shift converted
gas at a position opstream of the methanator 360

Claim 20 of the ‘168 Patent

D6

The process of claim 1, wherein the
conversion of the natural gas into
synthesis gas includes primary
reforming of the natural gas in the
presence of steam and secondary
reforming performed with said
oxygen flow or enriched air.

Paragraph [0018]: Especially preferred feed gas is
produced in such configurations from a natural gas via a
primary and secondary reformer, and wherein additional
process air is provided to the secondary reformer, and
suitable plants may advantageously further include a
methanator and/or an acid gas removal unit upstream of
the pressure swing absorption unit. In yet further
contemplated aspects, the synthesis loop produces a
purge gas, and at least one of the purge gas and the fuel
gas are combusted in the primary reformer. The ammonia
synthesis make-up gas preferably has a molar ratio of
hydrogen to nitrogen of about 3:1, and at least a portion
of nitrogen, argon, and methane contained in the feed gas
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is removed from the feed gas in the pressure swing
absorption unit via the fuel gas. While contemplated
configurations may be operated as new plants, it is
especially contemplated that the pressure swing
absorption unit may functionally cooperate with a plant
configuration as an upgrade that increases an ammonia
production of the plant configuration in an amount of
between about 0.1% to 25%.

Claim 21 of the ‘168 Patent

Dé6

A method for revamping a plant for
synthesis of ammonia from natural
gas or ammonia/urea plant,

wherein the plant includes a
reforming section that includes a
primary steam reformer and an air-
fired secondary reformer,

Claim 8: “wherein the ammonia synthesis make-up gas
is produced from a natural gas via a primary and
secondary reformer, wherein an air separation unit
provides an oxygen rich stream to the secondary
reformer, and wherein the air separation unit further
provides a nitrogen rich stream to the ammonia synthesis
make-up gas at a position upstream of the separation
unit.”

and a section for treatment of the
synthesis gas by a shift reaction of
carbon monoxide into carbon
dioxide, and decarbonation;

Paragraph [0024]: “Heat from the reforming process is
recovered in a waste heat recovery unit 230, and the
reformer effluent is shift converted in one or more
downstream shift converters (e.g., high and low
temperature shift converters) 240 to produce converter
effluent 242, predominantly comprising hydrogen,
nitrogen, and carbon dioxide. A subsequent acid gas
removal unit (here: carbon dioxide removal
unit) 250 removes  significant quantities of carbon
dioxide, and a methanator 260 downstream of the acid
gas removal unit converts residual carbon monoxide and
carbon dioxide to methane.”

the method comprising: providing a
flow of enriched air or oxygen and
using said flow as oxidant, instead of
air, for the secondary reformer;

Claim 8: “wherein the ammonia synthesis make-up gas
is produced from a natural gas via a primary and
secondary reformer, wherein an air separation unit

provides an oxygen rich stream to the secondary
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reformer, and wherein the air separation unit further
provides a nitrogen rich stream to the ammonia synthesis
make-up gas at a position upstream of the separation
unit.”

separating a part of the synthesis gas,
downstream of decarbonation, for
use as fuel fraction, and allocating a
remaining process fraction of the
synthesis gas for  ammonia
conversion;

Paragraph [0014]: “In one particularly preferred aspect
of the inventive subject matter, contemplated plants
include an ammonia synthesis loop that receives an
ammonia synthesis make-up gas having a molar ratio of
hydrogen to nitrogen of about 3.0 that is cooled in a
refrigeration circuit using a refrigerant other than air (and
optionally fuel gas), and wherein a separation unit
separates a feed gas having a molar ratio of hydrogen to
nitrogen of less than 2.5 into a fuel gas and the ammonia
synthesis make-up gas.”

feeding said fuel fraction of the gas,
which has a reduced CO2 content, as
fuel for at least one furnace of the
plant.

No apparent corresponding disclosure.

G. D7 (EP 1648817B1)

D7 may be relevant to independent claims 1 and 21 and dependent claim 2 of the ‘168

Patent as provided in the following claim charts. Because dependent claims 3-20, 22, and 23

include all the limitations of independent claims 1 and 21, the Patent Owner relies upon the

required explanation under 37 CFR 1.610(b)(5) of the manner of applying D7 to independent

claims 1 and 21, provided below. as the required explanation under 37 CFR 1.610(b)(5) for

dependent claims 2-20, 22, and 23.

Claim 1 of the ‘168 Patent

D7

A process for synthesis of ammonia

from natural gas, the process
comprising:
conversion of a charge of | No apparent corresponding disclosure.

desulphurized natural gas and steam,
with oxygen-enriched air or with
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oxygen, into a synthesis gas
containing hydrogen, CO and CO?2,
in a conversion section;

treatment of said synthesis gas
including at least a shift reaction of
the carbon monoxide into CO2,

Claim 1: Method for extracting hydrogen from a
methane-containing gas, in particular natural gas,
wherein hydrocarbons contained in the gas are
catalytically split into hydrogen, carbon monoxide and
carbon dioxide in a reformer (4) by means of steam, and
catalytic conversion of the resulting carbon monoxide to
carbon dioxide and hydrogen takes place in a

downstream conversion stage by means of steam,

and subsequent separation of CO2
from the gas, thus obtaining a CO2-
depleted synthesis gas and a CO2-
rich gaseous flow containing the
CO2 separated from the gas;

Claim 1: wherein the carbon dioxide is removed from
the converted gas stream (8) by means of a gas scrubber

(N,

separation of a part of said CO2-
depleted synthesis gas as fuel
fraction,

Fig. 1 and claim 1: into a prodoct gas strearn (12)
consisting of hvdrogen and a waste gas stream (13), and
wherein  the waste  gas stream (13}, together with
hydrogen (143 which s branched off from the gas stream
{18} bebind the gas scrubber (73, is passed to the
reformer (4) a8 a combustion gas that is largely free of
carbon, and burned there.

wherein said fuel fraction is fed as
fuel to at least one furnace

Fig. 1 and claim 1: into a product gas stream {12
consisting of hydrogen and a waste gas stream (139, and
wherein the waste gas sircamn (13}, tfogether with
hydrogen {14) which is branched off from the gas sircam
{1y behind the gas scrubber (7), is passed o the
reformer (4) as a combustion gas that is largely free of
carbon, and burned there.

and wherein said separation of the
fuel fraction includes the split of said
CO2-depleted synthesis gas into at
least a first stream and a second
stream, said first and second streams
having the same composition,

Fig. 1 and claim 1: into a product gas stream (123
consisting of hydrogen and a waste gas stream (13), and
wherein  the waste gas stream {13}, together with
hydrogen (14 which s branched off from the gas stream
{10y bebind the gas scrubber (7), i passed to the
reformer (4} as a combustion gas that is largely free of

Topsoe, Inc. — EX1003
Page 553 of 1210




Application No. 96/000,424
U.S. Patent Number 11,286,168
Request for Supplemental Examination

carbon, and burned there.

wherein the first stream forms the
fuel fraction and the second stream
is process gas intended for the
synthesis of ammonia.

Fig. 1 and claim 1: into 2 product gas stream {12)
consisting of hydrogen and a waste gas stream €13), and
wherein the waste gas stream (13}, together with
hydrogen {14) which is branched off from the gas stream
{10y behind the gas scrubber (7). is passed to the
reformer {4} as a combustion gas that is largely free of
carbon, and burned there.

Claim 2 of the ‘168 Patent

D7

The process of claim 1, wherein the
first stream forms the fuel fraction
and the second stream is the process
gas intended for the synthesis of
ammonia after further purification.

Claim 1: and the scrubbed hydrogen-rich gas stream
(10) is then separated in a pressure swing adsorption
system (11)

Claim 21 of the ‘168 Patent

D7

A method for revamping a plant for
synthesis of ammonia from natural
gas or ammonia/urea plant,

wherein the plant includes a
reforming section that includes a
primary steam reformer and an air-
fired secondary reformer,

No apparent corresponding disclosure.

and a section for treatment of the
synthesis gas by a shift reaction of
catbon monoxide into carbon
dioxide, and decarbonation;

Claim 1: Method for extracting hydrogen from a
methane-containing gas, in particular natural gas,
wherein hydrocarbons contained in the gas are
catalytically split into hydrogen, carbon monoxide and
carbon dioxide in a reformer (4) by means of steam, and
catalytic conversion of the resulting carbon monoxide to
carbon dioxide and hydrogen takes place in a

Topsoe, Inc. — EX1003
Page 554 of 1210




Application No. 96/000,424
U.S. Patent Number 11,286,168
Request for Supplemental Examination

downstream conversion stage by means of steam,

the method comprising: providing a
flow of enriched air or oxygen and
using said flow as oxidant, instead of
air, for the secondary reformer;

No apparent corresponding disclosure.

separating a part of the synthesis gas,
downstream of decarbonation, for
use as fuel fraction, and allocating a
remaining process fraction of the
synthesis gas for  ammonia
conversion;

Fig. 1 and claim 1: into a product gas stream {12)
consisting of hvdrogen and a waste gas stream (13), and
wherein the waste gas stream (13), fogether with
hydrogen (14) which is branched off from the gas stream
{1() behind the gas screbber (7), is passed to the reformer
{4) as a combustion gas that s largely {ree of carbou, and
burned there.

feeding said fuel fraction of the gas,
which has a reduced CO2 content, as
fuel for at least one furnace of the
plant.

Fig. 1 and claim 1: inic a product gas siream (12)
consisting of hydrogen and a waste gas stream (13), and
wherein the waste gas strearn (13), together with
hydrogen {14) which is branched off from the gas stream
{181 behind the gas scnibber (73, is passed o the reformer
{4} as a cornbustion gas that is largely free of carbon, and
burned there.

H. D8 (EP 2266922A1)

D8 may be relevant to independent claim 1 and dependent claims 3, 4, 8-11, 17, and 20

of the 168 Patent as provided in the following claim charts, and may be further relevant to

independent claim 1 in view of D3 and D4 (described above). Because dependent claims 2, 5-7,

12-16, 18, and 19 include all the limitations of independent claim 1, the Patent Owner relies

upon the required explanation under 37 CFR 1.610(b)(5) of the manner of applying D8 to

independent claim 1, provided below, as the required explanation under 37 CFR 1.610(b)(5) for

dependent claims 2, 5-7, 12-16, 18, and 19.

Claim 1 of the ‘168 Patent

D8

A process for synthesis of ammonia
from natural gas, the process
comprising:
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conversion of a charge of
desulphurized natural gas and steam,
with oxygen-enriched air or with
oxygen, into a synthesis gas
containing hydrogen, CO and CO?2,
in a conversion section;

Paragraph [0022]: “The process stream 10 may contain
more than one hydrocarbon. The process stream may be
initially formed from natural gas and steam, liquefied
petroleum gas (LPG) and steam, naphtha and steam
and/or other feedstocks known in the art.”

Paragraph [0043]: “FIG. 2 and FIG. 3 show additional
optional features, for example a so-called prereformer 80,
an oxygen secondary reformer 20, and a second shift
reactor 50.”

Paragraph [0043]: “FIG. 2 and FIG. 3 show additional
optional features, for example a so-called prereformer 80,
an oxygen sec-ondary reformer 20, and a second shift
reactor 50.”

Paragraph [0054]: “FIG. 2 and FIG.3 also show an
optional secondary reforming reactor 20 located in the
process between the plurality of catalyst-containing tubes
104 and the shift reactor 40. The process may further
comprise introducing an oxygen-rich gas 26 into the
reformate stream 12 after withdrawing the reformate
stream 12 from the plurality of catalyst-containing
reformer tubes 104 to partially oxidize the reformate
stream, and reacting the partially oxidized reformate
stream 12 in the presence of a reforming catalyst 24 in
the secondary reforming reactor 20 under reaction
conditions sufficient to form reaction products
comprising carbon monoxide and hydrogen in the
reformate stream 22. The oxygen-rich gas 26 may be
introduced into the reformate stream 12 before reactor 20
or may be introduced into the reformate stream 12 in
reactor 20, for example through a burner.”

FIG. 2, 14

treatment of said synthesis gas
including at least a shift reaction of
the carbon monoxide into CO2,

Paragraph [0024]: “The reformate stream 12
withdrawn from the plurality of catalyst-containing
reformer tubes 104 is cooled in a heat exchanger 30
which may be a boiler to produce steam 36 from a water-
containing stream 34 by indirect heat transfer and
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thereby remove heat from the reformate stream 12.
Reformate stream 32 is withdrawn from the boiler 30.
Reformate stream 12 may be passed to the heat
exchanger 30 to remove heat from the reformate stream
12 and improve the thermal efficiency of the process.”

Paragraph [0025]: “The reformate stream is passed to
shift reactor 40. The process further comprises reacting
carbon monoxide and steam in the reformate stream 32 in
the presence of a shift catalyst 44 at a temperature
ranging from 190° C. to 500° C. and a pressure ranging
from 2 to 50 atmospheres (0.2 to 5 MPa) to form a
second process stream 42 comprising carbon dioxide,
hydrogen, carbon monoxide and methane”

and subsequent separation of CO2
from the gas, thus obtaining a CO2-
depleted synthesis gas and a CO2-
rich gaseous flow containing the
CO2 separated from the gas;

Paragraph [0029]: “The process further comprises
scrubbing the second process stream 42 with a wash
stream 64 to form a carbon dioxide-depleted stream 62
and a carbon dioxide-loaded wash stream 66. Scrubbing
may be done in a so-called gas scrubber 60. Carbon
dioxide scrubbing is also known in the art as acid gas
removal. The wash stream 64 may be any scrubbing fluid
known in the art, for example N-methyl diethanolamine
(aMDEA). Other scrubbing fluids associated with other
scrubbing methods, for example, Rectisol®, Selexol®,
Genosorb®, and sulfinol are known in the art.”

Paragraph [0033]: “The process further comprises
separating the carbon dioxide-depleted stream 62 in a
separator 70 to form the hydrogen-containing product gas
72 and a by-product gas 76 comprising methane and
carbon monoxide. The step of separating the carbon
dioxide-depleted stream may be done by pressure swing
adsorption and/or temperature swing adsorption. The
separator 70 may be a pressure swing adsorber and/or
temperature swing adsorber. [...]”

separation of a part of said CO2-
depleted synthesis gas as fuel
fraction, wherein said fuel fraction is
fed as fuel to at least one furnace

Paragraph [0040]: “The process further comprises
combusting a fuel gas 74 comprising a portion of the
hydrogen-containing product gas 72, optionally a portion
77 of the by-product gas 76, and optionally a
supplementary fuel 18 in the reformer furnace 100
external to the plurality of catalyst-containing reformer

Topsoe, Inc. — EX1003
Page 557 of 1210




Application No. 96/000,424
U.S. Patent Number 11,286,168
Request for Supplemental Examination

tubes 104 to supply energy for reacting methane and
steam inside the plurality of catalyst-containing reformer
tubes 104. [...]*

and wherein said separation of the
fuel fraction includes the split of said
CO2-depleted synthesis gas into at
least a first stream and a second
stream, said first and second streams
having the same composition,

Paragraph [0037]: “[...] As used herein a “divided
portion” of a stream is a portion having the same
chemical composition as the stream from which it was
taken.”

Paragraph [0040]: “[...] The portion of the hydrogen-
containing product gas 72 and the portion of the by-
product gas 76 may be divided portions of the respective
gases.”

wherein the first stream forms the
fuel fraction and the second stream
is process gas intended for the
synthesis of ammonia.

No apparent corresponding disclosure.

Claim 3 of the ‘168 Patent D8

The process of claim 1, wherein said | Table 4
fuel fraction is between 1% and 40%

of the total amount of said CO2-

depleted syngas.

Claim 4 of the ‘168 Patent D8

The process of claim 1, wherein said | Table 4

fuel fraction is between 10% and
30% of the total amount of said
CO2-depleted syngas.

Topsoe, Inc. — EX1003
Page 558 of 1210




Application No. 96/000,424
U.S. Patent Number 11,286,168
Request for Supplemental Examination

Claim 8 of the ‘168 Patent

D8

The process of claim 1, wherein said
enriched air contains at least 50%
oxygen.

Paragraph [0059]: “As used herein, an oxygen-rich gas
is an oxygen-containing gas having an oxygen
concentration of 98 volume % to 100 volume %, for
example industrial grade oxygen. Oxygen is added in an
amount for incomplete combustion of any hydrocarbons
in the reformate stream. The resulting stream 22 is rich in
hydrogen and carbon monoxide.”

Claim 9 of the ‘168 Patent

D8

The process of claim 1, wherein said
enriched air contains at least 90%
oxygen.

Paragraph [0059]: “As used herein, an oxygen-rich gas
is an oxygen-containing gas having an oxygen
concentration of 98 volume % to 100 volume %, for
example industrial grade oxygen. Oxygen is added in an
amount for incomplete combustion of any hydrocarbons
in the reformate stream. The resulting stream 22 is rich in
hydrogen and carbon monoxide.”

Claim 10 of the ‘168 Patent

D8

The process of claim 1, wherein said
fuel fraction of the synthesis gas
feeds one or more of the following
apparatuses: a steam production
and/or superheating furnace; one or
more burners of a primary steam
reformer; or one or more furnaces
for pre-heating the charge of an
autothermal reformer or partial
oxidation reactor or natural-gas
desulphurization section.

Abstract:  “A process for producing a hydrogen-
containing product gas with reduced carbon dioxide
emissions compared to conventional hydrogen
production processes. A hydrocarbon and steam are
reformed in a reformer and the resulting reformate
stream is shifted in one or more shift reactors. The
shifted mixture is scrubbed to remove carbon dioxide to
form a carbon dioxide-depleted stream. The carbon
dioxide-depleted stream is separated to form a hydrogen-
containing product gas and a by-product gas. A portion
of the hydrogen containing product gas is used as a fuel
in the reformer and a portion of the by-product gas is
recycled back into the process. The process may
optionally include reforming in a prereformer and/or an
oxygen secondary reformer.”
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FIG. 1-3

Claim 11 of the ‘168 Patent

D8

The process of claim 1, wherein: a
purge gas of the ammonia synthesis
process, containing hydrogen and
methane, is treated so as to recover
the hydrogen contained in the purge
gas, obtaining a hydrogen-rich gas
and a tail gas containing methane; at
least part of said tail gas is recycled
as process gas and subjected to said
step of conversion of the natural gas
into synthesis gas.

Paragraph [0033]: “The process further comprises
separating the carbon dioxide-depleted stream 62 in a
separator 70 to form the hydrogen-containing product gas
72 and a by-product gas 76 comprising methane and
carbon monoxide. The step of separating the carbon
dioxide-depleted stream may be done by pressure swing
adsorption and/or temperature swing adsorption. The
separator 70 may be a pressure swing adsorber and/or
temperature swing adsorber. [...]”

Paragraph [0036]: “With reference to FIGS. 1-3, the
process further comprises introducing a portion 78 of the
by-product gas 76 into the process stream 10, 14 at a
location upstream of the plurality of catalyst-containing
reformer tubes 104 and/or into the reformate stream 12 at
a location upstream of a reforming catalyst in a
secondary reforming reactor 20 (described later). The
portion 78 of the by-product gas 76 may be introduced
into the process stream at one or more locations in the
process. The portion 78 of the by-product gas 76 may be
introduced into the process stream 10, 14 at a location
upstream of the plurality of catalyst-containing reformer
tubes 104. The portion 78 of the by-product gas 76 may
be introduced into the reformate stream 12 at a location
upstream of a reforming catalyst in a secondary
reforming reactor 20. The portion 78 of the by-product
gas 76 may be introduced into the process stream 10, 14
at a location upstream of the plurality of catalyst
containing reformer tubes 104 and introduced into the
reformate stream 12 at a location upstream of a
reforming catalyst in a secondary reforming reactor 20.

Paragraph [0040]: “The process further comprises
combusting a fuel gas 74 comprising a portion of the
hydrogen-containing product gas 72, optionally a portion
77 of the by-product gas 76, and optionally a
supplementary fuel 18 in the reformer furnace 100
external to the plurality of catalyst-containing reformer
tubes 104 to supply energy for reacting methane and
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steam inside the plurality of catalyst-containing reformer
tubes 104.”

Claim 20 of the ‘168 Patent

D8

The process of claim 1, wherein the
conversion of the natural gas into
synthesis gas includes primary
reforming of the natural gas in the
presence of steam and secondary
reforming performed with said
oxygen flow or enriched air.

Abstract:  “A process for producing a hydrogen-
containing product gas with reduced carbon dioxide
emissions compared to conventional hydrogen
production processes. A hydrocarbon and steam are
reformed in a reformer and the resulting reformate
stream is shifted in one or more shift reactors. The
shifted mixture is scrubbed to remove carbon dioxide to
form a carbon dioxide-depleted stream. The carbon
dioxide-depleted stream is separated to form a hydrogen-
containing product gas and a by-product gas. A portion
of the hydrogen containing product gas is used as a fuel
in the reformer and a portion of the by-product gas is
recycled back into the process. The process may
optionally include reforming in a prereformer and/or an
oxygen secondary reformer.”

