
Application of liquid and gas expansion turbines can recover mechanical work ( e.g., 
let-down of the COrladen 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 systems may 
be operated in open loop fashion (set values changed manually by the operator) or in 
closed fashion (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 modem 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., CO2 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 natllral ga~ (Uhde prnce~,) 
a) Sulfur removal; b) Primary reformer; c) Steam superheater; d) Secondary reformer: e) \Yaste heat boiler: 
f) Convection section: g) Forced draft fan; h) Induced draft fan; i) Stack: k) !IT and lf shift converter,: 
I) Methanator; m) CO2 removal solvent boiler: n) Process condensate separator; o) CO2 absorber: p) Synthesis gas 
compressor; q) Process air compressor; r) Ammonia converter; s) High-pressure ammonia separator: t) ,\mrnonia 
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. Increase of plant efficiency by steam export (GJ/t NH,) 

Natural gas 
Electric power 
Steam export 
Total energy 

Plant 

A 

27.1 

Ll 

28.2 

Figure 106. Stearn \ystem of a mod­
Pm steam reforming 
a) Stearn drum, 125 bar; b) Nl:-13 
loop; c) Turbine for syn gas rnm pres­
sor; d) Turbine for proce,s air com­
pressor and alternator; e) Surface 
condenser: f) Condensate treatment; 
g) Bf\\' pump 

Difft'rence 

B 

32.6 + 5.5 
1.1 

- 6.4 - 6.4 
27.3 - 0.9 

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, + 1.131 N 2 + 1.393 H 20 -~CO2 + 2.262NH, (95) 

l .4345 air 

/'J.H = -86 kJimol and t,.F = -101 kJJmol 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 t•nergy requirement for ammonia prodLH:tion compared to the thenretieal minimum 

Classical Haber- Rosch (rnkr) 
Reforming, 0.5- 10 bar (1953 - :,5} 
Reforming, ::\0-35 bar (1965-75) 
Low energy concepts (1975-84) 
Modern concepts (since 1991) 
Stoichiometric CH..i demand 

GJ/t NH, (LHV) 

80-90 
47-:,3 
33-45 
29-33 

~ 28 
20.9 

% theory 

CB8-4:-11) 
225-254 
139-215 
139- l5S 

134 
= 100 

above reaction is 583 m3 per tonne of ammonia, corresponding to 20.9 GJ/t NH3 
(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 NH3 . 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 NH3 , while delivery as liquid at - 33 °C would need an extra 0.3 GJ/t 
NH3 . 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 NH3 . 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 
NH3 , whereas a content of 10 mol % carbon dioxide would add 0.2 GJ/t NH3 to the 
total consumption value [1060]. 

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

The energy consumption figures disrnssed 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 [10611, [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. Filt'rgy analysis of a low E'll('rgy ann11oni;:1 ph11t ((;J/t :-(l!,) 

HJI\' I I l\' I_).( r'-'._\ 

Input 
:\atural gJs cnn~u1npt1on 
Keformer feeJ '.2cl.6fi 12.27 '.!:·L~8 

Reformer !iwl 7A9 li.78 7.08 

.\ uxili:1 ry boil Pr foel (U4 0.'.29 0.:; 

Total consumption J2.41i 2'.U4 ;n.r}~1 

Losses 
Reforming ().58 0,]8 l,'ll 

St<carn gpneratitnl o.:n IITl '.2. jq 

.Shiti, ('02 remol'al. rnethunalion 1.30 1.30 1u;-;-

Synthesis 1.70 I 70 ].;):; 

Turbines and eurnprcssor., 6.50 t,.:,o 11,.-,c( 

Others (including stack I .'.rn (I.Ii,'; [l_.j(; 

Total losses 11.'.il 10.8') 10.:i,, 

NH, product 20.98 17,12 '._J_(J.l.j 

Efficiency, % fi4,60 5~,4(1 bG,t)O 

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 ,vith 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 
specific 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 ratio 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 modem 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 NH3 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 U069] with Selexol CO2 removal unit. 

Haldor Topsee Process. In addition to technology supply, Haldor Tops0e 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] - (10821. 

Tops0e 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. :ihiit 
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a) Feed gas compressor; b) Desulforization; 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) CO2 
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Benfield or BASF aMDEA); p) Stripper air blower; q) CO2 lean pump; r) Methanator feed preheater; s) Methanator; 
t) Synthesis gas compressor; u) Dryer; v) Purge gas H2 recovery; w) Ammonia converter; x) Start-up heater; 
y) Refrigeration exchanger; z) Refrigeration cornpres.~or 

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 Tops0e 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 SIC ratio of 2.5 and shift conversion with medium- and 

low-temperature catalysts, both copper-based. For CO2 removal Selexol or aMDEA is 
chosen. The synthesis is performed at 140 bar with a Tops0e 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/tNH3 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] -[1090]. High plant reliability at competitive overall costs was a major objective. 
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Figure 108. Haldor Tops0e's low energy process 
a) Desulfurization; b) Primary reformer; c) Secondary reformer; d) Shift conversion; e) CO2 removal; f) Metha­
nation; g) Main compressor; h) Recycle compres.'>or; 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 CO2 removal BASPs 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 convuter vessel high pressure steam (125 -130 bar, up to 1.5 t/t NH3 ) 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 NH1 when a gas turbine and large steam export is 
included [1088]. 

LEAD Process (Humphreys & Glasgow, now Jacobs) [940]. [10911. 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 specifi­
cally designed for the companyis 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 Tops0e A/S. Synthesis is carried 
out at 140 bar in a Tops0e S-200 converter and total energy consumption is reported to 
be 29 GJ/t NH3 . 

Fluor Process. The Fluor process [280], [934], [940], [1094] uses the proprietary 
propylene carbonate based CO2 removal system with adsorption refrigeration using 
low level heat downstream of the low-temperature shift. Methanation and CO2 removal 
are placed between the compression stages and thus operate at higher pressure. With a 
value of 32 GJ/t NH3 [934] this is not really a Jmv-energy concept. 

Lummus Process. For the Lummus process schemes (2801, (940]. [1095)- [1097J a 
consumption of 29.6 [941] to 33.5 GJ/t NH3 [1099] is quoted. In the synthesis section 
either an axial flow quench converter or a radial flow converter with indirect cooling is 
used. CO2 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 aiT flow. The excess nitrogen introduced in this way is removed 
after the methanation step in a cryogenic unit known as a purifier [11051, which also 
removes the methane and part of the argon. The result is a purer synthesis gas 
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O Process air compressor; g} Gas turbine; h) High- and low-temperature shift convertm,; i) C01 removal solvent 
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v) High-pres,ure ammonia separator; w) Ammonia letdown ve"sel; 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 newH 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 CO2 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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Figure 110. JC! AMY process 
a) Desulfurization; b) Natural gas saturation; c) Process air compression; dl) Primary reformer; d2) Secondary 
Reformer; e) Boiler; f) High temperature shift; g) Low temperature shift; h) Selexol CO2 rE'moval; hl) CO2 absorlwr; 
h2) Regenerator; i) Single stage compression: j) Methanation; k) Cooling and drying; l) Circulator; m) Hydrogen 
recovery; n) Ammonia converter; o) Refrigeration system 

can attain 28 GJ/t NH3 in a balanced plant, but with steam export and realization of 
the available improvement possibilities a value of 27 GJ/t NH3 seems feasible. 

ICI AMY 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 
hvo 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 NH3 . 
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Foster Wheeler AM2 Process. The Foster Wheeler AM2 process [ 1035 l, [ 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 surplus 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 CO2 removal, methanation, 
and molecular sieve drying. A cryogenic unit operating at synthesis pressun:· rejects the 
nitrogen surplus from the loop. An energy consumption of 29.3 GJ/t NH3 is claimed. 