FIG. 2

I. D9 (Ammeonia; Principles and Industrial Practice)

D9 may be relevant to dependent claims 7, 11, 12, and 14-16 of the ‘168 Patent as

provided in the following claim charts.

Claim 7 of the ‘168 Patent

D9

The process of claim 1, wherein said
CO2-depleted syngas contains no
more than 1000 ppm by volume of
CO2.

Table 33 (p. 136 of Exhibit K): provided below.
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Claim 11 of the ‘168 Patent D9

The process of claim 1, wherein: a
purge gas of the ammonia synthesis
process, containing hydrogen and
methane, is treated so as to recover
the hydrogen contained in the purge
gas, obtaining a hydrogen-rich gas
and a tail gas containing methane; at
least part of said tail gas is recycled
as process gas and subjected to said
step of conversion of the natural gas
into synthesis gas.

Pages 172-175 (text pages 166-169): describes
“Hydrogen Recovery by Cyrogenic [sic] Units.”

Claim 12 of the ‘168 Patent

D9

The process of claim 1, wherein: a
part of said CO2-depleted syngas is
treated in a unit for separation of
nitrogen, obtaining a first stream of
nitrogen-depleted syngas and a
second nitrogen-enriched stream; at
least one part of said first stream, is
used as fuel; any remaining part of
said first stream is fed to the
synthesis of ammonia together with

Pages 143-144 (text pages 137-138): describes liquid
nitrogen wash.
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the second stream.

Claim 14 of the ‘168 Patent

D9

The process of claim 1, wherein the
overall steam/carbon ratio in the
conversion step is greater than 2.0.

Page 77 (text page 71): ‘“Modern natural gas based
plants with a conventional primary reformer use a S/C
ratio of around 3.0, compared to values of 3.5 - 4.0 in
older installations.”

Claim 15 of the ‘168 Patent

D9

The process of claim 1, wherein the
overall steam/carbon ratio in the
conversion step is greater than 2.4.

Page 77 (text page 71): “Modern natural gas based
plants with a conventional primary reformer use a S/C
ratio of around 3.0, compared to values of 3.5 - 4.0 in
older installations.”

Claim 16 of the ‘168 Patent

D9

The process of claim 1, wherein the
overall steam/carbon ratio in the
conversion step is greater than 2.7.

Page 77 (text page 71): “Modern natural gas based
plants with a conventional primary reformer use a S/C
ratio of around 3.0, compared to values of 3.5 - 4.0 in
older installations.”

J. D10 (DE 102015210803A1)

D10 may be relevant to a portion of claim 1 in view of D7 and dependent claim 19 of the

‘168 Patent as provided in the following claim chart.

Claim 1 of the ‘168 Patent

D10

conversion of a charge of

Paragraph [0003] (translated): The reforming of
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desulphurized natural gas and steam,
with oxygen-enriched air or with
oxygen, into a synthesis gas
containing hydrogen, CO and CO?2,
in a conversion section;

hydrocarbonaceous feedstocks can usually be carried out
either in a cracking furnace with external heating (steam
reformer) or in an autothermal reformer (ATR) with an
internal heating. Which of the two reforming
technologies is the most economical depends on many
parameters in each case, such as the desired ratio of
H > to CO, plant capacity, product and educt prices, etc.
Hydrocarbon-containing feedstocks include natural gas,
LPG, biogas, butane, Gasoline or another type of
hydrocarbon.

Claim 19 of the ‘168 Patent

D10

The process of claim 1, wherein:

the conversion of the natural gas
charge into synthesis gas includes a
step of autothermal reforming, or a
step of partial oxidation; said step of
autothermal reforming or partial
oxidation is performed with a
steam/carbon ratio not greater than
2.

Paragraph [0020] (translated): The S / C ratio is at the
entrance of the autothermal reformer in the range of 0.1
to 2.5, more preferably in the range of 0.2 to 2.4, more
preferably in the range of 0.3 to 2.3, in the range of 0.4 to
2.2, in the range of 0.5 to 2.1, in the range of 0.6 to 2.0,
in the range of 0.7 to 1.9, in the range of 0.8 to 1, 8, in
the range of 0.9 to 1.7, in the range of 1.0 to 1.6 in the
range of 1.1 to 1.5 or in the range of 1.2 to 1.4.

K. D11 (DE 102014209635A1)

D11 may be relevant to a portion of claim 1 in view of D7 of the ‘168 Patent as provided

in the following claim chart.

Claim 1 of the ‘168 Patent

D11

conversion of a charge of
desulphurized natural gas and steam,
with oxygen-enriched air or with
oxygen, into a synthesis gas
containing hydrogen, CO and CO?2,
in a conversion section;

Paragraph [0006] (translated): An alternative to two-
stage reforming is the purely autothermal reforming of
natural gas with the help of cheaper autothermal
reformers (ATR). In order to provide the additional
amount of oxygen required for this purpose, either
oxygen from an air separation plant or a correspondingly
larger amount of air is required. However, the cost of air
separation or the provision of additional air and the
removal of excess nitrogen are significant and, with plant
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capacities of up to 3,300 tpd of ammonia, compensate for
the savings achieved by eliminating the steam reformer.
However, devices for the separation of air and the
separation of the excess nitrogen show a significant
degression of the additional costs when increasing their
capacity by increasing the components. With increasing
capacity above 3300 tpd of ammonia, the increase in the
components of plants based on purely autothermal
reformers brings cost advantages compared to the two-
stage reforming.

7. Optional Explanation Under 37 CFR 1.610(c)

As provided in 37 CFR 1.610(c), this Request also may include an explanation of how
the claims are patentably distinguishable over the items of information and also an explanation of

why each item of information does or does not raise a substantial new question of patentability.

A. D1 (Autothermal Reforming: A Flexible Syngas Route with Future Potential)

Patent Owner first notes that the public availability of D1 as prior art under 35 U.S.C. §
102(a)(2) to the ‘168 is questionable. Page 1 of DI states that such report was prepared for
Presentation at NITROGEN & SYNGAS 2010 International Conference, Bahrain, 28 February —
3 March 2010. However, D1 itself does not bear any indication of a publication. Also, there is
no evidence that such scheduled lecture actually took place and, if it did, that D1 precisely
reflects the content of that lecture.

Nonetheless, even assuming, arguendo, D1 is prior art 35 U.S.C. § 102(a)(2), claim 1 is
patentably distinguishable from D1 and D1 does not raise a substantial new question of
patentability. Fig. 2 of D1 appears to illustrate simplified block flow diagrams of process
variations of ammonia plants based on autothermal reforming (ATR). In Option 2 of Fig. 2, a
natural gas feed appears to be reformed in an ATR fired with oxygen-enriched air produced by
an air separation unit (ASU). The effluent of the ATR appears to be subject to cooling, CO shift
and CO2 removal and methanation. The so obtained ammonia make-up gas appears to be
compressed and reacted in an ammonia synthesis loop. A stream purged from the ammonia loop
appears to be treated to remove inert gas and to recover unreacted hydrogen which is

reintroduced at the suction side of the compressor.
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Option 3 of Fig. 2 appears to differ in that the ATR is fed with pure oxygen and the
methanator is replaced by liquid nitrogen wash, using nitrogen from the ASU. Both Options 2
and 3 of Fig. 2 of D1 fail to disclose “separation of a part of said CO2-depleted synthesis gas as
fuel fraction, wherein said fuel fraction is fed as fuel to at least one furnace and wherein said
separation of the fuel fraction includes the split of said CO2-depleted synthesis gas into at least a
first stream and a second stream, said first and second streams having the same composition,
wherein the first stream forms the fuel fraction and the second stream is process gas intended for
the synthesis of ammonia” of independent claim 1. Similarly, D1 fails to disclose “separating a
part of the synthesis gas, downstream of decarbonation, for use as fuel fraction, and allocating a
remaining process fraction of the synthesis gas for ammonia conversion; feeding said fuel
fraction of the gas, which has a reduced CO2 content, as fuel for at least one furnace of the
plant,” as recited in independent claim 21.

Patent Owner notes that D1 states, “[a] complete separation of the entire CO2 could also
be realized in the ATR-based plant with little extra investment and an only moderate increase of
the plants consumption figure provided the fired heater would be fed with syngas instead of
natural gas.” DI, p. 20. Based on Table 4, page 11 of D1, it is understood that said fired heater is
a preheater of the process gas before an autothermal reformer (ATR). This, however, does not
disclose the use of a portion of CO2-depleted ammonia make-up gas as fuel for a furnace of the
plant, as such an interpretation goes beyond the disclosure of D1. To the contrary, this conclusive
statement of D1, as a matter of fact, discloses no more than “syngas instead of natural gas.” At
page 20, D1 gives no further information on how to interpret the word “syngas”. For a person of
ordinary skill in the art, “syngas” denotes generally a gas which is the result of an artificial
synthesis process, which could be, for example, the gasification of a liquid or solid fuel, in
contrast with “natural gas” which is extracted from natural fields. Particularly in the context of
D1, which discloses syngas instead of natural gas, a person of ordinary skill in the art would
interpret the word “syngas™ just to mean a fuel gas obtained by synthesis. D1 does not disclose
that the syngas mentioned at page 20 is or can be the CO2-depleted process gas obtained after
conversion and treatment of natural gas.

Furthermore, the introduction of D1 (page 3, lines 2-3) discloses that synthesis gases
(“syngases”) are gas mixtures composed mainly of hydrogen and carbon monoxide. D1 defines a
synthesis gas in terms of the composition requirements for subsequent synthesis processes (Table

1, page 3) and of composition ranges provided by different generators (Fig. 1, page 4). In D1 the
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expression “syngas” is never used to describe a CO2-depleted process gas. Hence, D1 is silent
about a CO2-depleted synthesis gas as fuel fraction, as required by claim 1.

Furthermore, D1 is silent about splitting in a first stream and a second stream having the
same composition. In D1, reference can be made to options 2 and 3 of page 7, appearing to
disclose an ATR-based process for synthesis of ammonia from natural gas using oxygen
enriched air (option 2) or pure oxygen (option 3; erroneously indicated as “option 17 after option
2) as oxidizer. In these options, D1 does not disclose to split the process gas into a first stream to
form a fuel fraction and a second stream for synthesis of ammonia. As provided above, D1
appears only to provide a very generic indication about feeding a fired heater with syngas instead
of natural gas.

Patent Owner further submits D2, D3, D4, D6, and/or D7 do not cure the deficiencies of
D1. D2 and D7 appear to teach to take a portion of the process gas as a fuel for a reformer
furnace, which is however absent in the ATR-based options 2 and 3 of D1. D3 does not disclose
splitting a process gas into a fuel stream and a process stream having the same composition. D4
and D6 appear to relate to conventional reforming in a primary reformer and secondary reformer.
Accordingly, no combination would teach the skilled person towards the subject matter of claim
1.

Accordingly, claims 1 and 21 are patentably distinguishable over D1, and D1 does not

raise a substantial new question of patentability.

B. D3 (EP 2817260B1)

D3 appears to disclose a process for production of ammonia (31) wherein natural gas (10)
is converted in an ATR or POX reactor (11); the ATR or POX reactor receives oxygen (12) from
an air separation unit (13); the effluent of the ATR or POX reactor is treated (Fig. 2) in a
medium-temperature shift reactor (15), CO2 removal unit (23) and PSA unit (17). The PSA unit
produces a purified syngas (18) and a fuel gas (22). D3 appears to disclose that said fuel gas
withdrawn from the PSA unit can be used as a fuel in a fired heater of the plant optionally after a
further removal of CO2 ([0034]).

Claim 1 is distinguishable from D3 at least because D3 does not disclose “separation of a
part of said CO2-depleted synthesis gas as fuel fraction, wherein said fuel fraction is fed as fuel
to at least one furnace and wherein said separation of the fuel fraction includes the split of said

CO2-depleted synthesis gas into at least a first stream and a second stream, said first and second
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streams having the same composition,” as recited in claim 1. Patent Owner further notes, that, as
a matter of fact, D3 does not disclose separation of a part of the CO2-depleted gas as fuel
fraction. In D3, the only fuel stream recycled in the process appears to be the tail gas (22) of the
PSA unit. The purified syngas 18 of the PSA unit 17 of D3 appears to not split, does not appear
to have the same composition of stream 22, and does not appear form the fuel fraction fed as fuel
to at least a furnace.

Patent Owner further notes that D3, as a consequence of failing to discloses “separation
of a part of said CO2-depleted synthesis gas as fuel fraction, wherein said fuel fraction is fed as
fuel to at least one furnace and wherein said separation of the fuel fraction includes the split of
said CO2-depleted synthesis gas into at least a first stream and a second stream, said first and
second streams having the same composition,” D3 inevitably also fails to disclose “wherein the
first stream forms the fuel fraction and the second stream is process gas intended for the
synthesis of ammonia,” as further recited in independent claim 1, because these limitations refer
to the streams defined previously in claim 1. Hence, D3 does not disclose at least “separation of
a part of said CO2-depleted synthesis gas as fuel fraction, wherein said fuel fraction is fed as fuel
to at least one furnace and wherein said separation of the fuel fraction includes the split of said
CO2-depleted synthesis gas into at least a first stream and a second stream, said first and second
streams having the same composition, wherein the first stream forms the fuel fraction and the
second stream is process gas intended for the synthesis of ammonia.”

Patent Owner respectfully submits that combining the teachings of D3 with the teaching
of D2 and/or D4 would not cure the deficiencies of D2. Patent Owner notes that D2 appears to
disclose a steam hydrocarbon reforming process for production of hydrogen (see D2 Abstract,
claim 1) wherein a portion (74) of the hydrogen-containing product gas (72) is fed as a fuel
stream to a reformer furnace (100). See D2, Figs. 1-3 and col. 5 lines 27-30. D3 further appears
to disclose (see D3, [0018], lines 14-19) a process for producing ammonia synthesis gas from a
hydrocarbon source comprises a conversion of said hydrocarbon source into a raw synthesis gas
solely by means of an ATR or POX reactor and without a primary reforming stage. Paragraph
[0019], line 36 of D3 underlines that the invention uses no primary reformer and no secondary
reformer.

Accordingly, one of ordinary skill in the art would have no motivation to combine D2
with D3, realizing that D2 and D3 relate to very different processes. That said, even assuming,

arguendo, one of ordinary skill in the art combined D2 with D3, the resulting combination would
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not arrive any closer to the deficiencies of D3 relative to claim 1. For example, even assuming,
arguendo, that one of ordinary skill in the art finds in D2 the teaching of sending a portion of
CO2-depleted gas to a reformer furnace, such teaching would appear to one of ordinary skill in
the art as inapplicable to D3, simply because D3 has no such furnace. D2 simply does not give
the slightest hint to modify D3 in such a way to include “separation of a part of said CO2-
depleted synthesis gas as fuel fraction, wherein said fuel fraction is fed as fuel to at least one
furnace and wherein said separation of the fuel fraction includes the split of said CO2-depleted
synthesis gas into at least a first stream and a second stream, said first and second streams having
the same composition, wherein the first stream forms the fuel fraction and the second stream is
process gas intended for the synthesis of ammonia.”

A similar reasoning is applicable to the combination of D3 and D4. D4 (see D4, Fig. 1 or
Fig. 4) appears to disclose ammonia plants with at least a primary/secondary reforming stage. D4
(see D4, Fig. 1) appears to disclose that a syngas purge taken after a methanator is sent to a
reforming section including primary/secondary reformer. As commented above, this feature is
incompatible with the ATR-based or POX-based process of D3.

In addition, D4 does not address the problem of reducing CO2 emissions in connection
with ammonia synthesis. D4 appears to address a very specific issue in connection with an
integrated ammonia-urea process. With reference to the Abstract of D4, paragraph 3, D4 appears
to disclose that urea production in a Malaysian ammonia and urea complex plant was limited by
a shortage of CO2 production and excess of ammonia, leading to an unbalance between NH3 and
CO2, caused by a methane-rich natural gas source. According to page 238, right-handed column,
third paragraph of D4, if excess ammonia is produced, the excess synthesis gas is withdrawn
from the outlet of a methanator and then fired in the reformer with the purge gas until the CO2
product is matched with the ammonia product for the urea plant. Therefore, D4 appears to be
basically concerned with the problem of how to balance a deficit in carbon dioxide production
with respect to ammonia production for providing stoichiometrically required amounts for a
downstream urea synthesis section (see also D4, page 239, left column, second paragraph). D4
only contains a very generic statement (see D4, Abstract, last paragraph) that its technology
would reduce the effluent CO2 in the flue gas from the primary reformer; it does not address the

problem of how to reduce CO2 emissions in a ATR or POX-based ammonia process like in D3.
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With respect to dependent claim 11, the purge gas referenced in paragraph [0057] of D3
does not appear to be recycled as process gas does not appear to be subjected to a step of
conversion of the natural gas into synthesis gas.

Accordingly, claim 1 is patentably distinguishable over D3, whether viewed alone or in
combination with D2 and/or D4, and D3 in view of D2 and/or D4 does not raise a substantial

new question of patentability.

C. D6 (US Patent Application Publication No. 2004/0234426 A1)
Patent Owner respectfully submits that D6 discloses different embodiments with

reference to Fig. 2 and Fig. 3 (including a coldbox; see [0008]-[0009], [0023]-[0026]) and Fig. 6

(including a pressure swing absorption unit; see [0012], [0038]-[0040]).

Patent Owner respectfully submits that Fig. 6 of D6 (see [0037]-[0040]) appears to
discloses a process for the synthesis of ammonia (692) from natural gas (602) based on primary
reformer (610) and air-fired secondary reformer (620) followed by shift (640), carbon dioxide
removal (650) and methanation (660). A portion (662A) of the process gas effluent from the
methanator is sent to a PSA unit (685) which appears to produce a hydrogen-rich stream (662A°)
and a waste stream (662A”). Said hydrogen-rich stream (662A’) is sent to the ammonia synthesis
loop (690) via a compressor (680) like the remainder portion (662B) of the methanator effluent.
The waste stream (662A”) of the PSA unit is sent as fuel to the primary reformer together with a
purge stream removed from the ammonia loop.

Patent Owner first notes that the embodiment of Fig. 6 lacks conversion with oxygen-rich
air or with oxygen. D6 has only one embodiment, namely that of Fig. 3, wherein oxygen from an
ASU is fed — together with additional process air — to a reforming stage. In contrast, the
embodiment of Fig. 6 uses process air with no added oxygen from an ASU. At least for this
reason, the embodiment of Fig. 6 cannot be novelty-prejudicial for claim 1.

Patent Owner further notes that claim 1 requires the split of CO2-depleted gas into two
streams having the same composition, one of which forms a fuel fraction and the other is process
gas for ammonia synthesis. This is clearly absent from Fig. 6 of D6 because the stream 662A —
resulting from the split of the methanator effluent — does not form a fuel fraction. In D6, a fuel
fraction can be seen in stream 672 which includes the waste stream of the PSA unit and the purge
taken from the ammonia loop, but this stream 672 does not result from splitting a CO2-depleted

synthesis gas stream within the meaning of claim 1 or claim 21.
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Furthermore, the stream 662A ifself does not form the fuel fraction fed to at least a
furnace because such stream is separated in the PSA unit 685 in the hydrogen rich stream 662A°
and the waste stream 662A” comprising methane, hydrogen and nitrogen (see [0040]). Only
waste stream 662A” is then fed to the burner of the primary reformer 610, so that said stream
662A” actually forms the fuel fraction. The stream 662A is not fed as fuel to at least one furnace
and is not a first stream forming the fuel fraction in the meaning of claim 1.

The stream 662A “that is fed to the burner is a sub-fraction of stream 662A, in contrast to
the other effluent stream 662A' of the PSA unit 685 defined as hydrogen rich stream. The stream
662A” is consequently a by-product of a further transformation / separation process performed
on the CO2-depleted synthesis gas. In summary, Patent Owner cannot identify in D6-Fig. 6 the
fuel fraction and the process gas stream having the same composition as required by claim 1.
Hence, features of claim 1 are missing from D6. The deficiencies of D6 are not remedied by any
of the remaining items of information presented herein.

Accordingly, claims 1 and 21 are patentably distinguishable over D6, and D6 does not

raise a substantial new question of patentability.

D. D7 (EP 1648817B1)

Patent Owner respectfully submits D7 appears to disclose a process for the production of
hydrogen featuring a steam reforming in a furnace (4), shift conversion (5), a gas scrubber (7) for
CO2 removal and a PSA unit (11) for purification of the gas. D7 discloses that a portion of the
process gas effluent from the gas scrubber is sent to the reformer as a fuel, together with the tail
gas (17) of the PSA unit (Fig. 1, [0013]).