Humphreys & Glasgow BYAS Process. The Humphreys & Glasgow (now Jacobs) 
BYAS process [1113], [11241, {11251 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 1 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 synthesis 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 H2 :N2 gas composition, 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 NH3 , and with substantial steam export a 
value of 26.8 GJ/t NH3 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- steam 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 eflluent. 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 tht' 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. \•;hich has 
been tested in a 50 bar pilot plant, an energy consumption of 28.1 GJ/t NH 1 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 
NH3 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 CO2-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 economizer. Ammonia is condensed at -10 and -27 °C. An 
overall consumption of 27.7 GJ/t NH3 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 Sevemside (UK) with a 
capacity of 450 t/d each. 
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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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the mixed feed enters the ICI gas heated reformer (GHR) [471}-[4731 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. CO2 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 CO2 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 NH3 . 
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Kellogg Ammonia 2000 Process [3981, [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 550-550 °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 autotherma1 
reforme; is fed with enriched air (30 % 0 2). 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 NR,. 

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 
secon<lary 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. I .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 CO2 product is 
required), PSA, nitrogen addition, synthesis loop. In this concept four sections of the 
classical process sequence (secondary reforming, LT shift, CO2 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 NR1. 
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c.. 
~ Linde LAC Process. The recently announced Linde LAC process [1145]-[11491 

U 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 CO2 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 CO2 
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 NH3 or, with inclusion of pure CO2 recovery, 
29.3 GJ/t NH,,. 

Humphreys & Glasgow MDF Process (now Jacobs) [280], [1097], [1098}, 
[1151]-(11531. This concept has a configuration similar to the Linde LAC process. 
Energy consumption with inclusion of pure CO2 recovery (which is optional) is 
32.8 GJ/t NH3 . 

5.2. 

S.2.1. 

Ammonia Plants based on Partial 
Oxidation 

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 Tops0e1s 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 NH3 were reported. In 
recent commercial bids, values as low as 33.5 GJ/t NH3 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 th\' pressure benveen 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 
H2S and COS (together with some CO2 ) to less than 0.1 %. The removed sulfur-rich 
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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 CO2 by absorption at - 65 °C in 
methanol, which is regenerated by flashing and stripping. Molecular sieve adsorption 
then removes residual traces of methanol and CO2 . 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 N2 : H2 = 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], [540J-[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 H2S concentra­
tion in the sour gas, and for this reason a special concentration step is required for 
methanol regeneration to obtain pure CO2 and a fraction sufficiently rich in H2S 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]. 

Topsee Process. A <:oncept using enriched air instead of pure oxygen and methana­
tion instead of a liquid nitrogen wash was proposed by Topsoe [11591, {1160]. A Shell 
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 H2 S, COS, and CO2 , and this is followed by methanation. Makeup gas 
drying, compression, and synthesis loop have no special features. The anticipated 
energy consumption is 34.8 GJ/t NH3 . 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 [10351, [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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much higher boiling point difference (57 °C). According to Foster Wheeler this leads to 
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 NH3 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 [410J. 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]- [561J. 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 CO2, 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 increases equipment dimensions and costs, as well as the 
power required for synthesis gas compression. An energy input of 51.5 GJ/t NI I, 
(LHV) has been reported. According to {563], the atmospheric ACGP gasifier (Section 
4.1.2.3) could lower the consumption to 44 GJ/t NH1 (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 :rn %). oper;1te-., al 

30 bar, and the product gas contains up to 15 % CH4 , higher hydrocarbons. trouble 
some phenolic material, and tars. After washing with process condensate.s to rc'lllt\\'I' 

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 rnethane-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 pmver con­

sumption of 32- 34 GJ/t NH3 , and steam generation consumes 18-22 GJ/t NH,, 
resulting in a total energy consumption of 50- 56 GJ/t NH,. 

The Texaco Coal Gasification Process [545], [564]- [571 J, [1168]- [1172j (see 
Section 4.1.2.3) originates from Texaco's partial oxidation process for heavy oil 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 compartnwnt 
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 NH3 is stated, 
which is lower than the 48.5 GJ/t NH3 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. 

6.1. 

Modernization of Older Plants 
(Revamping) 

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 
[1174J-[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 [10271, [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 H2 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 CO2 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 jaC{lhs BYAS process {11131, [1124]. [1125] and the 
Foster Wheeler AM2 process [1035], [11231, [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 ]Cl'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], [485]-[488J (see also Section 4.1.1.8) 
could be considered. Description of executed revamp projects are given in [ 1126], 
[ 1196] - [ 1201]. 

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. Tops0e [11821, [1202] mostly uses its Series 200 configuration; 
and Ammonia Casale [905]- [908), [1203]- [1207] its proprietary ACAR technology, 
with which mor€ 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], [1209]. 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 steam 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 longer 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 
probab)y also CO2 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 CO2 supply. For total conversion of 
the ammonia, the CO2 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 Snamprogetti 
[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 
CO2-containing synthesis gas into the urea reactor was even proposed in one publica­
tion. 
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8. 

8.1. 

Material Considerations for 
Equipment Fabrication 

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 [1211J-[1213J, [1484}. 

Chemical Hydrogen Attack. Under certain conditions chemical hydrogen attack 
[12251, [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 quality 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 [12261, [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 occurs when adsorbed 
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molecular hydrogen dissociates at higher temperatures into atomic hydrogen. which 
can diffuse through the material structure. \Vherever 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 affected 
piece of equipment cracks and ultimately ruptures. 

The phenomenon is also referred to as hydrogen ernbrittlement. It 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 we11 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 embrittlernent). 

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 GRABKE [1250] and HocHMANN [1251). 
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At least from a theoretical point of view, alloys formulated to 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 aluminum). 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 H2S, thus inhibiting 
the initiation of metal dusting [1248]. 

8.S. 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 ar~anged (1266]. This may be by ocean­
going ships, river barges, rail or tank cars, or by pipelir;_·0

• 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 [12671, [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 
50 000 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. 

213 

355 Topsoe, Inc. – EX1003 
Page 355 of 1210



bO 
C: ·c. 
C. 

:E 
Ill 
"'C 
C: 
Ill 
Cl) 
l)O 

f 
0 ,... 

II) 

Table 40. Characteristic fealures of ammonia storage tanks 

Type Typical pressure, De~ign tempera-
bar ture. °C 

Pressure storage 16-18 ambient 
Semi-refrigerated 3-5 ca. 0 
storage 
Low-temperature 1.1-1.2 - 33 
storage 

I ammonia per I 

steel 

2-1, 
10 

41-45 

Capacity. t am-
monia 

< 270' 
450-2700 

4.500-45 000 

Refrigeration 
compressor 

none 
single stage 

two-stage 

') Refers to cylindrical tanks ("bullets"); spherical ve,st'b, see Section 9.1.1. 

From synthesis piant Liquid ammonia 1.5-2.0MPa To consumer 5. 

- - - - - ...,.... - - - - - -- - - - - - - - --
NH 3 Gas with inerts __ _ 

- ---t-------:-------------' 

} 
inerts to f!;JCe or scrubber 

1 

0.1M~a ~~ e d : 

ca. 1 5MPa : 
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Figure 118. Ammonia terminal with loading and unloading facilities 
a) Sphere al ambient temperature; b) llmk at ambient pressure (refrigerated); c) Pump,; tl) Compressors; e) Air­
rno!ed condenser; f) Barge with pre,sure lank; g) Barge for ammonia at ambient pressure; h) Booster; i) 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 150 t 
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 250 - 1500 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 ammonia 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]-[1276]. 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 [12731, 
[1277], 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 106 (6 x 106 DM). 

9. I .2. Low-Temperature Storage 

Modem 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 50 000 t of 
ammonia are available [1290J. 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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Figure 119. Arrangements of refrigerated ammo­
nia tanks 
a) \Vaterproof roofing: b) Ste<"[ roof; c) Inner steel 
shell: d) Foamed organic malerials or rock wool: 
e) HE>aling coils; f) Stay bolts; g) Inner steel base: 
h) Concrete ring wall; i) Loose Perlite or light­
weight concrete and rock wool; j) Outer steel shell 
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 [12941 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 IV], [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 20 000 t is around 15 x 106 OM. For large capacity storage 
(> 20 000 t) presently 600- 800 DM/t NH3 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 monitoring 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 concentration 
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 m3 storage volume for 30 m3 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 1n 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 [Bll]. [1312]. 