Patent Owner respectfully submits that D7 does not appear to disclose the production of
ammonia from natural gas and does not appear to disclose that the conversion of the natural gas
is performed with oxygen-enriched air or with oxygen. D7 appears to focus on the production of
hydrogen. See claim 1 and [0013], lines 41-42 of D7; this latter passage appears to disclose a gas
product stream (12) comprising a H2 content > 99 % vol.

Patent Owner respectfully notes that claim 1 recites, in part, “conversion of a charge of
desulphurized natural gas and steam, with oxygen-enriched air or with oxygen, into a synthesis
gas containing hydrogen, CO and CQO?2, in a conversion section.” (Emphasis added). Claim 21
recites, in part, providing a flow of enriched air or oxygen and using said flow as oxidant,

instead of air, for the secondary reformer.” (Emphasis added). As provided in the ‘168 Patent,
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using oxygen-enriched air gives rise to various advantages: it increases the heat value of the
synthesis gas; combustion of the synthesis gas generates less fumes than the combustion of
natural gas; it limits the flue loss of nitrogen; and/or it allows a high temperature for conversion
of the natural gas to be maintained. Patent Owner respectfully submits the combination of D7
with any other items of information provided herein does not result in these advantages.

With specific respect to dependent claim 6, in claim 1 of D7, hydrogen appears to be
branched off from the gas stream behind the gas scrubber, i.e., downstream of the CO2 removal.
D7 also does not appear to include a nitrogen addition step.

Even assuming, arguendo, the teachings of D7 were combined with the teachings of D6,
Fig. 6 of D6 appears the only pertinent embodiment to the subject matter of claim 1 because the
other embodiments do not comprise streams 662A, 662B having the same composition.
However, the embodiment of Fig. 6 does not comprise a feed of oxygen from an air separation
unit (i.e., “with oxygen-coriched atr or with oxygen,” as recited in independent ¢laim 1.

Even assuming, arguendo, the teachings of D7 were combined with the teachings of D9

(section 4.1.1, page 69, lines 20-22), D9 also is silent as to “oxygeu-curiched air or with oxygen”

becanse controlled amounts of air {and not oxygen-enriched alr or oxygen) appear to be
disclosed to be mixed with the cfflpent of the primary reformed in D9,

Even assuming, arguendo, the teachings of D7 were combined with the teachings of D10
(paragraph [0003]) and/or D11 (paragraph [0006]), such a combination does not address the
above-referenced advantages of using oxygen-enriched air.

With specific respect to independent claim 21, D7 does not appear to teach or suggest
“[a] method for revamping a plant...” as recited in independent claim 21.

Accordingly, claims 1 and 21 are patentably distinguishable over D7, and D7 does not

raise a substantial new question of patentability.

E. D8 (EP 2266922A1)

Patent Owner respectfully submits D8 belongs to the same patent family of D2.
Accordingly, Patent Owner respectfully notes that claim 1 recites, in part, “conversion of a
charge of desulphurized natural gas and steam, with oxygen-enriched air or with oxygen, into a
synthesis gas containing hydrogen, CO and CO2, in a conversion section” and “wherein the first
stream forms the fuel fraction and the second stream is process gas intended for the synthesis of

ammonia.” (Emphasis added). Claim 21 recites, in part, providing a flow of enriched air or
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oxygen and using said flow as oxidant, instead of air, for the secondary reformer.” (Emphasis
added). Accordingly, as provided above in relation to D2, claims 1 and 21 are patentably

distinguishable over D8, and D8 does not raise a substantial new question of patentability.

F. D9 (Ammonia; Principles and Industrial Practice)

With respect to D9 and claims 14-16, Patent Owner respectfully submits that these claims
depend from claim 1, which recites “oxygen-enriched air or with oxygen.” (Emphasis added).
D9 appears to reference controlled amounts of air that are not oxygen-enriched air or oxygen.
D9, then cannot be combined with, for example, D1, for purposes of obviousness.

Accordingly, claims 14-16 are patentably distinguishable over DY in view of the other

items of information, and D9 does not raise a substantial new question of patentability.

8. Copy of the ‘168 Patent
The ‘168 Patent is attached herewith as Exhibit A.

9. Copy of Each Item of Information

Each item of information is attached herewith as Exhibits B-P.

10. Summary of Relevant Portions of Anv Submitted Document Over 50 Pages In

Length
D9 ("Ammonia; Principles and Industrial Practice”, Wiley-VCH, ISBN 3-527-29593-3,

January 1999, pp. 1-301) is over 50 pages in length. Pages 75-78 (text pages 69-72) may be
relevant to claims 14-16. These pages describe thermodynamics, operation, pressure,
steam/carbon ration. Table 33 on page 136 (text page 130) of D9 may be relevant to dependent
claim 7. Table 33 provides examples of aMDEA process options in steam reforming ammonia
plants. Pages 134-136 (text pages 128-130) of D9 describe ethanolamine-based systems that may
be relevant to dependent claim 7. Pages 143-144 (text pages 137-138) of D9 may be relevant to
dependent claim 12. These pages describe a liquid nitrogen wash. Pages 172-175 (text pages
166-169) of D9 may be relevant to dependent claim 11. These pages describe hydrogen recovery
by cryogenic units. Table 39 on page 192 (text page 186) of D9 may be relevant to dependent

claims 3 and 4. Table 39 provides a table pertaining to energy analysis of a low energy ammonia
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plant. Pages 188-192 (text pages 182-186) of D9 describe minimum energy requirement for

steam reforming process that may be relevant to dependent claims 3 and 4.

11.  Identification of the Owner of the ‘168 Patent

The owner of the ‘168 Patent is Casale SA (Via Pocobelli 6, Lugano, Switzerland 6900).
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B. CONCLUSION

In view of the foregoing, the Patent Owner believes the Request for Supplemental
Examination for the ‘168 Patent is complete, and respectfully submits that the claims of the ‘168
Patent remain patentable in light of the items of information presented herein. A Request For
Supplemental Examination Transmittal Form is filed concurrently with this Request for
Supplement Examination.

The Commissioner is hereby authorized to charge payment of any of the following fees
that may be applicable to this communication, or credit any overpayment, to Deposit Account
No. 50-6181: (1) any filing fees required under 37 CFR § 1.16; (2) any patent application and
reexamination processing fees under 37 CFR § 1.17; and/or (3) any post issuance fees under 37
CFR § 1.20. In addition, if any additional extension of time is required, which has not otherwise
been requested, please consider this a petition therefor and charge any additional fees that may

be required to Deposit Account No. 50-6181.

Dated this 26™ day of April, 2023.

Respectfully submitted,

[Jonathan Rowe, Reg.# 65335/
Jonathan Rowe

Registration No. 65,335
Attorney for Patent Owner
Dorsey & Whitney LLP
Customer No. 116407
Telephone No. 801.933.7360

MSS:JPR
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REQUEST FOR SUPPLEMENTAL EXAMINATION TRANSMITTAL FORM

Address to:

Commissioner for Patents Attorney Docket No.:
P.O. Box 1450

Alexandria, VA 22313-1450 Date:

1. This is a request for supplemental examination pursuant to 37 CFR 1.610 of patent number 11.286,168
issued March 29, 2022 . 37 CFR 1.610(b)(1).

2. Supplemental examination of claim(s) 1-23 is requested.
37 CFR 1.610(b)(4).

3. a. The name(s) of the patent owner(s) (not the patent practitioner(s)) is (are):

CASALE SA

I:l b. A submission by the patent owner(s) in compliance with 37 CFR 3.73(c), which establishes that the patent
owner(s) has (have) the entirety of the ownership in the patent for which supplemental examination is
requested, is included. 37 CFR 1.610(b)(9).

4, |:| a. A check in the amount of $ is enclosed to cover the fee for processing and treating a
request for supplemental examination, the fee for reexamination ordered under 35 USC 257, and the fee for
processing and treating each non-patent document over 20 sheets in length (37 CFR 1.20(k)(1 - 3));

b. The Director is hereby authorized to charge all applicable fees as set forth in 37 CFR 1.20(k)(1 - 3)
to Deposit Account No. 506181 ;or

c. Payment by credit card. Form PTO-2038 is attached. 37 CFR 1.610(a).

[3,]

. Any refund should be made by |:| check or credit to Deposit Account No. 506181
37 CFR 1.26(c). If payment is made by credit card, refund must be to the credit card account.

o))

. A copy of the patent for which supplemental examination is requested, and a copy of any disclaimer or
certificate issued for the patent are included. 37 CFR 1.610(b)(6).

7. |:| CD-ROM or CD-R in duplicate, Computer Program (Appendix) or large table
[] Landscape Table on CD

8. |:| Nucleotide and/or Amino Acid Sequence Submission
If applicable, items a. — c. are required.

a. (I Computer Readable Form (CRF)
b. Specification Sequence Listing on:

i ] CD-ROM (2 copies) or CD-R (2 copies); or
i. 1 paper

c.[ statements verifying the identity of above copies

9. A list of no more than 12 items of information submitted as part of this request is provided in Part B of this form.
Where appropriate, the list must meet the requirements of 37 CFR 1.98(b). 37 CFR 1.605(a), 1.610(b)(2).

[Page 1 of 2]
This collection of information is required by 37 CFR 1.610. The information is required to obtain or retain a benefit by the public which is to file (and by the USPTO to
process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.11 and 1.14. This collection is estimated to take 0.3 hours to complete, including
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10. A legible copy of each item of information listed in Part B of this form, and an English language translation of all necessary
and pertinent parts of each non-English language item of information are included.

Copies of items of information that form part of the discussion within the body of the request (see 37 CFR 1.605(b)), and
copies of U.S. patents and patent application publications, are not required. 37 CFR 1.610(b)(7).

11. A summary of the relevant portions of each non-patent document that is over 50 pages in length (other than the request) is

included. The summary includes the required citations to the particular pages containing the relevant portions. 37 CFR
1.610(b)(8).

12. A separate, detailed explanation of the relevance and manner of applying each item of information to each claim of the
patent for which supplemental examination is requested, is included. 37 CFR 1.610(b)(5).

13. The below list includes all prior or concurrent post-patent Office proceedings (ex parte or infer parfes reexamination, reissue,
supplemental examination, post grant review, or inter partes review) involving the patent for which supplemental examination
is being requested. 37 CFR 1.610(b)(3). An identifying number may be, e.g., a control no. or reissue application no. Any
prior or concurrent post-patent Office proceedings not listed below are listed on a separate paper accompanying the request.

Type of Proceeding Identifying Number Filing Date

EI See accompanying paper for a list of additional prior or concurrent post-patent Office proceedings involving the patent for
which supplemental examination is requested. The paper should be a separate sheet titled “List of Prior or Concurrent Post-
Patent Office Proceedings” and must provide the type, identifying number, and filing date of the post-patent Office proceeding.

14. Correspondence Address: Please recognize, or change, the correspondence address for the file of the patent for which
supplemental examination is requested and for the supplemental examination proceeding to be:

The address associated with Customer Number: 1 1 6407 OR

Firm or
Individual Name

Address

City State Zip
Country

Telephone Email

15. WARNING: Information on this form may become public. Credit card information should not be included on this form.
Provide credit card information and authorization on PTO-2038.

/Jonathan Rowe/ April 26, 2023
Authorized Signature Date

Jonathan Rowe 65,335
Typed/Printed Name Registration No.
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(Also referred to as FORM PTO-XXXX)

REQUEST FOR SUPPLEMENTAL EXAMINATION TRANSMITTAL FORM
PART B - LIST OF ITEMS OF INFORMATION - Page 1

Patent number for which supplemental examination is requested 11,286,168 Issue Date March 29, 2022

All items of information (no more than 12) submitted herewith as part of this request for supplemental
examination of the above-identified patent are included in the following list:

U. S. PATENT DOCUMENTS

Cite Document Number Publication Name of Patentee or Pages, Columns, Lines, Where
No." | Number-Kind Code2 (¥ Date Applicant of Cited Document Relevant Passages or Relevant
known) MM-DD- Figures Appear
YYYY
1 US- 8,137,422 B2 03/20/2012 Licht, et al.
2 | US- 2004/0234426 11/25/2004 Reddy, et al.
us-
Us-
us-
Us-
us-
US-
us-
US-
us-
us-
FOREIGN PATENT DOCUMENTS
Cite Foreign Patent Publication Name of Patentee or Pages, Columns, Lines, Where
No." Document Date Applicant of Cited Document Relevant Passages or
Country Code3-Number4- | MM-DD- Relevant Figures Appear T2
Kind Code? (if known) YYYY
1 EP 2 817 260 B 12/31/2014 Fillippi, et al.
2 EP 1 648 817 B1 04/26/2006 Blumenfeld, et al.
3 EP 2 266 922 A1 06/03/2009 Licht, et al.
4 DE 10 2015 210 803 A1 06/12/2015 Gorval, et al.
5 DE 10 2014 209 635 A1 05/21/2014 Gorval, et al.

1 Applicant’s unique citation designation number (optional). 2 See Kinds Codes of USPTO Patent Documents at www.uspto.gov or MPEP 901.04. 2 Enter Office that issued
the document, by the two-letter code (WIPO Standard ST.3). * For Japanese patent documents, the indication of the year of the reign of the Emperor must precede the serial
number of the patent document. °Kind of document by the appropriate symbols as indicated on the document under WIPO Standard ST.16 if possible. ® Applicant is to place a
check mark here if English language Translation is attached.
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(Also referred to as FORM PTO-XXXX)
REQUEST FOR SUPPLEMENTAL EXAMINATION TRANSMITTAL FORM
PART B - LIST OF ITEMS OF INFORMATION - Page 2

Patent number for which supplemental examination is requested 11,286,168
All items of information (no more than 12) submitted herewith as part of this request for supplemental
examination of the above- identified patent are included in the following list:

OTHER DOCUMENTS

Issue Date March 29, 2022

Cite Document Information (include, where appropriate, name of the author, title of the article, book, magazine, joumnal, serial, symposium, catalog, etc.,
No.! publication date, page(s), volume-issue number(s), publisher, city and/or country where published. If a court document, identify the specific court, the
designation (case citation or numeric designation}, the title of the document, and the date submitted in court. If a declaration, include the type (e.g., 37
CFR 1.132 or 1.131), name of declarant, and the date of declaration. If an invoice or sales receipt, include the date issued and the name of the issuer
(e.g., the name of the corporation or other place of business). If a discussion within the body of the request, include the pages of the request on which
the discussion appears, and a description of the discussion (e.g., “discussion in request of why the claims are patentable under 35 U.S.C. 101, pages
7-11.") For all other materials, include, where appropriate, the title, author, date, and any descriptive information that would describe the document.)

T2

1 "Ammonia; Principles and Industrial Practice", Wiley-VCH, ISBN 3-527-29593-3 , January
1999, pp. 1-301

2 | Haussinger, et al., "Hydrogen, 3. Purification”, Ullmann’s Encyclopedia of Industrial
Chemistry, Vol. 18, 2012, pp. 309-333

3 Noelker, et al., " Autothermal reforming: a flexible syngas route with future potential”, Prepared for Presentation
at NITROGREN & SYNGAS 2010 International Conference, Bahrain, 28 February - 3 March 2010, pp. 1-20

4 | Shimura, "Urea Product Expansion by Newly Developed CO2 Recovery Process from
Primary Reformer Flue Gas", Ammonia Technical Manual, Vol. 47, 2006, pp. 237-246

1 Applicant’s unique citation designation number (optional). 2 Applicant is to place a check mark here if English language Translation is attached.
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your submission of the
attached form related to a patent application or patent. Accordingly, pursuant to the requirements of the Act, please be advised
that: (1) the general authority for the collection of this information is 35 U.S.C. 2(b)(2); (2) furnishing of the information solicited is
voluntary; and (3) the principal purpose for which the information is used by the U.S. Patent and Trademark Office is to process
and/or examine your submission related to a patent application or patent. If you do not furnish the requested information, the
U.S. Patent and Trademark Office may not be able to process and/or examine your submission, which may result in termination
of proceedings or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1.

The information on this form will be treated confidentially to the extent allowed under the Freedom of Information Act (5
U.S.C. 552) and the Privacy Act (5 U.S.C 552a). Records from this system of records may be disclosed to the
Department of Justice to determine whether disclosure of these records is required by the Freedom of Information Act.
A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a
court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of settlement
negotiations.

A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a request
involving an individual, to whom the record pertains, when the individual has requested assistance from the Member
with respect to the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for the
information in order to perform a contract. Recipients of information shall be required to comply with the requirements
of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

A record related to an International Application filed under the Patent Cooperation Treaty in this system of records may
be disclosed, as a routine use, to the International Bureau of the World Intellectual Property Organization, pursuant to
the Patent Cooperation Treaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of
National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or
his/her designee, during an inspection of records conducted by GSA as part of that agency’s responsibility to
recommend improvements in records management practices and programs, under authority of 44 U.S.C. 2904 and
2906. Such disclosure shall be made in accordance with the GSA regulations governing inspection of records for this
purpose, and any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall not be used to make
determinations about individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either publication of the
application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a record may be
disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record was filed in an
application which became abandoned or in which the proceedings were terminated and which application is referenced
by either a published application, an application open to public inspection or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law enforcement
agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

www.uspto.gov

BIB DATA SHEET
CONFIRMATION NO. 9950

SERIAL NUMBER FILING or CLASS GROUP ART UNIT ATTORNEY
371(c) DATE DOCKET NO.
96/000,424 423 3991 28B386WOUS01_495230)
RULE
APPLICANTS |
DORSEY & WHITNEY/ UT GENERAL, Residence Not Provided;
INVENTORS |

11286168, Residence Not Provided;
CASALE SA, SALT LAKE CITY,, UT;
PATENT OWNER, Residence Not Provided;

** CONTINUING DATA *****ersnrririkkssariirrk
This application is a SER of 16/485,695 08/13/2019 PAT 11286168
which is a 371 of PCT/EP2018/052358 01/31/2018

*k FOREIGN APPLICATIONS kkkkkhkhkkkhkkkhkhkkkkkkkkk
EUROPEAN PATENT OFFICE (EPO) 17156256.4 02/17/2017
EUROPEAN PATENT OFFICE (EPO) 17195305.2 10/06/2017

** IF REQUIRED, FOREIGN FILING LICENSE GRANTED ** ** SMALL ENTITY **

Foreign Priority claimed Oves Ao | STATE OR SHEETS TOTAL |INDEPENDENT
3556 119 condtonsmet ] (1, | () it | COUNTRY  |DRAWINGS| CLAIMS CLAIMS
Verified and i
Acknowledged Examiner's Signature ! Initials

ADDRESS

Dorsey & Whitney / UT GENERAL
111 South Main Street

21st Floor

Salt Lake City, UT 84111-2176
UNITED STATES

TITLE
PROCESS FOR THE SYNTHESIS OF AMMONIA WITH LOW EMISSIONS OF CO2IN ATMOSPHERE

U All Fees

U 1.16 Fees (Filing)

FEES: Authority has been given in Paper

FILING FEE ) )
RECEIVED |No. to charge/credit DEPOSIT ACCOUNT || 1:17 Fees (Processing Ext. of time)
0.00 No. for following: 1 1.18 Fees (Issue)
U Other
U Credit

-44

BIB (Rev. 05/07).
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5/2/23, 2:40 PM Assignment Query System

Patent Assignment Abstract of Title

Total Assignments: 1

Application #: 18483833  Filing Dt: 08/13/2019 Patent #: 11258188 Issue Dt 03/29/2022

PLCT #: NONE Inti Reg #: Publication #: US20200055738 Pub DE: 02/20/2020
Inventors: Francesco Baratto, Raffasie Ostuni
Title: PROCESS FOR THE SYNTHESIS OF AMMONIA WITH LOW EMISSIONS OF CQZIN ATMOSPHERE

Assignment:
L Received: Recorded: Mailed: Pages:
Reel/Frame: 09/27/2019 09/27/2019 09/30/2019 4
Conveyance: ASSIGNMENT OF ASSIGNORS INTEREST (SEE DOCUMENT FOR DETAILS).
Assignors: BARATIQ, FANCESCO Exec Dt 08/28/2019
QSTUNL BAFFAELE Exec Dt 08/28/2019

Assignee: CATALE S8
VIA POCOBELLI 6
LUGANO, SWITZERLAND 6300
Correspondent: DORSEY & WHITNEY LLP
111 SOUTH MAIN STREET
SUITE 2100
SALT LAKE CITY, UT 84111

Search Results as of: 05/02/2023 02:40 P
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWWw.uspto.gov

| APPLICATION NO. | FILING DATE FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. CONFIRMATION NO.
96/000,424 04/26/2023 11286168 283386WOUSO1_495230-44 9950
116407 7590 05/11/2023 | EXAMINER
Dorsey & Whitney / UT GENERAL
111 South Main Street JOHNSON, JERRY D
21st Floor
Salt Lake City, UT 84111-2176 | ART UNIT | paperNUMBER
3991
| MAIL DATE | DELIVERY MODE
05/11/2023 PAPER

Please find below and/or attached an Office communication concerning this application or proceeding.

The time period for reply, if any, is set in the attached communication.

PTOL-90A (Rev. 04/07)
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Application/Control Number: 96/000,424 Page 1
Art Unit: 3991

Noftice of Pre-AIA or AIA Status
The 11,268,168 patent was examined under the first inventor to file provisions of the

AIA.

Decision on Supplemental Examination Request
A substantial new question of patentability affecting claims 1-23 of United States Patent
Number 11,268,168 (“the ‘168 patent”) to Baratto et al. is raised by the present Request for

Supplemental Examination filed on April 26, 2023.

Request

Supplemental Examination is requested for claims 1-26 of the ‘168 patent in light of the
following item of information:

(1) Noelker, et al., “Autothermal Reforming: A Flexible Syngas Route with Future

potential,” Prepared for Presentation at NITROGEN & SYNGAS 2010 International

Conference, Bahrain, 28 February -3 March 2010, pp. 1-20. (Noelker)

(2) U.S. Patent No. 8,137,422 to Licht, et al. (Licht ‘422)

(3) European Patent No. 2 817 260 B1 to Fillippi, et al. (Fillippi)

(4) Shimura, “Urea Product Expansion by Newly Developed CO2 Recovery Process

from Primary Reformer Flue Gas,” Ammonia Technical Manual, Vol. 47, 2006, pp. 237-

246. (Shimura)

(5) Haussinger, et al., “Hydrogen, 3. Purification”, Ullmann’s Encyclopedia of Industrial
Chemistry, Vol. 18,2012, pp. 309-333 (Haussinger)

(6) U.S. Patent Application Publication No. US 2004/0234426 to Reddy, et al. (Reddy)
(7) European Patent No. 1 648 817 B1 to Blumenfeld, et al. (Blumenfeld)

(8) European Patent No. 2 266 922 Al to Licht, et al. (Licht ‘922)
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Art Unit: 3991

(9) “Ammonia; Principles and Industrial Practice”, Wiley-VCH, ISBN 3-527-29593-3,
January 1999, pp. 1-301. (Ammonia)

(10) DE 10 2015 210 803 Al to Gorval, et al. (Gorval ‘803)

(11) DE 10 2014 209 635 A1 to Gorval, et al. (Gorval ‘635)

Scope of Claims
The 168 patent contains claims 1-26 directed to a process for synthesis of ammonia from
natural gas and a method for revamping a plant for synthesis of ammonia. Claims 1 and 21 are
representative:

1. A process for synthesis of ammonia from natural gas, the process comprising:

conversion of a charge of desulphurized natural gas and steam, with
oxygen-enriched air or with oxygen, into a synthesis gas containing hydrogen, CO
and CO2, in a conversion section;

treatment of said synthesis gas including at least a shift reaction of the
carbon monoxide into CO2, and subsequent separation of CO2 from the gas, thus
obtaining a CO2-depleted synthesis gas and a CO2-rich gaseous flow containing
the CO2 separated from the gas;

separation of a part of said CO2-depleted synthesis gas as fuel fraction,
wherein said fuel fraction is fed as fuel to at least one furnace and wherein said
separation of the fuel fraction includes the split of said CO2-depleted synthesis gas
into at least a first stream and second stream, said first and second streams having
the same composition, wherein the first stream forms the fuel fraction and the
second stream is process gas intended for the synthesis of ammonia.

21. A method for revamping a plant for synthesis of ammonia from natural gas or
ammonia/urea plant, wherein the plant includes a reforming section that includes a
primary steam reformer and an air-fired secondary reformer, and a section for
treatment of the synthesis gas by a shift reaction of carbon monoxide into carbon
dioxide, and decarbonation; the method comprising:

providing a flow of enriched air or oxygen and using said flow as oxidant,
instead of air, for the secondary reformer;

separating a part of the synthesis gas, downsteam of decarbonation, for use
as fuel fraction, and allocating a remaining process fraction of the synthesis gas for
ammonia conversion;

feeding said fuel fraction of the gas, which has a reduced CO2 content, as
fuel for at least one furnace of the plant.
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Application/Control Number: 96/000,424 Page 3
Art Unit: 3991

Prosecution History
The ‘168 patent issued on March 29, 2022 from application Serial No. 16/485,695.
A review of the prosecution history indicates that the ‘695 application was allowed because
the prior art cited therein did not teach “the first and second streams having the same

composition” (November, 18, 2021 Examiner’s Statement of Reasons for Allowance).

Substantial New Question of Patentability

Noelker teaches autothermal reforming for ammonia synthesis comprising oxygen
enriched air or pure oxygen as oxidator (Figure 2).

Licht ‘422 teaches steam-hydrocarbon reforming with reduced carbon dioxide emissions
wherein a portion of the hydrogen-containing product gas is fed to the reformer furnace (col. 5,
lines 27-56).

Fillippi teaches a process for producing ammonia synthesis gas from a hydrocarbon
source in an autothermal reformer or in a partial oxidation reactor using oxygen or enriched air.
([0018], [0024]).

Shimura teaches a process for producing ammonia wherein excess synthesis gas is
withdrawn from the outlet of the methanator and fired in the reformer (page 239, Figures 1 & 4).

Haussinger discusses processes of producing and purifying hydrogen.

Reddy teaches a process of producing ammonia wherein synthesis gas is withdrawn from
the outlet of the methanator and is fed into the burner of the reformer ([0025], Figures 3 and 6).

Blumenfeld teaches a process of producing hydrogen from a methane-containing gas

wherein CO2 depleted synthesis gas is separated by pressure swing adsorption into a product gas
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stream and a waste stream and the waste stream is fed to the combustion chamber of the reformer
(Claim 1, Figure 1).

Licht ‘922 is the corresponding European Patent Application of Licht ‘422.

Ammonia discusses the development and synthesis of ammonia.

Gorval ‘803 teaches a process for reforming a gas mixture comprising hydrocarbons,
oxygen and water in an autothermal reformer at a steam/carbon molar ratio in the range of 0.1 to
2.5 (page 1)

Gorval ‘635 teaches a process for producing synthesis gas in an autothermal reformer
(page 1).

There is a substantial likelihood that a reasonable examiner would consider Licht ‘422,
Licht ‘922, Shimura and Reddy important in deciding whether or not claims 1-23 were
patentable. Accordingly, Licht ‘422, Licht ‘922, Shimura and Reddy raise a substantial new
question of patentability as to claims 1-23.

Signed:

/JERRY D JOHNSON/

Patent Reexam Specialist

Central Reexamination Unit 3991
/Alan Diamond/

Patent Reexamination Specialist
Central Reexamination Unit 3991
/Jean C. Witz/

Supervisory Patent Reexamination Specialist
Central Reexamination Unit 3991
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWWw.uspto.gov

| APPLICATION NO. | FILING DATE FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. CONFIRMATION NO.
96/000,424 04/26/2023 11286168 283386WOUSO1_495230-44 9950
116407 7590 05/11/2023 | EXAMINER
Dorsey & Whitney / UT GENERAL
111 South Main Street JOHNSON, JERRY D
21st Floor
Salt Lake City, UT 84111-2176 | ART UNIT | paperNUMBER
3991
| MAIL DATE | DELIVERY MODE
05/11/2023 PAPER

Please find below and/or attached an Office communication concerning this application or proceeding.

The time period for reply, if any, is set in the attached communication.

PTOL-90A (Rev. 04/07)
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a» SUPPLEMENTAL EXAMINATION CERTIFICATE

United States Patent (1) Number:  US 11,286,168 F1
Barratto et al. 4s) Certificate Issued: May 11, 2023
Control No.: 96/000,424 Filing Date: Apr. 26, 2023

Primary Examiner: Jerry D Johnson

A substantial new question of patentability affecting at least one claim of the patent is raised in the request for
supplemental examination. See the Reasons for Substantial New Question of Patentability Determination in the file of
this proceeding.Accordingly, ex parte re-examination will be ordered pursuant to 35 U.S.C 257.

(56) Items of Information

U.S. PATENT DOCUMENTS
8,137,422 3/2012 Licht et al.
2004/0234426 11/2004 Reddy et al.

FOREIGN PATENT DOCUMENTS

EP 2 817 260 B1 12/2014

EP 1648 817 Bl 4/2006

EP 2266 922 Al 6/2009

DE 102015210 803 Al 6/2015

DE 1023014 209 6356 A1 5/2014
OTHER DOCUMENTS

"Ammonia; Principles and Industrial Practice”, Wiley-VCH, ISBN 3-527-29593-3, January 1999, pp. 1-301.

Noelker, et al., “Autothermal Reforming: A Flexible Syngas Route with Future potential,” Prepared for Presentation at
NITROGEN & SYNGAS 2010 International Conference, Bahrain, 28 February -3 March 2010, pp. 1-20.

Shimura, “Urea Product Expansion by Newly Developed CO2 Recovery Process from Primary Reformer Flue Gas,”
Ammonia Technical Manual, Vol. 47, 2006, pp. 237-246.

Hiussinger, et al., “Hydrogen, 3. Purification”, Ullmann’s Encyclopedia of Industrial Chemistry, Vol. 18, 2012, pp. 309-
333.
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UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWWw.uspto.gov

| APPLICATION NO. | FILING DATE FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. CONFIRMATION NO.
96/000,424 04/26/2023 11286168 283386WOUS01_495230-44 9950
116407 7590 06/28/2023 | EXAMINER
Dorsey & Whitney / UT GENERAL
111 South Main Street JOHNSON, JERRY D
21st Floor
Salt Lake City, UT 84111-2176 | ART UNIT | paperNUMBER
3991
| MAIL DATE | DELIVERY MODE
06/28/2023 PAPER

Please find below and/or attached an Office communication concerning this application or proceeding.

The time period for reply, if any, is set in the attached communication.

PTOL-90A (Rev. 04/07)
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Control No. Patent Under Reexamination
Ex Parte Reexamination Ordered Pursuant | 2°/000:424 11286168
1035 US8.C. 257 Examiner Art Unit AIA (FITF) Status
Jerry D Johnson 3991 Yes

--The MAILING DATE of this communication appears on the cover sheet with the correspondence
address--

The supplemental examination proceeding filed on 04/26/2023, concluded with the issuance of the
supplemental examination certificate on 11 May 2023. The certificate indicated that one or more
items of information submitted as part of the request for supplemental examination raises a
substantial new question of patentability. See the Reasons for Substantial New Question of
Patentability Determination in the file of this proceeding.

Accordingly, ex parte reexamination of claim(s) 1-23 of U.S. Patent No. 11,268,168 is ordered.
See 35 U.S.C. 257(b) and 37 CFR 1.625(b). This ex parfe reexamination proceeding is hereby
initiated by the mailing of this order. £x parfe reexamination under 35 U.S.C. 257 will be
conducted in accordance with 37 CFR 1.530 through 1.570, which govern ex parfe reexamination,
subject to the exceptions enumerated in 37 CFR 1.625(d), and, in addition, to the exception that a
patent owner's statement, including any amendment, under 37 CFR 1.530(a)-(c) may not be filed.
For this reason, no amendment in an ex parte reexamination proceeding ordered under 35 U.S.C.
257 may be filed until after the mailing of a first Office action on the merits.

This reexamination proceeding has been assigned to the art unit listed above. All future
correspondence should be directed to the assigned art unit and should be identified by the control
number listed above, which is identical to the control number assigned to the now-concluded
supplemental examination proceeding.

/{JEAN C WITZ/ /ALAN D DIAMOND/ /[JERRY D JOHNSON/
Supervisory Patent Examiner, Art Patent Reexam Spec., CRU 3991 Patent Reexam Spec., CRU 3991
Unit 3991

U.S. Patent and Trademark Office
PTOL-2302 (Rev. 08-12) Office Action in Ex Parte Reexamination Part of Paper No. 20230626
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWWw.uspto.gov

| APPLICATION NO. | FILING DATE FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. CONFIRMATION NO.
96/000,424 04/26/2023 11286168 283386WOUSO1_495230-44 9950
116407 7590 07/07/2023 | EXAMINER
Dorsey & Whitney / UT GENERAL
111 South Main Street JOHNSON, JERRY D
21st Floor
Salt Lake City, UT 84111-2176 | ART UNIT | paperNUMBER
3991
| MAIL DATE | DELIVERY MODE
07/07/2023 PAPER

Please find below and/or attached an Office communication concerning this application or proceeding.

The time period for reply, if any, is set in the attached communication.

PTOL-90A (Rev. 04/07)
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Control No. Patent Under Reexamination
96/000,424 11286168

Office Action in Ex Parte Reexamination Examiner ArtUnit | AIA (FITF) Status
Jerry D Johnson 3991 Yes

-- The MAILING DATE of this communication appears on the cover sheet with the correspondence address --

a. [J Responsive to the communication(s) filed on
(O A declaration(s)/affidavit(s) under 37 CFR 1.130(b) was/were filed on .

b. (J This action is made FINAL.
c. dJ A statement under 37 CFR 1.530 has not been received from the patent owner.

A shortened statutory period for response to this action is set to expire 2 month(s) from the mailing date of this letter.

Failure to respond within the period for response will result in termination of the proceeding and issuance of an ex parfe reexamination
certificate in accordance with this action. 37 CFR 1.550(d). EXTENSIONS OF TIME ARE GOVERNED BY 37 CFR 1.550(c).

If the period for response specified above is less than thirty (30} days, a response within the statutory minimum of thirty (30) days

will be considered timely.

Part| THE FOLLOWING ATTACHMENT(S) ARE PART OF THIS ACTION:
1. Notice of References Cited by Examiner, PTO-892. 3.0 Interview Summary, PTO-474.
2. O Information Disclosure Statement, PTO/SB/08. 4.0 .
Part Il SUMMARY OF ACTION
1a. Claims 1-23 are subject to reexamination.
1b.

2.

Claims ___ are not subject to reexamination.

Claims _____ have been canceled in the present reexamination proceeding.
Claims 13 and 18 are patentable and/or confirmed.

Claims 1-12,14-17 and 19-23 are rejected.

Claims are objected to.
The drawings, filed on are acceptable.

The proposed drawing correction, filed on has been (7a) (3 approved (7by [ disapproved.

ROoOODOOREOOW

® N o g~ ©

Acknowledgment is made of the priority claim under 35 U.S.C. 119(a)-(d) or (f).
a) M Al by [ Some* ¢) [ONone of the certified copies have
1 [J been received.
2 [ not been received.
3 been filed in Application No. 16/485,695.
4 (J been filed in reexamination Control No. .
5 [J been received by the International Bureau in PCT application No.
* See the attached detailed Office action for a list of the certified copies not received.

9. (O Since the proceeding appears to be in condition for issuance of an ex parie reexamination certificate except for formal
matters, prosecution as to the merits is closed in accordance with the practice under Ex parte Quayle, 1935 C.D.
11, 453 O.G. 213.

10. (O Other:

cc: Requester (if third party requester)

U.S. Patent and Trademark Office
PTOL-466 (Rev. 08-13) Office Action in Ex Parte Reexamination Part of Paper No. 20230627
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Application/Control Number: 96/000,424 Page 2
Art Unit: 3991

Notice of Pre-AIA or AIA Status
The 11,268,168 patent was examined under the first inventor to file provisions of the

ATA.

Status of Proceedings

A request pursuant to 35 U.S.C. §257(a) for supplemental examination of claims 1-23 of
U.S. Patent 11,268,168 (“the ‘168 patent”) to Baratto et al. was filed April 26, 2023. A
Substantial New Question of Patentability (SNQ) affecting at least one claim of the ‘168 patent
was identified in the Reasons for SNQ Determination mailed May 11, 2023. A Supplemental
Examination Certificate stating that ex parte reexamination will be ordered pursuant to 35
U.S.C. §257 issued on May 11, 2023.

In accordance with 37 CFR §1.625(d), this ex parte reexamination will be conducted in

accordance with 37 CFR §§ 1.530 through 1.570, with a few exceptions enumerated in 37 CFR

§1.625(d)(1) — (d)(4).

Scope of Claims
The ‘492 patent contains claims 1-23. Claims 1 and 21 are representative:

1. A process for synthesis of ammonia from natural gas, the process comprising:

conversion of a charge of desulphurized natural gas and steam, with oxygen-
enriched air or with oxygen, into a synthesis gas containing hydrogen, CO
and CO?2, in a conversion section;

treatment of said synthesis gas including at least a shift reaction of the carbon
monoxide into CO2, and subsequent separation of CO2 from the gas, thus
obtaining a CO2-depleted synthesis gas and a CO2-rich gaseous flow
containing the CO2 separated from the gas;

separation of a part of said CO2-depleted synthesis gas as fuel fraction, wherein
said fuel fraction is fed as fuel to at least one furnace and wherein said
separation of the fuel fraction includes the split of said CO2-depleted
synthesis gas into at least a first stream and a second stream, said first and
second streams having the same compositions, wherein the first stream
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forms the fuel fraction and the seconds stream is process gas intended for
the synthesis of ammonia.

21. A method for revamping a plant for synthesis of ammonia from natural gas or
ammonia/urea plant, wherein the plant includes a reforming section that includes a
primary steam reformer and an air-fired secondary reformer, and a section for
treatment of the synthesis gas by a shift reaction of carbon monoxide into carbon
dioxide, and decarbonation; the method comprising:
providing a flow of enriched air or oxygen and using said flow as oxidant, instead
of air, for the secondary reformer;
separating a part of the synthesis gas, downstream of decarbonation, for use as
fuel fraction, and allocating a remaining process fraction of the synthesis gas
for ammonia conversion’
feeding said fuel fraction of the gas, which has a reduced CO2 content, as fuel
for at least one furnace of the plant.

While the preamble of independent claim 1 recites “A process for synthesis of
ammonia from natural gas”, claim 1 does not require that ammonia is produced. In fact,
claim 1 specifically states “the second stream is process gas intended for the synthesis of
ammonia.” According, the preamble “A process for synthesis of ammonia from natural

gas” is an intended result and not a limitation of the claim.

35USC § 102
The following is a quotation of the appropriate paragraphs of 35 U.S.C. 102 that form the

basis for the rejections under this section made in this Office action:

A person shall be entitled to a patent unless —

(a)(1) the claimed invention was patented, described in a printed publication, or in public use, on sale,
or otherwise available to the public before the effective filing date of the claimed invention.

35USC § 103
The following is a quotation of 35 U.S.C. 103 which forms the basis for all obviousness

rejections set forth in this Office action:
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A patent for a claimed invention may not be obtained, notwithstanding that the claimed invention is not
identically disclosed as set forth in section 102, if the differences between the claimed invention and the
prior art are such that the claimed invention as a whole would have been obvious before the effective
filing date of the claimed invention to a person having ordinary skill in the art to which the claimed
invention pertains. Patentability shall not be negated by the manner in which the invention was made.

In the event the determination of the status of the application as subject to AIA 35 U.S.C.
102 and 103 (or as subject to pre-AIA 35 U.S.C. 102 and 103) is incorrect, any correction of the
statutory basis for the rejection will not be considered a new ground of rejection if the prior art

relied upon, and the rationale supporting the rejection, would be the same under either status.

I. Claims 1-4, 8-11, 17 and 20 are rejected under 35 U.S.C. 102(a)(1) as being anticipated
by U.S. Patent No. 8,137,422 to Licht et al. (Licht ‘422).

Licht ‘422 teaches a process for producing a hydrogen-containing product gas with
reduced carbon dioxide emissions compared to conventional hydrogen production processes.
The process may optionally include reforming in a prereformer and/or an oxygen secondary
reformer (abstract). The process comprising (a) introducing a process stream comprising steam
and at least one hydrocarbon selected from, inter alia, methane and natural gas (column 3, line
41) in a reformer furnace to form a reformate stream comprising hydrogen, carbon monoxide,
methane and steam; (b) reacting the reformate steam in the presence of a shift catalyst to form a
second process stream comprising carbon dioxide, hydrogen, carbon monoxide and methane; (c)
scrubbing the second process stream with a wash steam to form a carbon dioxide-depleted stream
and a carbon dioxide-loaded wash steam; (d) separating the carbon dioxide-depleted stream to
form hydrogen-containing product gas and by-product gas comprising methane and carbon
monoxide; (e ) introducing a portion of the by-product gas into the process steam at a location

upstream of the reformer; and (f) combusting a fuel gas comprising a portion of the hydrogen-
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containing product gas in the reformer furnace, optionally a portion of the by-product gas, and
optionally a supplementary fuel in the reformer furnace (column 1, lines 31-67). The fuel
portion may be between 10% and 30% of the total amount of the CO> depleted syngas (Table 4).
The process includes introducing an oxygen-rich gas into the reformate stream (column 2, lines
13-17) wherein the oxygen-rich gas has an oxygen concentration of 98 to 100 percent by volume

(column 7, lines 38-40).

IL. Claims 5 and 6 are rejected under 35 U.S.C. 103 as being unpatentable over Licht ‘422 as
applied to claims 1-4, 8-11, 17 and 20 above, and further in view of U.S. Patent Application
Publication No. US 2004/0234426 to Reddy et al. (Reddy).

Licht ‘422 differs from claims 5 and 6 in not teaching a methanation process step.

Reddy teaches that in a typical ammonia plant configuration, after carbon dioxide is
removed, residual carbon monoxide and carbon dioxide are almost completely eliminated in a
methanator ([0003], [0024]-[0025]).

It would have been obvious to one having ordinary skill in the art before the effective
filing date of the claimed invention to include a step for methanation in the process of Licht ‘422
so as to remove residual carbon monoxide and carbon dioxide in the synthesis gas and improve
the output of the process. As to claim 6, it would have been obvious to separate the fuel fraction
of Licht ‘422 prior to the methanation process so as to reduce the demand on the methanation

process and eliminate methanation of synthesis gas that is consumed as fuel.
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III.  Claims 7, 12 and 14-16 are rejected under 35 U.S.C. 103 as being unpatentable over
Licht ‘422 as applied to claims 1-4, 8-11, 17 and 20 above, and further in view of “Ammonia:
Principles and Industrial Practice” (hereafter “Ammonia”).

Licht ‘422 differs from the claims in not disclosing the CO> concentration in the carbon
dioxide-depleted stream, nitrogen wash of the carbon dioxide-depleted stream, or the
steam/carbon (S/C) ratio in the conversion step.

Ammonia, Table 33 on page 136, discloses that CO2 concentration in the carbon dioxide-
depleted stream is reduced to 0.1% in a purified synthesis gas. Ammonia, pages 143-144 teaches
that a liquid nitrogen wash is used to remove impurities and also to supply some or all of the
nitrogen required for ammonia synthesis. On page 77, Ammonia teaches that “[m]odern natural
gas based plants with a conventional primary reformer use a S/C ratio of around 3.0, compared to
values of 3.5-4.0 in older installations.”

It would have been obvious to one having ordinary skill in the art before the effective
filing date of the claimed invention to use a S/C ratio of around 3.0; to reduce the CO2
concentration in the carbon dioxide-depleted stream to 0.1%; and to include a liquid nitrogen gas
wash to remove impurities and to supply some or all of the nitrogen required for ammonia
synthesis in a process as taught by Licht ‘422 because Ammonia discloses that the claimed S/C

ratio, CO2 concentration, and liquid nitrogen wash are conventionally used in the art.

IV. Claims 1, 11, 14, 15, 16 and 19 are rejected under 35 U.S.C. 103 as being unpatentable
over of EP 2 817 260 (EP ‘260) in view of Licht ‘422.
EP 422 teaches a process for synthesis of ammonia from natural gas by partial oxidation

in an oxygen-fired reactor with steam which is either an autothermal reformer or a partial
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oxidation reactor [0048]. The reactor effluent is directed to a medium temperature shift reactor
to remove residual carbon oxides and methane [0050]. Upstream removal of CO2 is an option
feature, in a first option, CO2 is removed from shift reactor effluent prior to a PSA unit. In a
second option, CO2 is removed from the fuel gas to obtain a purified fuel gas [0054]. The air
and/or steam, or the mixture thereof, is conventionally heated prior to reaction with the natural
gas feedstock (see U.S. Patent 4,725,380 cited in [0013] of the ‘168 patent).

EP ‘269 differs from the claims in not teaching that the fuel gas is used as fuel in at least
one furnace of the plant.

Licht ‘422 teaches using purified fuel gas from a hydrogen synthesis as fuel and because
the fuel gas comprises hydrogen in an amount greater than conventional reformer furnace fuels,
the flue gas will contain a reduced amount of carbon dioxide compared to conventional reformer
furnaces (column 5, lines 34-38).

It would have been obvious to one having ordinary skill in the art before the effective
filing date of the claimed invention to use the fuel gas taught by EP ‘269 to preheat the air and/or
steam, or the mixture thereof, prior to reaction with the natural gas feedstock in the reactor, so as
to reduce the amount of carbon dioxide produced compared to conventional fuels as taught by

Licht ‘422.

V. Claims 21 and 23 are rejected under 35 U.S.C. 103 as being unpatentable over the
admitted prior art in view of Licht ‘422.

Under the section “PRIOR ART”, the ‘168 patent teaches that in prior art ammonia
synthesis plants, desulphurized natural gas undergoes reforming, resulting in a gas containing

essentially hydrogen, carbon monoxide and carbon dioxide. Said gas then undergoes a shift
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reaction which converts CO into CO2, removal of CO2 (decarbonation) and preferably
methanation. The reforming process, in a common type of plant, comprises primary steam
reforming and a subsequent catalytic air-fired secondary reforming. The above described
ammonia plant results in significant emissions of CO2 into the atmosphere (column 1, lines 10-
42).

Licht ‘422 teaches there is growing pressure to reduce carbon dioxide emissions from
industrial processes and that a large hydrogen production plant may be considered a significant
source of carbon dioxide (column 1, lines 5-10).

Licht ‘422 teaches a process for producing a hydrogen-containing product gas with
reduced carbon dioxide emissions compared to conventional hydrogen production processes.
The process may optionally include reforming in a prereformer and/or an oxygen secondary
reformer (abstract). The process comprising (a) introducing a process stream comprising steam
and at least one hydrocarbon selected from, inter alia, methane and natural gas (column 3, line
41) in a reformer furnace to form a reformate stream comprising hydrogen, carbon monoxide,
methane and steam; (b) reacting the reformate steam in the presence of a shift catalyst to form a
second process stream comprising carbon dioxide, hydrogen, carbon monoxide and methane; (c)
scrubbing the second process stream with a wash steam to form a carbon dioxide-depleted stream
and a carbon dioxide-loaded wash steam; (d) separating the carbon dioxide-depleted stream to
form hydrogen-containing product gas and by-product gas comprising methane and carbon
monoxide; (e ) introducing a portion of the by-product gas into the process steam at a location
upstream of the reformer; and (f) combusting a fuel gas comprising a portion of the hydrogen-
containing product gas in the reformer furnace, optionally a portion of the by-product gas, and

optionally a supplementary fuel in the reformer furnace (column 1, lines 31-67). The fuel

Topsoe, Inc. — EX1003
Page 601 of 1210



Application/Control Number: 96/000,424 Page 9
Art Unit: 3991

portion may be between 10% and 30% of the total amount of the CO> depleted syngas (Table 4).
The process includes introducing an oxygen-rich gas into the reformate stream (column 2, lines
13-17) wherein the oxygen-rich gas has an oxygen concentration of 98 to 100 percent by volume
(column 7, lines 38-40). Because the fuel gas comprises hydrogen in an amount greater than
conventional reformer furnaces, the flue gas will contain a reduced amount of carbon dioxide
compared to conventional reformer furnaces (column 5, lines 34-38).

It would have been obvious to one having ordinary skill in the art before the effective
filing date of the claimed invention to modify an existing, prior art ammonia synthesis plant as
taught by the 168 patent’s admitted prior art, to a process providing enriched air or oxygen for
secondary reforming wherein a fuel fraction of the product gas is fed to the reformer furnace so

as to reduce the CO2 production of the plant as taught by Licht ‘422.

VI.  Claim 22 is rejected under 35 U.S.C. 103 as being unpatentable over the admitted prior
art in view of Licht ‘422 as applied to claims 21 and 23 above, and further in view of EP ‘260.

The admitted prior art in view of Licht ‘422 differs from claim 22 in not teaching using
nitrogen from the air separation unit to obtain the desired hydrogen to nitrogen ratio in an
ammonia synthesis process.

EP 260 teaches producing a nitrogen stream from the air separation unit (ASU) which is
used to adjust the hydrogen to nitrogen ratio in the process [0025].

It would have been obvious to one having ordinary skill in the art before the effective
filing date of the claimed invention to use an ASU in a process as taught by Licht ‘422 to adjust
the hydrogen to nitrogen ratio in a process of synthesizing ammonia as taught by the admitted

prior art in view of Licht ‘422.
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Claims Allowed
Claims 13 and 18 are allowed. The following is a statement of reasons for the indication
of allowable subject matter: The cited prior art does not teach heating and using the
CO2-depleted stream for mechanical work as in claim 13, or regulation of the conversion section
by modulating the quantity of fuel fraction directed to the conversion section along with

exporting a portion of the fuel fraction from the process as in claim 18.

Conclusion
In order to ensure full consideration of any amendments, affidavits or declarations, or
other documents as evidence of patentability, such documents must be submitted in response to
this Office action. Submissions after the next Office action, which is intended to be a final
action, will be governed by the requirements of 37 CFR 1.116, after final rejection and 37 CFR

41.33 after appeal, which will be strictly enforced.

Duty to Disclose
The patent owner is reminded of the continuing responsibility under 37 CFR 1.565(a) to
apprise the Office of any litigation activity, or other prior or concurrent proceeding, involving

Patent No. 11,286,168 throughout the course of this reexamination proceeding.

Correspondence
Any inquiry concerning this communication or earlier communications from the
specialist should be directed to Jerry Johnson whose telephone number is 571-272-1448. The

specialist can normally be reached on Monday through Thursday from 5:30 am to 3:00 pm and
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Fridays from 5:30 am to 9:30 am. If the attempts to reach the specialist are unsuccessful, the
specialist's supervisor, Jean Witz can be reached by dialing 571-272-0927.

Information regarding the status of an application may be obtained from the Patent
Application Information Retrieval (PAIR) system. Status information for published applications
may be obtained from either Private PAIR or Public PAIR. Status information for unpublished
applications is available through Private PAIR only. For more information about the PAIR
system, see http://pair-direct.uspto.gov. Should you have questions on access to the Private PAIR
system, contact the Electronic Business Center (EBC) at 866-217-9197 (toll-free).

All correspondence relating to this ex parte reexamination proceeding should be directed:

By EFS: Registered users may submit via the electronic filing system EFS-Web

at hitps:/fefs.uspin.goviefile/mypontaliefs-repistered

By Mail to: Mail Stop Ex Parte Reexam
Central Reexamination Unit
Commissioner for Patents
United States Patent & Trademark Office
P.O. Box 1450
Alexandria, VA 22313-1450

By FAX to: (571) 273-9900
Central Reexamination Unit

By hand: Customer Service Window
Randolph Building
401 Dulany Street
Alexandria, VA 22314

Signed:

/JERRY D JOHNSON/
Patent Reexamination Specialist
Central Reexamination Unit 3991

/Alan Diamond/ /Jean C. Witz/
Patent Reexamination Specialist Supervisory Patent Reexamination Specialist
Central Reexamination Unit 3991  Central Reexamination Unit 3991
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(" AUTHORIZATION FOR INTERNET
COMMUNICATIONS IN A PATENT
APPLICATION OR REQUEST TO
WITHDRAW AUTHORIZATION FOR
INTERNET COMMUNICATIONS

Application No. 96/000,424 \
Filing Date April 26, 2023

First Named Inventor 11286168

Art Unit 3991

Examiner Name

Jerry D. Johnson

Practitioner Docket No.

283386WOUSO1i495230-44

To: Commissioner for Patents
P.O. Box 1450
Alexandria, VA 22313-1450

I. To authorize permission for Internet Communications.

Recognizing that Internet communications are not secure, | hereby authorize the USPTO to communicate
with the undersigned and practitioners in accordance with 37 CFR 1.33 and 37 CFR 1.34 concerning any subject
matter of this application via video conferencing, instant messaging, or electronic mail. | understand that a copy

of these communications will be made of record in the application file. (MPEP 502.03)

Il. To withdraw authorization for Internet Communications.

|:| The authorization given on

| am the

I:] applicant.

IE attorney or agent of record. Registration number

|:| attorney or agent acting under 37 CFR 1.34. Registration number

/Marcus S. Simon, Reg.# 50258/

, to the USPTO to communicate with the undersigned
and any practitioner in accordance with 37 CFR 1.33 and 37 CFR 1.34 concerning any subject matter of this
application via Internet communications such as video conferencing, instant messaging, or electronic mail is
hereby withdrawn. | understand that the withdrawal is effective when approved rather than when received.

50258

July 26, 2023

Signature

Marcus S. Simon

Date

801-933-7360

Typed or printed name

NOTE: This form must be signed in accordance with 37 CFR 1.33. See 37 CFR 1.4 for signature requirements and certifications. Juristic
entities must be represented by a patent practitioner (see 37 CFR 1.31, which is applicable to any paper filed on or after September 16,
2012, that is presented on behalf of a juristic entity, regardless of application filing date). Submit multiple forms if more than one signature

is required, see below*.

@ * Total of 1 forms are submitted.
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with
your submission of the attached form related to a patent application or patent. Accordingly, pursuant to
the requirements of the Act, please be advised that: (1) the general authority for the collection of this
information is 35 U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary; and (3) the
principal purpose for which the information is used by the U.S. Patent and Trademark Office is to process
and/or examine your submission related to a patent application or patent. If you do not furnish the
requested information, the U.S. Patent and Trademark Office may not be able to process and/or examine
your submission, which may result in termination of proceedings or abandonment of the application or
expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1. The information on this form will be treated confidentially to the extent allowed under the
Freedom of Information Act (5 U.S.C. 552) and the Privacy Act (5 U.S.C 552a). Records from
this system of records may be disclosed to the Department of Justice to determine whether
disclosure of these records is required by the Freedom of Information Act.

2. A record from this system of records may be disclosed, as a routine use, in the course of
presenting evidence to a court, magistrate, or administrative tribunal, including disclosures to
opposing counsel in the course of settlement negotiations.

3. Avrecord in this system of records may be disclosed, as a routine use, to a Member of Congress
submitting a request involving an individual, to whom the record pertains, when the individual
has requested assistance from the Member with respect to the subject matter of the record.

4. A record in this system of records may be disclosed, as a routine use, to a contractor of the
Agency having need for the information in order to perform a contract. Recipients of information
shall be required to comply with the requirements of the Privacy Act of 1974, as amended,
pursuant to 5 U.S.C. 552a(m).

5. Arecord related to an International Application filed under the Patent Cooperation Treaty in this
system of records may be disclosed, as a routine use, to the International Bureau of the World
Intellectual Property Organization, pursuant to the Patent Cooperation Treaty.

6. Arecord in this system of records may be disclosed, as a routine use, to another federal agency
for purposes of National Security review (35 U.S.C. 181) and for review pursuant to the Atomic
Energy Act (42 U.S.C. 218(c)).

7. Arecord from this system of records may be disclosed, as a routine use, to the Administrator,
General Services, or his/her designee, during an inspection of records conducted by GSA as
part of that agency’s responsibility to recommend improvements in records management
practices and programs, under authority of 44 U.S.C. 2904 and 2906. Such disclosure shall be
made in accordance with the GSA regulations governing inspection of records for this purpose,
and any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall not be used
to make determinations about individuals.

8. A record from this system of records may be disclosed, as a routine use, to the public after
either publication of the application pursuant to 35 U.S.C. 122(b) or issuance of a patent
pursuant to 35 U.S.C. 151. Further, a record may be disclosed, subject to the limitations of 37
CFR 1.14, as a routine use, to the public if the record was filed in an application which became
abandoned or in which the proceedings were terminated and which application is referenced by
either a published application, an application open to public inspection or an issued patent.

9. Arecord from this system of records may be disclosed, as a routine use, to a Federal, State, or
local law enforcement agency, if the USPTO becomes aware of a violation or potential violation
of law or regulation.
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VIA eFILE PATENT APPLICATION
Docket No. 283386WOUSO01_495230-44

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re patent of )
)
CASALE SA )
)
Control/Serial No.: 96/000,424 )
)
Patent No. 11,286,168 ) Art Unit
) 3991
Issued: March 29, 2022 )
)
Confirmation No.: 9950 )
)
For: PROCESS FOR THE SYNTHESIS OF AMMONIA )
WITH LOW EMISSIONS OF CO2 IN ATMOSPHERE )
)
Examiner: Jerry Johnson )
)
Customer No.: 116407 )

PETITION FOR EXTENTION OF TIME UNDER 37 CFR § 1.550(¢c)

Commissioner for Patents
P.O. Box 1450

Alexandria, VA 22313-1450
Dear Commissioner:

This is a request under the provisions of 37 CFR § 1.550(c) to extend the time period for
filing a reply to the Office Action in the above-identified ex parte reexamination. The current ex
parte reexamination was instituted as a result of a supplemental examination request filed by the
patent owner and, therefore, is considered to be a patent owner requested ex parte reexamination
in which “no cause” extensions of time may be requested. MPEP § 2265.V.

An Office Action in the above Ex Parte Reexamination was issued on July 7, 2023,
having a shortened statutory period for reply set to expire September 7, 2023, subject to
extensions of time under 37 CFR § 1.550(c).

A two (2) month extension of time to increase the period for reply from September 7,
2023, to November 7, 2023, is being requested herewith. The required fee under 37 CFR §
1.17(g) is being paid herewith to permit timely filing of the response.
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Application No. 96/000,424
Petition for Extension of Time dated August 23, 2023
Reply to Office Action dated July 7, 2023

No additional fees are believed to be due. However, should any fees be due, the
Commissioner is hereby authorized to charge payment of any of the following fees that may be

applicable to this communication, or credit any overpayment, to Deposit Account No. 50-6181.

Dated this 23" day of August, 2023.

Respectfully submitted,

[Marcus S. Simon, Reg.# 50258/
MARCUS S. SIMON
Registration No. 50,258
Attorney for Applicant

Dorsey & Whitney LLP
Customer No. 116407
Telephone No. 801.933.7360

MSS: JR: sm
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWWw.uspto.gov

| APPLICATION NO. | FILING DATE FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. CONFIRMATION NO.
96/000,424 04/26/2023 11286168 283386WOUSO1_495230-44 9950
116407 7590 08/25/2023 | EXAMINER
Dorsey & Whitney / UT GENERAL
111 South Main Street JOHNSON, JERRY D
21st Floor
Salt Lake City, UT 84111-2176 | ART UNIT | paperNUMBER
3991
| MAIL DATE | DELIVERY MODE
08/25/2023 PAPER

Please find below and/or attached an Office communication concerning this application or proceeding.

The time period for reply, if any, is set in the attached communication.

PTOL-90A (Rev. 04/07)
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Application No. Applicant(s)
Decision on Petition for Extension 26/000,424 2\ 1 ,2Use,168 B2
. - . . Xaminer rt Unit
of Time in Reexamination Jerry D. JOHNSON 3991

THIS IS A DECISION ON THE PETITION FILED 08/23/23.

THIS DECISION IS ISSUED PURSUANT TO:

A. ] 37CFR 1.550(c) — The time for taking any action by a patent owner in a third party requested ex parte
reexamination proceeding will be extended only for sufficient cause and for a reasonable time specified.

B. X 37CFR 1.550(c) — The time for taking action by a patent owner in a patent owner requested ex parte
reexamination proceeding will only be extended for more than two months for sufficient cause and for a
reasonable time specified.

C. [] 37 CFR 1.956 — The time for taking any action by a patent owner in an infer partes reexamination proceeding
will be extended only for sufficient cause and for a reasonable time specified.

The petition is before the Central Reexamination Unit for consideration.

FORMAL MATTERS: Patent Owner requests that the time period for filing a response to the Non-Final Office action
mailed on 07/07/23, which set a two (2) month period for response (due 09/07/23), be extended by an additional two
(2) months (due 11/07/23).
A. Petition fee per 37 CFR §1.17(9)):

i. IZ Petition includes authorization to debit a deposit account.

i. [] Petition includes authorization to charge a credit card account.

i. [] Other:
B. ] Proper certificate of service was provided. (Not required in reexamination where patent owner is requester.)
C. [X] Petition was timely filed.
D. IZ Petition properly signed.

DECISION (See MPEP 2265 and 2665)

A. IZI Granted or [] Granted-in-part for two (2) additional months. (See 37 CFR 1.550(c) and 37 CFR 1.956).
i. X Other/comment: See CONCLUSION below.

B. [ ] Dismissed because:
i. [ Formal matters (See unchecked box(es) (A, B, C and/or D) in section 4 above).

i. [] Petitioner failed to provide a factual accounting of reasonably diligent behavior by all those
responsible for preparing a response to the outstanding Office action within the statutory time period.

iii. [] Petitioner failed to explain why, in spite of the action taken thus far, the requested additional time is
needed.

iv. [] The statements provided fail to establish sufficient cause to warrant extension of the time for taking
action (See attached).

v. [] The petition is moot.
vi. [] Other/comment;

CONCLUSION: The 08/23/23 “PETITION FOR EXTENSION OF TIME UNDER 37 CFR § 1.550(c)” is hereby
granted under the “no cause” standard. See MPEP 2265, Roman Numeral V, A. Therefore, the time period for
filing a response to the 07/07/23 Non-Final Office action is extended by two (2) additional months from
09/07/23 to the end of the day on Tuesday, 11/07/23.

Telephone inquiries with regard to this decision should be directed to either QAS Stephen J. Stein at 571-272-1544 or
SPRS Gay Ann Spahn at 571-272-7731 in the CRU.

/Gay Ann Spahn/
Supervisory Patent Reexamination Specialist
Central Reexamination Unit

U.S. Patent and Trademark Office Part of Paper No. 08252023
PTO-2293 (Rev. 11-2013) Decision on Petition for Extension of Time in Reexamination
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWWw.uspto.gov

| APPLICATION NO. | FILING DATE FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. CONFIRMATION NO.
96/000,424 04/26/2023 11286168 283386WOUSO1_495230-44 9950
116407 7590 08/25/2023 | EXAMINER
Dorsey & Whitney / UT GENERAL
111 South Main Street JOHNSON, JERRY D
21st Floor
Salt Lake City, UT 84111-2176 | ART UNIT | paperNUMBER
3991
| MAIL DATE | DELIVERY MODE
08/25/2023 PAPER

Please find below and/or attached an Office communication concerning this application or proceeding.

The time period for reply, if any, is set in the attached communication.

PTOL-90A (Rev. 04/07)
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Control No. Patent Under Reexamination
96/000,424 11286168

Ex Parte Reexamination Interview Summary Examiner A Unit AlA (FITF) Status
Jerry D Johnson 3991 Yes

All participants (USPTO personnel, patent owner, patent owner's representative):

(1) Jerry Johnson (3) Marcus Simon
(2) Alan Diamond; Jean Witz (4) John Rowe

Date of Interview: 21 August 2023

Type: a)@ Telephonic b)[] Video Conference
¢) [0 Personal (copy given to: 1) [J patent owner  2) [J patent owners representative)

Exhibit shown or demonstration conducted: d) (] Yes €)™ No.
If Yes, brief description:

Agreement with respect to the claims f) (] was reached. g) was not reached. h)[J N/A.
Any other agreement(s) are set forth below under "Description of the general nature of what was agreed to..."

Claim(s) discussed: 1-23 .

Identification of prior art discussed: Lichtet al., EP 2 817 260 .

Description of the general nature of what was agreed to if an agreement was reached, or any other comments:
See Continuation Sheet .

(A fuller description, if necessary, and a copy of the amendments which the examiner agreed would render the
claims patentable, if available, must be attached. Also, where no copy of the amendments that would render the
claims patentable is available, a summary thereof must be attached.)

A FORMAL WRITTEN RESPONSE TO THE LAST OFFICE ACTION MUST INCLUDE PATENT OWNER'S
STATEMENT OF THE SUBSTANCE OF THE INTERVIEW. (See MPEP § 2281). IF A RESPONSE TO THE
LAST OFFICE ACTION HAS ALREADY BEEN FILED, THEN PATENT OWNER IS GIVEN ONE MONTH FROM
THIS INTERVIEW DATE TO PROVIDE THE MANDATORY STATEMENT OF THE SUBSTANCE OF THE
INTERVIEW

(37 CFR 1.560(b)). THE REQUIREMENT FOR PATENT OWNERS STATEMENT CAN NOT BE WAIVED.
EXTENSIONS OF TIME ARE GOVERNED BY 37 CFR 1.550(c).

/JEAN C WITZ/ /Alan Diamond/ /JERRY D JOHNSON/
Supervisory Patent Examiner, Art Unit | Patent Reexam Spec., CRU 3991 Patent Reexam Specialist, CRU 3991

cc: Requester (if third party requester)

U.S. Patent and Trademark Office
PTOL-474 (Rev. 04-01) Ex Parte Reexamination Interview Summary Paper No. 20230821
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Continuation Sheet (PTOL-474) Reexam Control No.  96/000,424

Continuation of Description of the general nature of what was agreed to if an agreement was reached, or
any other comments: Discussed the proposed amendments in the interview agenda. The examiners noted
that Licht et al. teaches a secondary reforming reactor which is an autothermal reactor (col. 7, lines 17-28)
and that the use of a prereformer is optional (column 5, line 57 to column 6. line 3). It was also noted that the
process of EP '260 does not include a primary reformer.
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VIA FACSIMILE PATENT APPLICATION
Docket No. 283386WOUS01 495230-44

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re application of CASALE SA )
)
Serial No.: 96/000,424 ) Art Unit
) 3991
Filed: March 29, 2022 )
)
For: PROCESS FOR THE SYNTHESIS OF AMMONIA)
WITH LOW EMISSIONS OF CO2IN )
ATMOSPHERE )
)
Confirmation No.: 3128 )
)
Customer No.: 116407 )
)
Examiner: Jerry Johnson )

INTERVIEW AGENDA AND PROPOSED AMENDMENTS

Dear Examiner Johnson:

Thank you for agreeing to a telephonic interview on August 21, 2023 at 1:00 pm, (ET) to
discuss the above-identified patent application. Please find enclosed proposed amendments to be
discussed during the interview.

Please contact me if you have any questions. Ilook forward to speaking with you.

Dated this 11" day of August, 2023.
Respectfully submitted,

/Marcus S. Simon, Reg.# 50258/
MARCUS S. SIMON
Registration No. 50,258
Attorney for Applicant

Dorsey & Whitney LLP
Customer No. 116407
Telephone: 801.933.7360

4889-3514-3283\1
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Page 2 of 8

PROPOSED AMENDMENTS TO THE CLAIMS

Claim 1 Amendment Proposal - Main

1. (Proposed to be Amended) A process for synthesis of ammonia from natural gas, the
process comprising:
conversion of a charge of desulphurized natural gas and steam, with oxygen-enriched air
or with oxygen, into a synthesis gas containing hydrogen, CO and CO2, in a conversion section;
treatment of said synthesis gas including at least a shift reaction of the carbon monoxide
into CO2, and subsequent separation of CO2 from the gas, thus obtaining a CO2-depleted
synthesis gas and a CO2-rich gaseous flow containing the CO2 separated from the gas;

addition of nitrogen to the synthesis gas;

separation of a part of said CO2-depleted synthesis gas as fuel fraction, wherein said fuel
fraction is fed as fuel to at least one furnace and wherein said separation of the fuel fraction
includes the split of said CO2-depleted synthesis gas into at least a first stream and a second
stream, said first and second streams having the same composition, wherein the first stream
forms the fuel fraction and the second stream is process gas intended for the synthesis of

ammonia.

It is proposed that claim 1 be amended to incorporate a portion of granted dependent
claim 5. In the Office Action, the PTO acknowledged Licht (U.S. Patent No. 8,137,422) does not
disclose “addition of nitrogen to the synthesis gas.” Even assuming, arguendo, either of Reddy
(U.S. Patent Application Publication No. 2004/0234426) or EP 2817260 (“EP ‘260”) disclose
“addition of nitrogen to the synthesis gas,” one of ordinary skill in the art would not be motivated
to combine such a teaching with the system of Licht. As Licht is directed to hydrogen
production, one of ordinary skill in the art would have no motivation to add nitrogen to a system
focused on hydrogen production. At a minimum, such a modification would render the system

of Licht unsatisfactory for its intended purpose.

4889-3514-3283\1
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Claim 1 Amendment Proposal — Auxiliary #1

1. (Proposed to be Amended) A process for synthesis of ammonia from natural gas, the
process comprising;
conversion of a charge of desulphurized natural gas and steam, with oxygen-enriched air
or with oxygen, into a synthesis gas containing hydrogen, CO and CO?2, in a conversion section;
treatment of said synthesis gas including at least a shift reaction of the carbon monoxide
into CO2, and subsequent separation of CO2 from the gas, thus obtaining a CO2-depleted
synthesis gas and a CO2-rich gaseous flow containing the CO2 separated from the gas;

addition of nitrogen to the synthesis gas:

separation of a part of said CO2-depleted synthesis gas as fuel fraction, wherein said fuel
fraction is fed as fuel to at least one furnace and wherein said separation of the fuel fraction
includes the split of said CO2-depleted synthesis gas into at least a first stream and a second
stream, said first and second streams having the same composition, wherein the first stream
forms the fuel fraction and the second stream is process gas intended for the synthesis of
ammonia,

wherein the conversion of the charge of desulphurized natural gas includes a step of

autothermal reforming or a step of partial oxidation.

It is alternatively proposed that claim 1 be amended to incorporate a portion of granted
dependent claim 5 and a portion of granted dependent claim 19. As provided above, the PTO has
not demonstrated that the cited references disclose “addition of nitrogen to the synthesis gas.”

With respect to granted dependent claim 19, the PTO acknowledged that Licht does not
disclose “wherein the conversion of the charge of desulphurized natural gas includes a step of
autothermal reforming or a step of partial oxidation,” but asserted that EP 2817260 (“EP ‘2607)
teaches “a process for synthesis of ammonia from natural gas by partial oxidation in an oxygen-
fired reactor with steam which is either an autothermal reformer or a partial oxidation reactor

[0048].” Office Action, p. 6-7. Even assuming, arguendo, EP ‘260 discloses a step of autothermal

reforming or a step of partial oxidation, the alleged disclosures are steps without a primary
reformer. For example, paragraph [0018], lines 17-19; paragraph [0019]; and claim 1 of EP ‘260
expressly describe partial oxidation “without a step of primary reforming.” Applicant notes the
secondary reformer in Licht is not an autothermal reformer. Accordingly EP’260 teaches away

from being combined with Licht because EP ‘260 discloses that there is no primary reformer,

4889-3514-3283\1
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while Licht appears to disclose the hydrogen-containing product gas is used as fuel precisely in

the primary reformer that must be absent from EP ‘260.

Claim 1 Amendment Proposal — Auxiliary #2

1. (Proposed to be Amended) A process for synthesis of ammonia from natural gas, the
process comprising:
conversion of a charge of desulphurized natural gas and steam, with oxygen-enriched air
or with oxygen, into a synthesis gas containing hydrogen, CO and CO2, in a conversion section;
treatment of said synthesis gas including at least a shift reaction of the carbon monoxide
into CO2, and subsequent separation of CO2 from the gas, thus obtaining a CO2-depleted
synthesis gas and a CO2-rich gaseous flow containing the CO2 separated from the gas;

addition of nitrogen to the synthesis gas;

separation of a part of said CO2-depleted synthesis gas as fuel fraction, wherein said fuel
fraction is fed as fuel to at least one furnace and wherein said separation of the fuel fraction
includes the split of said CO2-depleted synthesis gas into at least a first stream and a second
stream, said first and second streams having the same composition, wherein the first stream
forms the fuel fraction and the second stream is process gas intended for the synthesis of
ammonia;

wherein the conversion of the charge of desulphurized natural gas includes a step of

autothermal reforming or a step of partial oxidation; and

wherein an amount of the desulphurized natural gas is provided as trim fuel, said trim

fuel accounting for not more than 15% of a total combustion heat of the at least one furnace.

It is alternatively proposed that claim 1 be amended to incorporate a portion of granted
dependent claim 5, a portion of granted dependent claim 19, and a portion of granted dependent
claim 17. As provided above, the PTO has not demonstrated that the cited references disclose
“addition of nitrogen to the synthesis gas” and “the conversion of the charge of desulphurized
natural gas includes a step of autothermal reforming or a step of partial oxidation.”

With respect to granted dependent claim 17, it is not apparent in the Office Action where
the PTO addressed the limitations of granted dependent claim 17. Moreover, the PTO appears to
not have addressed the alternative limitation of “an amount of natural gas is provided as trim
fuel, said trim fuel accounting for not more than 15% of the total combustion heat.” Instead,

Licht appears to be silent about the trim fuel and its relation to total combustion heat. Even

[RV IO OrS VR Y
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assuming, arguendo, the supplementary fuel (18) of Licht is considered to be a trim fuel, the
supplementary fuel is used only in relation to the problem of reducing CO2 emissions in the
atmosphere. To solve this problem, Licht appears to propose replacing natural gas with
hydrogen. Licht does not teach or suggest using trim fuel to perform a rapid control of the
furnace in order to quickly raise or lower the load, as is the effect of providing an amount of the
desulphurized natural gas as trim fuel, said trim fuel accounting for not more than 15% of a total

combustion heat of the at least one furnace.

Claim 1 Amendment Proposal — Auxiliary #3

1. (Proposed to be Amended) A process for synthesis of ammonia from natural gas, the
process comprising:
conversion of a charge of desulphurized natural gas and steam, with oxygen-enriched air
or with oxygen, into a synthesis gas containing hydrogen, CO and CO2, in a conversion section;
treatment of said synthesis gas including at least a shift reaction of the carbon monoxide
into CO2, and subsequent separation of CO2 from the gas, thus obtaining a CO2-depleted
synthesis gas and a CO2-rich gaseous flow containing the CO2 separated from the gas;

addition of nitrogen to the synthesis gas;

separation of a part of said CO2-depleted synthesis gas as fuel fraction, wherein said fuel
fraction is fed as fuel to at least one furnace and wherein said separation of the fuel fraction
includes the split of said CO2-depleted synthesis gas into at least a first stream and a second
stream, said first and second streams having the same composition, wherein the first stream
forms the fuel fraction and the second stream is process gas intended for the synthesis of
ammonia;

wherein the conversion of the charge of desulphurized natural gas includes a step of

autothermal reforming or a step of partial oxidation; and

wherein said fuel fraction of the synthesis gas feeds one or more of the following

apparatuses: _a steam production and/or superheating furnace; one or more furnaces for pre-

heating the charge of an autothermal reformer; or partial oxidation reactor or natural-gas

desulphurization section.

It is alternatively proposed that claim 1 be amended to incorporate a portion of granted

dependent claim 5, a portion of granted dependent claim 19, and a portion of granted dependent

4889-3514-3283\1
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claim 10. As provided above, the PTO has not demonstrated that the cited references disclose
“addition of nitrogen to the synthesis gas” and “the conversion of the charge of desulphurized
natural gas includes a step of autothermal reforming or a step of partial oxidation.”

With respect to granted dependent claim 10, it is not apparent in the Office Action where
the PTO addressed the limitations of granted dependent claim 10. The proposed amendment to
claim 1 has removed “one or more burners of a primary steam reformer” from the subject matter
of granted claim 10. Accordingly, the PTO has not demonstrated the cited references teach or
suggest “wherein said fuel fraction of the synthesis gas feeds one or more of the following
apparatuses: a steam production and/or superheating furnace; one or more furnaces for pre-
heating the charge of an autothermal reformer; or partial oxidation reactor or natural-gas

desulphurization section.”

Claim 1 Amendment Proposal — Auxiliary #4

1. (Proposed to be Amended) A process for synthesis of ammonia from natural gas, the
process comprising:
conversion of a charge of desulphurized natural gas and steam, with oxygen-enriched air
or with oxygen, into a synthesis gas containing hydrogen, CO and CO2, in a conversion section;
treatment of said synthesis gas including at least a shift reaction of the carbon monoxide
into CO2, and subsequent separation of CO2 from the gas, thus obtaining a CO2-depleted
synthesis gas and a CO2-rich gaseous flow containing the CO2 separated from the gas;

addition of nitrogen to the synthesis gas;

separation of a part of said CO2-depleted synthesis gas as fuel fraction, wherein said fuel
fraction is fed as fuel to at least one furnace and wherein said separation of the fuel fraction
includes the split of said CO2-depleted synthesis gas into at least a first stream and a second
stream, said first and second streams having the same composition, wherein the first stream
forms the fuel fraction and the second stream is process gas intended for the synthesis of
ammonia;

wherein the conversion of the charge of desulphurized natural gas includes a step of

autothermal reforming or a step of partial oxidation;

wherein said fuel fraction of the synthesis gas feeds one or more of the following

apparatuses: _a steam production and/or superheating furnace; one or more furnaces for pre-

4889-3514-3283\1
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heating the charge of an autothermal reformer: or partial oxidation reactor or natural-gas

desulphurization section; and

conversion of the charge of desulphurized natural gas and steam is performed without

any primary reforming.

It is alternatively proposed that claim 1 be amended to incorporate a portion of granted
dependent claim 5, a portion of granted dependent claim 19, a portion of granted dependent
claim 10, and the limitation “conversion of the charge of desulphurized natural gas and steam is
performed without any primary reforming,” not previously claimed in the granted claims.
Support for this limitation is found in at least col. 7, 11. 21-22. As provided above, the PTO has
not demonstrated that the cited references disclose “addition of nitrogen to the synthesis gas” and
“the conversion of the charge of desulphurized natural gas includes a step of autothermal
reforming or a step of partial oxidation.” Moreover, “conversion of a charge of desulphurized
natural gas and steam is performed without any primary reforming” excludes the possible

combination of Licht and EP 260.

Claim 1 Amendment Proposal — Auxiliary #5

1. (Proposed to be Amended) A process for synthesis of ammonia from natural gas, the
process comprising;:
conversion of a charge of desulphurized natural gas and steam, with oxygen-enriched air
or with oxygen, into a synthesis gas containing hydrogen, CO and CO2, in a conversion section;
treatment of said synthesis gas including at least a shift reaction of the carbon monoxide
into CO2, and subsequent separation of CO2 from the gas, thus obtaining a CO2-depleted
synthesis gas and a CO2-rich gaseous flow containing the CO2 separated from the gas;

addition of nitrogen to the synthesis gas:

separation of a part of said CO2-depleted synthesis gas as fuel fraction, wherein said fuel
fraction is fed as fuel to at least one furnace and wherein said separation of the fuel fraction
includes the split of said CO2-depleted synthesis gas into at least a first stream and a second
stream, said first and second streams having the same composition, wherein the first stream
forms the fuel fraction and the second stream is process gas intended for the synthesis of

ammonia;

4889-3514-3283\1
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wherein the conversion of the charge of desulphurized natural gas includes a step of

autothermal reforming preceded by a pre-reforming;

wherein said fuel fraction of the synthesis gas feeds one or more of the following

apparatuses: a steam production and/or superheating furnace; one or more furnaces for pre-

heating the charge of an autothermal reformer: or natural-gas desulphurization section: and

wherein conversion of the charge of desulphurized natural gas and steam is performed

without any primary reforming.

It is alternatively proposed that claim 1 be amended to incorporate a portion of granted
dependent claim 5, a portion of granted dependent claim 19, a portion of granted dependent
claim 10, the limitation “conversion of the charge of desulphurized natural gas and steam is
performed without any primary reforming” (not previously claimed in the granted claims), the
limitation “preceded by a pre-forming” (not previously claimed in the granted claims). Support
for this limitation is found in at least col. 6, 1l. 17-20. As provided above, the PTO has not
demonstrated that the cited references disclose “addition of nitrogen to the synthesis gas” and
“the conversion of the charge of desulphurized natural gas includes a step of autothermal
reforming or a step of partial oxidation.” Moreover, “conversion of a charge of desulphurized
natural gas and steam is performed without any primary reforming” excludes the possible
combination of Licht and EP ‘260. Furthermore, the step of autothermal reforming preceded by a

pre-reforming further distinguishes claim 1 from the cited references.
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VIA eFILE PATENT APPLICATION
Docket No. 283386WOUSO01_495230-44

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re patent of

)
)
CASALE SA )
)
Control/Serial No.: 96/000,424 )
)
Patent No. 11,286,168 ) Art Unit
) 3991
Issued: March 29, 2022 )
)
Confirmation No.: 9950 )
)
For: PROCESS FOR THE SYNTHESIS OF AMMONIA )
WITH LOW EMISSIONS OF CO2 IN ATMOSPHERE )
)
Examiner: Jerry Johnson )
)
Customer No.: 116407 )

AMENDMENT “A” AND RESPONSE UNDER 37 C.F.R. § 1.530 — 1.570

VIA eFILE AMENDMENT
Commissioner for Patents
P.O. Box 1450
Alexandria, VA 22313-1450
Dear Commissioner:
In response to the Ex Parte Reexamination Office Action dated July 7, 2023, please
amend the above-identified application as follows:
Amendments to the Claims are reflected in the listing of claims which begins on page 2
of this paper.
Patent Owner’s Statement of the Interview begins on page 8 of this paper.

Remarks/Arguments begin on page 9 of this paper.
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Application No. 96/000,424
Amendment “A” dated November 2, 2023
Reply to Office Action dated July 7, 2023

AMENDMENTS TO THE CLAIMS

The listing of claims will replace all prior versions and listings of claims in the

application:

Listing of Claims:

1. (Amended) A process for synthesis of ammonia from natural gas, the process
comprising:

conversion of a charge of desulphurized natural gas and steam, with oxygen-enriched air
or with oxygen, into a synthesis gas containing hydrogen, CO and CO2, in a conversion section

including an autothermal reformer downstream from a pre-reformer and without a primary

reformer therebetween;

treatment of said synthesis gas including at least a shift reaction of the carbon monoxide
into CO2, and subsequent separation of CO2 from the gas, thus obtaining a CO2-depleted
synthesis gas and a CO2-rich gaseous flow containing the CO2 separated from the gas;

separation of a part of said CO2-depleted synthesis gas as fuel fraction, wherein said fuel
fraction is fed as fuel to at least one furnace and wherein said separation of the fuel fraction
includes the split of said CO2-depleted synthesis gas into at least a first stream and a second
stream, said first and second streams having the same composition, wherein the first stream
forms the fuel fraction and the second stream is process gas intended for the synthesis of

ammonia.

2. (Original) The process of claim 1, wherein the first stream forms the fuel fraction
and the second stream is the process gas intended for the synthesis of ammonia after further

purification.

3. (Original) The process of claim 1, wherein said fuel fraction is between 1% and

40% of the total amount of said CO2-depleted syngas.

4. (Original) The process of claim 1, wherein said fuel fraction is between 10% and

30% of the total amount of said CO2-depleted syngas.

5. (Original) The process of claim 1, further comprising a step for methanation of

the synthesis gas and/or addition of nitrogen to the synthesis gas.

Topsoe, Inc. — EX1003
Page 631 of 1210



Application No. 96/000,424
Amendment “A” dated November 2, 2023
Reply to Office Action dated July 7, 2023

6. (Original) The process of claim 5, wherein said fuel fraction is separated upstream

of the methanation step or upstream of the nitrogen addition step.

7. (Original) The process of claim 1, wherein said CO2-depleted syngas contains no

more than 1000 ppm by volume of CO2.

8. (Original) The process of claim 1, wherein said enriched air contains at least 50%
oxygen.

9. (Original) The process of claim 1, wherein said enriched air contains at least 90%
oxygen.

10. (Amended) The process of claim 1, wherein said fuel fraction of the synthesis gas

feeds one or more of the following apparatuses: a steam production and/or superheating furnace;
[one or more burners of a primary steam reformer;] or one or more furnaces for pre-heating the
charge of [an] the autothermal reformer [or partial oxidation reactor] or natural-gas

desulphurization section.

11. (Original) The process of claim 1, wherein: a purge gas of the ammonia synthesis
process, containing hydrogen and methane, is treated so as to recover the hydrogen contained in
the purge gas, obtaining a hydrogen-rich gas and a tail gas containing methane; at least part of
said tail gas is recycled as process gas and subjected to said step of conversion of the natural gas

into synthesis gas.

12. (Original) The process of claim 1, wherein: a part of said CO2-depleted syngas is
treated in a unit for separation of nitrogen, obtaining a first stream of nitrogen-depleted syngas
and a second nitrogen-enriched stream; at least one part of said first stream, is used as fuel; any
remaining part of said first stream is fed to the synthesis of ammonia together with the second

stream.
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13. (Original) The process of claim 1, further comprising a step of expansion, with
production of mechanical work, of the CO2-depleted syngas, after heating the CO2-depleted

syngas.

14. (Original) The process of claim 1, wherein the overall steam/carbon ratio in the

conversion step is greater than 2.0.

15. (Original) The process of claim 1, wherein the overall steam/carbon ratio in the

conversion step is greater than 2.4.

16. (Original) The process of claim 1, wherein the overall steam/carbon ratio in the

conversion step is greater than 2.7.

17. (Original) The process of claim 1, wherein
said synthesis gas fuel fraction forms all of the fuel of the furnaces used in the
conversion section, or
an amount of natural gas is provided as trim fuel, said trim fuel accounting for not

more than 15% of the total combustion heat.

18. (Original) The process of claim 1, wherein:

the fuel fraction is produced in excess with respect to the fuel necessary for the
conversion section, the quantity of said fuel fraction exceeding that required being exported from
the process; and

regulation of the conversion section is performed by modulating the quantity of said fuel

fraction directed towards the conversion section and the quantity exported from the process.

19. (Amended) The process of claim 1, wherein:
[the conversion of the natural gas charge into synthesis gas includes a step of autothermal
reforming, or a step of partial oxidation;

said step of autothermal reforming or partial oxidation] conversion of the charge of

desulphurized natural gas and steam into the synthesis gas in the autothermal reformer is

performed with a steam/carbon ratio not greater than 2.
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20. (Canceled)

21. (Amended) A method for revamping a plant for synthesis of ammonia from
natural gas or ammonia/urea plant, wherein the plant includes a reforming section that includes a
primary steam reformer and an air-fired secondary reformer, and a section for treatment of the
synthesis gas by a shift reaction of carbon monoxide into carbon dioxide, and decarbonation; the
method comprising:

providing a flow of enriched air or oxygen and using said flow as oxidant, instead
of air, for the secondary reformer;

separating a part of the synthesis gas, directly downstream of decarbonation, for
use as fuel fraction, and allocating a remaining process fraction of the synthesis gas for ammonia

conversion in a synthesis section, wherein the part of the synthesis gas separated for use as the

fuel fraction is separated upstream from the synthesis section;

feeding said fuel fraction of the gas, which has a reduced CO2 content, as fuel for

at least one furnace of the plant.

22. (Original) The method of claim 21, further comprising installing an air separation
unit so as to provide said oxygen or enriched air flow, wherein said separation unit also provides
a nitrogen flow which is added to the process fraction of the synthesis gas in order to obtain the

desired H2/N2 ratio.

23. (Previously Presented) The method of claim 21, wherein the section for treatment

of the synthesis gas by the shift reaction of carbon monoxide includes methanation.
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24. (New) A process for synthesis of ammonia from natural gas., the process
comprising:

conversion of a charge of desulphurized natural gas and steam., with oxygen-

enriched air or with oxygen, into a synthesis gas containing hydrogen, CO and CO2, in a

conversion section including a non-catalytic partial oxidation reactor;

treatment of said synthesis gas including at least a shift reaction of the carbon

monoxide into CO2., and subsequent separation of CO2 from the gas, thus obtaining a
CO2-depleted synthesis gas and a CO2-rich gaseous flow containing the CO2 separated
from the gas;

separation of a part of said CO2-depleted synthesis gas as fuel fraction, wherein

said fuel fraction is fed as fuel to at least one furnace and wherein said separation of the

fuel fraction comprises the split of said CO2-depleted synthesis gas into at least a first

stream and a second stream. said first and second streams having the same composition,

wherein the first stream forms the fuel fraction and the second stream is process gas that is

directed to a synthesis section for synthesis of ammonia;

purification of the CO2-depleted synthesis gas with a dryer and a liquid nitrogen

wash after the shift reaction; and

addition of nitrogen to the CO2-depleted synthesis gas after the shift reaction.

25. (New) The process of claim 24, wherein the part of the CO2-depleted

synthesis gas that is separated as the fuel fraction is separated before the purification of the

CO2-depleted synthesis gas with the dryer and the liquid nitrogen wash after the shift

reaction.
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26. (New) A process for synthesis of ammonia from natural gas., the process
comprising:

conversion of a charge of desulphurized natural gas and steam, with oxygen-enriched air

or with oxygen, into a synthesis gas containing hydrogen, CO and CO2. in a conversion section

without a primary reformer;

treatment of said synthesis gas including at least a shift reaction of the carbon monoxide

into CO2, and subsequent separation of CO2 from the gas. thus obtaining a CO2-depleted
synthesis gas and a CO2-rich gaseous flow containing the CO2 separated from the gas;

separation of a part of said CO2-depleted synthesis gas as fuel fraction, wherein said fuel

fraction is fed as fuel to at least one furnace and wherein said separation of the fuel fraction

includes the split of said CO2-depleted synthesis gas into at least a first stream and a second

stream., said first and second streams having the same composition, wherein the first stream

forms the fuel fraction and the second stream is process gas intended for the synthesis of

ammonia,
wherein the fuel fraction of the synthesis gas feeds one or more of a steam production

and/or superheating furnace or one or more furnaces for pre-heating the charge of an autothermal

reformer or natural-gas desulphurization section.

Topsoe, Inc. — EX1003
Page 636 of 1210



Application No. 96/000,424
Amendment “A” dated November 2, 2023
Reply to Office Action dated July 7, 2023

PATENT OWNER’S STATEMENT OF THE INTERVIEW

Patent Owner and the undersigned express their appreciation to the Examiners for
conducting a telephone interview with the undersigned on August 21, 2023. Multiple proposed
amendments to independent claim 1 were discussed in the interview as set forth in the interview
agenda sent to the Examiner and of record in the electronic file history at the PTO. No agreement

was reached regarding patentable subject matter during the interview.
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REMARKS
A. BACKGROUND

The present Amendment is in response to the Office Action dated July 7, 2023 by the
U.S. Patent and Trademark Office (“PTO’). Claims 1-23 are subject to reexamination in view of
cited art.!

By this Amendment, claim 20 is canceled, claims 1, 10, 19, 20, and 21 are amended, and
new claims 24-26 are added. No new matter is presented with the amendments and new claim
presented herein. Claims 1-19 and 21-26 are now pending in view of the above amendments.

Reconsideration of the application is respectfully requested in view of the above
amendments to the claims and the following remarks. For the Examiner’s convenience and
reference, Patent Owner’s remarks are presented in the order in which the corresponding issues
were raised in the Office Action.

Please note that the following remarks are not intended to be an exhaustive enumeration
of the distinctions between any cited references and the claimed subject matter. Rather, the
distinctions identified and discussed below are presented solely by way of example to illustrate
some of the differences between the claimed subject matter and the cited references. In addition,
Patent Owner requests that the Examiner carefully review any references discussed below to
ensure that Patent Owner’s understanding and discussion of the cited references, if any, are

consistent with the Examiner’s understanding.

B. CLAIM AMENDMENTS

Patent Owner further submits that the claim amendments and new claims presented
herein narrow the scope of the claims of the patent, and are, therefore, in compliance with 35
U.S.C. § 305. Patent Owner respectfully submits that independent claim 1 has been narrowed to
recite that the conversion section includes “an autothermal reformer downstream from a pre-
reformer and without a primary reformer there between.” To be consistent with this narrowing
amendment of independent claim 1, dependent claims 10 and 19 are amended herein to remove
language now presented in independent claim 1 or in conflict with the narrowing amendment to

independent claim 1. Patent Owner notes that MPEP 1412.03(1) states that:

! Although the prior art status of the cited art is not being challenged at this time, Patent Owner reserves the right to challenge the
prior art status of the cited art at any appropriate time, should the need arise. Accordingly, any arguments and amendments made
herein should not be construed as acquiescing to any prior art status of the cited art.
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...a claim which has been broadened in a reissue as compared to its scope in the
patent is not a broadened reissue claim if it is narrower than, or equal in scope to, any
other claim which appears in the patent. A common example of this is where dependent
claim 2 is broadened via the reissue (other than the addition of a process step to convert
an intermediate to a final product), but independent claim 1 on which it is based is not
broadened. Because a dependent claim is construed to contain all the limitations of the
claim upon which it depends, claim 2 must be at least as narrow as claim 1 and is thus not
a broadened reissue claim.

(Emphasis in original.) As the MPEP states that “[i]f a claim is considered to be a broadening
claim for purposes of reissue, it is likewise considered to be a broadening claim in
reexamination” (see MPEP 2258(III)(A)), Patent Owner believes the amendments to dependent
claims 10 and 19 are not broadening in view of the narrowing amendment to claim 1.

Patent Owner further notes the new independent claims 24 and 26 include all the
limitation of original claim 1, as well as additional limitations that narrow the scope of new
independent claims 24 and 26 relative to original independent claim 1. Accordingly, Patent
Owner believes new independent claims 24 and 26 do not enlarge the scope of the claims of the

patent.

C. REJECTIONS UNDER 35 U.S.C. §§ 102 AND 103
I REJECTION UNDER 35 U.S.C. § 102
a. REJECTIONI
Claims 1-4, 8-11, 17, and 20 stand rejected under 35 U.S.C. § 102(a) as allegedly being
anticipated by U.S. Patent No. 8,137,422 to Licht et al. ("Licht").

The PTO has not established a prima facie case of anticipation against currently amended
independent claim 1 because the PTO has not demonstrated, at a minimum, that Licht discloses
expressly or inherently each and every limitation of claim 1. For example, at a minimum, the
PTO has not demonstrated that Licht discloses “conversion of a charge of desulphurized natural
gas and steam, with oxygen-enriched air or with oxygen, into a synthesis gas containing
hydrogen, CO and CO2, in a conversion section including an autothermal reformer
downstream from a pre-reformer and without a primary reformer therebetween ... wherein said
fuel fraction is fed as fuel to at least one furnace,” as recited in currently amended independent
claim 1. (Emphasis added).

In rejecting claim 1, the PTO asserts that Licht teaches a process including “introducing a
process stream comprising steam and at least one hydrocarbon selected from, infer alia, methane and

natural gas (column 3, line 41) in a reformer furnace to form a reformate stream comprising

Topsoe, Inc. — EX1003
Page 639 of 1210



Application No. 96/000,424
Amendment “A” dated November 2, 2023
Reply to Office Action dated July 7, 2023

hydrogen, carbon monoxide, methane and steam.” Office Action, p. 4. During the interview with the
Examiners, it was further asserted that Licht “teaches a second reforming reactor which is an
autothermal reactor (col. 7, lines 17-28) and that use of a pre-reformer is optional (column 5, line 57
to column 6, line 3). Examiner Interview Summary, Continuation Sheet.

Patent Owner respectfully submits that currently amended independent claim 1 now recites,
in part, “conversion of a charge of desulphurized natural gas and steam, with oxygen-enriched air
or with oxygen, into a synthesis gas containing hydrogen, CO and CO2, in a conversion section
including an autothermal reformer downstream from a pre-reformer and without a primary

reformer therebetween.” (Emphasis added). Referring to FIG. 2 of Licht (provided below for

reference), the PTO has asserted that reference 80 is a prereformer and reference 20 is a

secondary reformer/autothermal reformer.

I

NG
-0

£

FIG. 2

Even assuming, arguendo, the secondary reformer discloses an autothermal reformer as
characterized by the PTO, Patent Owner respectfully submits that Licht does not disclose “a
conversion section including an autothermal reformer downstream from a pre-reformer and
without a primary reformer therebetween.” To the contrary, Licht appears to require a reformer
furnace of a primary reformer positioned downstream from the prereformer and upstream from
the alleged autothermal reformer. Accordingly, Licht does not disclose “a conversion section

including an autothermal reformer downstream from a pre-reformer and without a primary
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reformer therebetween.” Patent Owner further notes that the systems and processes of Licht
would not operate as intended without the reformer furnace described throughout the
specification of Licht.

Patent Owner respectfully submits the claimed conversion section “including an
autothermal reformer downstream from a pre-reformer and without a primary reformer
therebetween” provides benefits not found in the cited references and conventional systems. For
example, Patent Owner found specific benefits of the system of claim 1, and the specification
provides data comparing different options of ammonia plants. See ‘168 Patent, col. 14, 1. 48-col.
15, 1. 28 and Table 1. In the provided examples, option (1) is a plant with a primary reformer and
an air-fed secondary reformer, option (2) is a plant with a primary reformer and an air-fed
secondary reformer and also with capturing of the CO2 from the fumes of the primary reformer,
and option (3) is a plant according to FIG. 1, e.g., a plant having conversion section including an
autothermal reformer downstream from a pre-reformer and without a primary reformer
therebetween.

Patent Owner respectfully notes that the consumption of the plant of option (3), which
includes the conversion section of claim 1, is much less than the consumption of option (2).
Patent Owner further notes that the total duty of the furnaces according to option (3) is only 75%
of option (1). Patent Owner respectfully submits that the reduced fuel consumption and the
reduced total duty of the plant of option (3) depends from the specifically claimed front-end
(where conversion of the charge of desulpherized natural gas and steam is performed) that is
suitable for producing also the gas fraction used as fuel in the furnace(s). Accordingly, the
conversion section of claim 1 provides improvements over the cited references and conventional
systems.

Patent Owner further notes that Licht does not disclose “wherein said fuel fraction is fed
as fuel to at least one furnace,” as recited in currently amended independent claim 1. As a
primary reformer is absent from currently amended independent claim 1 and the alleged fuel
fraction of Licht appears to be fed to a primary reformer, Licht does not disclose feeding the fuel
fraction to at least one furnace that does not include a primary reformer.

Accordingly, Patent Owner respectfully requests withdrawal of this rejection and
reconsideration of currently amended independent claim 1. Dependent claims 2-4, 8-11, 17, and
20 are patentable over the cited reference by virtue of their own separately claimed subject

matter and also for depending from patentable independent claim 1.
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With specific respect to dependent claim 10, Patent Owner respectfully submits that this
claim has been amended to recite “wherein said fuel fraction of the synthesis gas feeds one or
more of the following apparatuses: a steam production and/or superheating furnace; or one or
more furnaces for pre-heating the charge of the autothermal reformer or natural-gas
desulphurization section,” thereby removing “one or more burners of a primary steam reformer”
from the claim. Patent Owner respectfully submits that the fuel fraction of the alleged synthesis
gas of Licht does not appear to feed “a steam production and/or superheating furnace; or one or
more furnaces for pre-heating the charge of the autothermal reformer or natural-gas
desulphurization section.” To the contrary, Licht states “combusting a fuel gas comprising a
portion of the hydrogen-containing product gas, optionally a portion of the by-product gas, and
optionally a supplementary fuel in the reformer furnace external to the plurality of catalyst-
containing reformer tubes to supply energy for reacting the process stream inside the plurality of
catalyst-containing reformer tubes, and withdrawing a flue gas from the reformer furnace.”
Licht, therefore, does not disclose “wherein said fuel fraction of the synthesis gas feeds one or
more of the following apparatuses: a steam production and/or superheating furnace; or one or
more furnaces for pre-heating the charge of the autothermal reformer or natural-gas
desulphurization section.”

Patent Owner further notes that EP ‘260, while referencing a fuel gas produced by the
PSA unit, does not teach or suggest use of the actually synthesis gas as fuel. Accordingly, claim
10 is allowable over both Licht and EP ‘260.

II.  REJECTION UNDER 35 U.S.C. § 103

a. REJECTION I

Claims 5 and 6 stand rejected under 35 U.S.C. § 103(a) as allegedly being unpatentable
over U.S. Patent No. 8,137,422 to Licht et al. ("Licht ‘422") as applied to claims 1-4, 8, 11, 17,
and 20 in view of U.S. Patent Publication No. 2004/0234426 to Reddy et al. ("Reddy").
Dependent claims 5 and 6 are patentable over the cited references by virtue of their own

separately claimed subject matter and also for depending from patentable independent claim 1.
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b. REJECTION 11

Claims 7, 12 and 14-16 stand rejected under 35 U.S.C. § 103(a) as allegedly being
unpatentable over Licht ‘422 as applied to claims 1-4, 8, 11, 17, and 20 in view of Non-Patent
Literature titled “Ammonia: Principles and Industrial Practice” (“Ammonia”). Dependent claims
7, 12, and 14-16 are patentable over the cited references by virtue of their own separately
claimed subject matter and also for depending from patentable independent claim 1.

C. REJECTION 111

Claims 1, 11, 14, 15, 16, and 19 stand rejected under 35 U.S.C. § 103(a) as allegedly
being unpatentable over Foreign Patent No. EP2817260 ("EP “260") in view of Licht ‘422.

The PTO has not established a prima facie case of obviousness against currently
amended independent claim 1 because the PTO has not demonstrated, at a minimum, that the
cited references teach or suggest each and every limitation of claim 1. For example, at a
minimum, the PTO has not demonstrated that the cited references teach or suggest “conversion
of a charge of desulphurized natural gas and steam, with oxygen-enriched air or with oxygen,
into a synthesis gas containing hydrogen, CO and CO2, in a conversion section including an
autothermal reformer downstream from a pre-reformer and without a primary reformer
therebetween,” as recited in currently amended independent claim 1. (Emphasis added).

As provided above, Licht does not disclose “a conversion section including an
autothermal reformer downstream from a pre-reformer and without a primary reformer
therebetween.” Patent Owner further submits that an express feature of EP 260 is the absence of
a pre-former in the disclosed systems. For example, paragraph [0031] of EP ‘260 recites that
“[a] remarkable advantage of the invention is the opportunity to use a low SC ration without the
need of a pre-reformer.” Accordingly, the PTO has not demonstrated that the combination of EP
260 and Licht teaches or suggests “a conversion section including an autothermal reformer
downstream from a pre-reformer and without a primary reformer therebetween.” Patent Owner
further submits that one of ordinary skill in the art would have no motivation to modify the
system of EP ‘260 to include a pre-reformer, and EP ‘260 expressly teaches away from the
inclusion of a pre-reformer.

Patent Owner further notes “separation of a part of said CO2-depleted synthesis gas as
fuel fraction, wherein said fuel fraction is fed as fuel to at least one furnace” is also absent from
EP “260. In fact, EP’260 makes use of a fuel gas produced by the PSA unit, that is a tail gas and

not a stream separated from the CO2-depleted synthesis gas.
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Accordingly, Patent Owner respectfully requests withdrawal of this rejection and
reconsideration of currently amended independent claim 1. Dependent claims 11, 14, 15, 16, and
19 are patentable over the cited reference by virtue of their own separately claimed subject
matter and also for depending from patentable independent claim 1.

d. REJECTION IV

Claims 21 and 23 stand rejected under 35 U.S.C. § 103(a) as allegedly being unpatentable
over the Admitted Prior Art in view of Licht ‘422.

The PTO has not established a prima facie case of obviousness against currently
amended independent claim 21 because the PTO has not demonstrated, at a minimum, that the
cited references teach or suggest each and every limitation of claim 21. For example, at a
minimum, the PTO has not demonstrated that the cited references teach or suggest “separating a
part of the synthesis gas, directly downstream of decarbonation, for use as fuel fraction, and
allocating a remaining process fraction of the synthesis gas for ammonia conversion in a
synthesis section, wherein the part of the synthesis gas separated for use as the fuel fraction is
upstream from the synthesis section,” as recited in currently amended independent claim 21.

Patent Owner respectfully submits the Admitted Prior Art and Licht do not teach or
suggest the part of the synthesis gas separated for use as the fuel fraction is upstream from the
synthesis section. To the contrary, Licht merely references that secondary reforming reactors are
“used widely for the production of ammonia” (Licht, col. 7, In. 17-19). Thus, Licht provides no
teaching of the location of separation of the synthesis gas for use as the fuel fraction.

Patent Owner further submits that EP ‘260 does not cure this deficiency of Licht. While
EP 260 references a “fuel gas 22,” Patent Owner respectfully submits that the referenced fuel
gas of EP 260 is a tail gas having a different quality and pressure than a fuel fraction which is a
portion of the CO2-depleted synthesis gas.

Different quality means different composition: a CO2-depleted synthesis gas is more
noble and valuable because it is made of a hydrogen-rich stream with respect to a PSA tail gas
that is a composition made of waste components such as carbon monoxide and methane. Due to
its high content in hydrogen, the CO2-depleted synthesis gas has a much higher heating value
than the tail (waste) gas produced by the PSA unit of EP’260. Moreover, its composition is more
constant in time with respect to the composition of a tail gas and allows a better control of the
burner and of the heat generated in the furnace. The tail gas of EP’260 having a variable

composition makes it more difficult to adjust the settings of the burner that needs to provide a
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constant amount of heat to the furnace. A CO2-depleted synthesis gas being rich in hydrogen
brings also an environmental advantage with respect to the use of a tail gas comprising carbon.
Such tail gas, when combusted in the furnace, generate carbon dioxide (see col. 2, 1l. 6-12 of the
patent specification). In contrast, combustion of a hydrogen-rich stream produces water.

The difference in pressure results in the synthesis gas of the claimed fuel fraction being a
more dense gas with a flow rate that is much easier to control than a PSA tail gas because the
transportation of the fuel fraction entails only the use of control valves to ensure a sufficient
pressure to reach the combustion burner (without the need to use fans or compressors to perform
this transport). Moreover, even assuming, arguendo, the fuel gas 22 of EP 260 is considered the
fuel fraction by the PTO, Patent Owner respectfully submits that this fuel gas 22 does not appear
to be separated directly downstream from the decarbonation, but is instead produced by the
pressure swing absorption unit. See EP ‘260, paragraph [0052].

Accordingly, Patent Owner respectfully requests withdrawal of this rejection and
reconsideration of currently amended independent claim 21. Dependent claim 23 is patentable
over the cited reference by virtue of its own separately claimed subject matter and also for
depending from patentable independent claim 21.

e. REJECTION V

Claim 22 stands rejected under 35 U.S.C. § 103(a) as allegedly being unpatentable over
the admitted prior are in view of Licht ‘422 as applied to claims 21 and 23 above, and further in
view of EP ‘260. Dependent claim 22 is patentable over the cited references by virtue of their
own separately claimed subject matter and also for depending from patentable independent claim
21.

III. NEW CLAIMS 24-26

a. NEW INDEPENDENT CLAIM 24 AND DEPENDENT CLAIM 25

New independent claim 24 is added herein. Patent Owner respectfully submits the PTO
has not demonstrated that the cited references teach or suggest “purification of the CO2-depleted
synthesis gas with a dryer and a liquid nitrogen wash after the shift reaction; addition of nitrogen
to the CO2-depleted synthesis gas after the shift reaction,” as recited in new claim 24.

With respect to Licht, this reference does not appear to disclose “purification of the CO2-
depleted synthesis gas with a dryer and a liquid nitrogen wash,” does not appear to disclose that
this purification is “after the shift reaction,” and does not appear to disclose “addition of nitrogen

to the CO2-depleted synthesis gas after the shift reaction.” Mere reference in Licht to a
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secondary reactor being “used widely for the production of ammonia” does not disclose the
specific step of “addition of nitrogen to the CO2-depleted synthesis gas after the shift reaction.”
(Emphasis added).

With respect to EP ‘260, this reference appears to describe that “prior art layouts™ include
“an ASU unit to furnish oxygen, a high-temperature shift, then CO2 removal, drying and
nitrogen wash to remove inerts” (EP ‘260, paragraph [0015]). EP ‘260, however, appears to
describe that the fuel gas 22 is produced by the PSA unit. See paragraph [0052]. This fuel gas is
also referred to as the tail gas of the of PSA unit. See EP 260, paragraph [0034]. As the tail gas
is produced by the PSA unit, EP ‘260 provides no teaching or suggestion of a removal (1)
downstream of the PSA, (2) of a portion of the CO2-depleted synthesis gas as fuel fraction and
even less (3) in relation to a system that includes a dryer and a liquid nitrogen wash. As provided
above, while EP ‘260 references a “fuel gas 22,” Patent Owner respectfully submits that the
referenced fuel gas of EP ‘260 is a tail gas having a different quality and pressure than a fuel
fraction which is a portion of the CO2-depleted synthesis gas.

Different quality means different composition: a CO2-depleted synthesis gas is more
noble and valuable because it is made of a hydrogen-rich stream with respect to a PSA tail gas
that is a composition made of waste components such as carbon monoxide and methane. Due to
its high content in hydrogen, the CO2-depleted synthesis gas has a much higher heating value
than the tail (waste) gas produced by the PSA unit of EP’260. Moreover, its composition is more
constant in time with respect to the composition of a tail gas and allows a better control of the
burner and of the heat generated in the furnace. The tail gas of EP’260 having a variable
composition makes it more difficult to adjust the settings of the burner that needs to provide a
constant amount of heat to the furnace. A CO2-depleted synthesis gas being rich in hydrogen
brings also an environmental advantage with respect to the use of a tail gas comprising carbon.
Such tail gas, when combusted in the furnace, generate carbon dioxide (see col. 2, Il. 6-12 of the
patent specification). In contrast, combustion of a hydrogen-rich stream produces water.

The in pressure difference results in the synthesis gas of the claimed fuel fraction being a
more dense gas with a flow rate that is much easier to control than a PSA tail gas because
transportation of the fuel fraction entails only the use of control valves to ensure a sufficient
pressure to reach a combustion burner (without the need to use fans or compressors to perform

this transport).
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Dependent claim 25 is patentable over the cited reference by virtue of their own
separately claimed subject matter and also for depending from patentable independent claim 24.
Furthermore, claim 25 recites that “the part of the CO2-depleted synthesis gas that is separated as
the fuel fraction is separated before the purification of the CO2-depleted synthesis gas with the
dryer and the liquid nitrogen wash after the shift reaction.” (Emphasis added). Reference in EP
260 to prior art layouts that include drying and a nitrogen wash and reference to PSA tail gas
does not disclose the specifics of separation of the synthesis gas as the fuel fraction before the
purification of the CO2-depleted synthesis gas with the dryer and the liquid nitrogen wash after
the shift reaction. Patent Owner respectfully submits that the claimed purification is simpler and
less costly due smaller amounts of gas to be purified, lower energy consumption, and no
recycling of nitrogen (which has a lower calorific value) to the furnace. Furthermore, there is a
lower consumption of nitrogen in the liquid nitrogen wash. Patent Owner also notes that passing
through the liquid nitrogen makes the fuel gas colder, and more fuel would be needed to feed the
furnace. For example, if the fuel is cold, its enthalpy is lower. Therefore, if the purpose of
combustion of such fuel is to transfer a fixed amount of heat to the furnace, it is necessary to
burn more fuel with respect to a hot or pre-heated fuel.

Accordingly, new claims 24 and 25 are allowable over the cited references.

b. NEW INDEPENDENT CLAIM 26

New independent claim 26 is added herein. Patent Owner respectfully submits that the
PTO has not demonstrated that the cited references teach or suggest a process for synthesis of
ammonia wherein the conversion section is “without a primary reformer” and “the fuel fraction
of the synthesis gas feeds one or more of a steam production and/or superheating furnace or one
or more furnaces for pre-heating the charge of an autothermal reformer or natural-gas
desulphurization section.”

With respect to Licht and as provided above, a primary reformer appears to be required
for the system of Licht to operate as intended. Moreover, the alleged synthesis gas of Licht
appears to feed the primary reformer, rather than the claimed “one or more of a steam production
and/or superheating furnace or one or more furnaces for pre-heating the charge of an autothermal
reformer or natural-gas desulphurization section.” Accordingly, Licht does not teach or suggest
a process for synthesis of ammonia wherein the conversion section is “without a primary

reformer” and “the fuel fraction of the synthesis gas feeds one or more of a steam production

Topsoe, Inc. — EX1003
Page 647 of 1210



Application No. 96/000,424
Amendment “A” dated November 2, 2023
Reply to Office Action dated July 7, 2023

and/or superheating furnace or one or more furnaces for pre-heating the charge of an autothermal
reformer or natural-gas desulphurization section.”

With respect to EP ‘260, this reference appears to describe that “a fuel gas 22 is
produced by the PSA unit. EP ‘260, paragraph [0052]. This fuel gas is also referred to as the tail
gas of the of PSA unit. See EP ‘260, paragraph [0034]. As the fuel gas is produced by the PSA
unit, EP 260 provides no teaching or suggestion of a removal of fuel fraction of synthesis gas in
relation to a system that feeds one or more of a steam production and/or superheating furnace or
one or more furnaces for pre-heating the charge of an autothermal reformer or natural-gas
desulphurization section. As provided above, while EP ‘260 references a “fuel gas 22,” Patent
Owner respectfully submits that the referenced fuel gas of EP ‘260 is a tail gas having a different
quality and pressure than a fuel fraction which is a portion of the CO2-depleted synthesis gas.

Different quality means different composition: a CO2-depleted synthesis gas is more
noble and valuable because it is made of a hydrogen-rich stream with respect to a PSA tail gas
that is a composition made of waste components such as carbon monoxide and methane. Due to
its high content in hydrogen, the CO2-depleted synthesis gas has a much higher heating value
than the tail (waste) gas produced by the PSA unit of EP’260. Moreover, its composition is more
constant in time with respect to the composition of a tail gas and allows a better control of the
burner and of the heat generated in the furnace. The tail gas of EP’260 having a variable
composition makes it more difficult to adjust the settings of the burner that needs to provide a
constant amount of heat to the furnace. A CO2-depleted synthesis gas being rich in hydrogen
brings also an environmental advantage with respect to the use of a tail gas comprising carbon.
Such tail gas, when combusted in the furnace, generate carbon dioxide (see col. 2, 11. 6-12 of the
patent specification). In contrast, combustion of a hydrogen-rich stream produces water.

The difference in pressure results in the synthesis gas of the claimed fuel fraction being a
more dense gas with a flow rate that is much easier to control than a PSA tail gas because the
transportation of the fuel fraction entails only the use of control valves to ensure a sufficient
pressure to reach a combustion burner (without the need to use fans or compressors to perform

this transport).
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D. ALLOWABLE SUBJECT MATTER

The Examiner’s allowance of claims 13 and 18 is appreciated.

Patent Owner submits the following comments concerning the Examiner’s statements of
reasons for the indication of allowable subject matter in the Office Action. Patent Owner
respectfully submits that the claimed invention(s) as set forth in each of the independent claims
and the dependent claims must be read as a whole, and not as a single feature or subcombination
of features which represent less than the entirety of the claimed invention as a whole. While a
particular feature or subcombination of features referred to by the Examiner in the Statement of
Reasons for Allowance may represent a basis for distinguishing the claimed invention(s) over the
cited art, Patent Owner further submits that this may not necessarily be the sole ground for
distinguishing the claimed invention(s) over the cited art of record. Accordingly, the Examiner’s
statement should, in Patent Owner’s view, not be read as constituting or meaning that the
claimed invention(s) can or should be reduced to a single “feature” of the claimed invention(s) or
to a subcombination of features that is less than the entire claimed invention(s) as a whole, nor
that the single feature referenced by the Examiner or subcombination of features referenced by
the Examiner in the Statement of Reasons for Allowance is the only or sole grounds for
distinguishing the invention(s) over the cited art of record, or that Patent Owner necessarily
agrees with any characterization of the cited art set forth in the Statement of Reasons for

Allowance.

E. CONCLUSION

In view of the foregoing, Patent Owner respectfully submits that the other rejections to
the claims are now moot and do not, therefore, need to be addressed individually at this time. It
will be appreciated, however, that this should not be construed as Patent Owner acquiescing to
any of the purported teachings or assertions made in the last action regarding the cited art or the
pending application, including any official notice. Instead, Patent Owner reserves the right to
challenge any of the purported teachings or assertions made in the last action at any appropriate
time in the future, should the need arise. Furthermore, to the extent that the Examiner has relied
on any Official Notice, explicitly or implicitly, Patent Owner specifically requests that the
Examiner provide references supporting the teachings officially noticed, as well as provide the

required motivation or suggestion to combine references with the other art of record.
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For at least the foregoing reasons, Patent Owner respectfully submits that the pending
claims are neither anticipated by nor made obvious by the applied art. In the event that the
Examiner finds any remaining impediment to allowance of this application that may be clarified
through a telephone interview, the Examiner is requested to contact the undersigned attorney.

The Commissioner is hereby authorized to charge payment of any of the following fees
that may be applicable to this communication, or credit any overpayment, to Deposit Account
No. 50-6181: (1) any filing fees required under 37 CFR § 1.16; (2) any patent application and
reexamination processing fees under 37 CFR § 1.17; and/or (3) any post issuance fees under 37
CFR § 1.20. In addition, if any additional extension of time is required, which has not otherwise
been requested, please consider this a petition therefor and charge any additional fees that may

be required to Deposit Account No. 50-6181.

Dated this 2™ day of November, 2023.

Respectfully submitted,

[Marcus S. Simon, Reg.# 50258/
MARCUS S. SIMON
Registration No. 50,258
Attorney for Patent Owner
Dorsey & Whitney LLP
Customer No. 116407
Telephone No. 801.933.7360

MSS: JR: sm
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VIA eFILE PATENT APPLICATION
Docket No. 283386WOUSO01_495230-44
IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re patent of CASALE SA )
)
Control/Serial No.: 96/000,424 )
)
Patent No. 11,286,168 ) Art Unit
) 3991
Issued: March 29, 2022 )
)
Confirmation No.: 9950 )
)
For: PROCESS FOR THE SYNTHESIS OF AMMONIA )
WITH LOW EMISSIONS OF CO2 IN ATMOSPHERE )
)
Examiner: Jerry Johnson )
)
Customer No.: 116407 )

GENERAL AUTHORIZATION TO CHARGE FEES

Commissioner for Patents
P.O. Box 1450

Alexandria, VA 22313-1450
Dear Sir:

With respect to the above-identified application, the Commissioner is authorized to
charge any fees under 37 C.F.R. §§ 1.16 and 1.17 and any provision for this reexamination
proceeding which may be required and to treat any concurrent or future reply requiring a petition
for an extension of time under 37 C.F.R. § 1.136(a)(3) for its timely submission as incorporating
a petition therefor for the appropriate length of time and to charge any fees which may be
required during the course of prosecution, or credit any overpayment, to Deposit Account
No. 50-6181.

Dated this 2™ day of November, 2023.

Respectfully submitted,

[Marcus S. Simon., Reg.# 50258/
MARCUS S. SIMON
Registration No. 50,258
Attorney for Applicant

Dorsey & Whitney LLP
Customer No. 116407
Telephone: 801.933.7360

4890-9438-9645\1
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Reed Smith LLp

ReedSmit
;\ A Suite 1700
riving progre?: &11 Main Street

sheaugh pasteeyshd
N : Houston, TX 77002611
Robert R, Riddie wsmiﬂ 713 ?;gg gsog

Diract Phone: +1 713 468 3881 § 4a p
Fax+1 713 4
Email: rriddie@reedsmith.com ax reeﬁsrﬁ?ﬁtﬁ?&

June 13, 2023
By E-Mail

Riccardo Biazzi

thiazzi@zardi.ch

M. Zardi & Co. SA

Via (3. B. Pioda 6 6900 Lugano CH

RE: HResponse to your letter dated June 1, 2623
Dear Mr. Biazzi,

You have sent correspondence on behalf of yvour clieni, Casale SA, accusing Topsoe of patent
infringement absent written consent of Casale. Your correspondence, however, omits many important
details. We find these omissions, as well as the assertion of patent infringement, to be made in bad faith,
fraudulent, and anticompetitive. Given Casale’s approach, the seriousness of Casale’s allegations,
Casale’s initial offer to “resolve this matter amicably,” and to mitigate any further harm to Topsoe that
Casale’s actions and allegations may be causing we suggest a teleconference between the parties
respective business principals and counsel fo have a candid dialogue about the issues raised thus far. In
advance, we provide additional information uncovered in our investigation, but note that our investigation
is ongoing and that we reserve all legal and equutable rights against Casale.

Topsoe has worked to develop processes to reduce COz emissions associated with ammonia production
for more than two decades, and Topsoe’s SynCOR™ process is a direct result of that work, Topsoe was
using the features purportedly claimed by Casale long before Casale filed its patents (US 11,286,168 and
EP 3583067). This information is publicly available and well-known to Casale.

While Casale points to a Topsoe Symposium paper from September 2022 to assert infringement, Casale
neglects to mention s attendance at the Fertilizer Association of India (FAI) Annual Seminar i 2009
where Topsoe described an identical process. Specifically, Topsoe presented its process and published a
companion paper, both titled “Energy efficiency and CO2 reduction potential in amruonia plasts based on
lean gas.” Both are prior art to Casale’s patents, and both describe a process that includes the features
Casale now attempts o claim as an invention, including for example, auto thermal reforming, high
termperatore and low temperature shift, CO2 removal, and two fuel sircams. The paper provides the
following explanation and figures.

Plant control and operating conditions are completely identical to the normal scheme,
without excess synthesis gas production having a hydrogen to nitrogen ratio of approx. 3:1.
However, since the feed flow is dictated by the carbon dioxide production rather than the
hydrogen and nitrogen production for the ammonia synthesis loop, an excess of synthesis
pas is produced, and this excess synthesiy gas iy used as fusel in the primary vefovamer.

ABU DHABI ¢ ASTANA ¢ ATHENS ¢ AUSTIN ¢ BEUIRG ¢ BRUSSELS « CENTURY CITY + CHICAGD + DALLAS ¢ DURAI ¢ FRANKFURT ¢ BORG KONG
HOUSTONR ¢ LONDON ¢ LOS ANGELES » MIAMI ¢ MUNICH ¢ NEW YORK ¢ ORANGE COUNTY » PARIS » PHILADELPHIA + PITTSBURGH
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Figure 1: Process flow diagram for Topsae ammornia plant
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Figure 4: Scheme with excess synihesis gas production

Casale is a regular attendee and presenter at FAI mectings, attended the 2009 FAI meeting, and received
preprints of the seminar papers, including the paper authored by Topsoe. Despite this, Casale did not
disclose the Topsoe presentation or paper to the patent office. As such, Casale knowingly and intentionally
cornmitted fraud on the patent office by violating Casale’s duty of candor pursuant to 37 CFR. § 1.56
rendering Casale’s patent not only tnvalid, but also unenforceable.

Worse, Casale cannot excuse this fraud as a mere oversight. Our preliminary investigation reveals a pattern
of fraudulent action by Casale. Apart from the 2009 Topsoe presentation and paper, Casale had dirvect
access to Topsoe’s technology implemented at IFFCO’s Aonla Fertilizer plant prior to filing Casale’s EP
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