The distribution in rail cars (capacities normally up to 100 m3; Jumbo rail cars 
150 m3) 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 106 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 Nitrogen, 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 50 000 t 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 8000 t/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 fucilities on site and where no widespread direct application to agricul­
tural crops exists. 
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Ammonia: Principles and Industrial Practice 
Max Appl 

Copyright© WIL£Y-VCH Verlag GmbH,1999 

I 0. 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 

C).uality Commercial grade 

USA 

Purity wt%. min 99.5 
Water wt%, max 0.5 
Inerts ** mL/g, max not spec'd 
Oil ppm by wt 5.0 
Free of H2S. pyridine. and naphthene 

FRG 

99.5 
0.2 

not spec'd 
5.0 

Refrigeration grade 

USA 

99.96 
0.015 
0.1 

3.0 

* Allowable boiling point change on vaporization of 5-97 % of the test sample, 0.9 °C 

FRC 

99.98 * 

0.2 
(U)8 

** The noncondensable gases dissolved in ammonia are H2 , N2 . CH4 , and Ar. Their amounts depend on tlw 
methods of synthesis and storage. The int'rts 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 aqueous ammonia are on the market. Mostly. 
the concentration is 25 - 30 % NH3 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 (HgJ in KOH), can detect ammonia 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 chrornatographi­
cally. 
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Ammonia: Principles and Industrial Practice 
Max Appl 

Copyright© WIL£Y-VCH Verlag GmbH,1999 

I I. Environmental, Safety, and 
Health Aspects 

I I . I . 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 reforming ammonia plants 

Existing plants New plants 

Emission to air NO, (as NO2)* ppmv (mL/m') 150 75 

mg/Nm' 300 150 
kg/t NH3 0.9 0.45 

Emission to NH3/NH4 (as N) kg/t NH, 0.1 0.1 

water 
Waste material*' kg/t NH3 < 0.2 < 0.2 

' At 3% 0 1." Spent catalysts. 

The source of the NOx emissions is the flue gas of the fired primary reformer, and in 
plants without a fired tubular reformer NOx is emitted from fired heaters and auxiliary 
boilers, but in considerably smaller quantities. However, NOx 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 NOx 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 SO2 ( < 1500 mglm3). Other possible emissions are 
H2S ( < 0.3 ppmv), CO (30 ppmv) and traces of dust. The NOi 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 NOx 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 [1326J. Many 
investigations have dealt with noise generation and noise abatement in ammonia 
plants [1327]- [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 dosed 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 NOx/m3 for furnaces up to 300 MWth· 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, NOx 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 NH3 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 Manufacturer1s 
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". 

I 1.2. 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 

:!25 

367 Topsoe, Inc. – EX1003 
Page 367 of 1210



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. ln 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 liquid 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 Druckbehalter, Druckgasbehalter und Fiillanlagen (Druckbeh. V 
vom 27. Febr. 1980) 
Unfallverhiitungsvorschriften der Berufsgenossenschaft der chemischen Industrie: 
e.g. UVV 29 Gase, UVV 20 Kalteanlagen, UVV 39 Arbeiten an Gasleitungen 
Gesetz zurn Schutz vor gefahrlichen Staffen (Chem. G. vom 16. September 1980) 
Verordnung iiber Anlagen zum Lagern, Abfollung 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 Druckbehiilter 
TRgA Technische Regeln Gefahrliche Arbeitsstoffe 
AD Merkblatter for Druckbehiilter (Unterlagen for Auslegung und Berechnung) 
SEW Stahl-Eisen-Werkstoftblatter 

Relevant DIN regulations govern design of pressure vessels and other equipment. 
The German Institute for Standardization (Deutsches lnstitut fi.ir 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: 

Gefahrgutverordnung Eisenbahn (FRG) 
Gefahrgutverordnung Strage (FRG) 

GGVE 

GGVS 

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

ADR Accord europeen relatif au transport international des marchandises dangereuses par 
route (Europe) 

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

IMDG International maritime dangerous goods code [13491 

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 [13521, 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]. 

I 1.3. 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/m~ (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/rn3 ) [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 250- 500 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 result. 

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 ion 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 
u 
,8_ 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 
ii ~ any carcinogenic effects [1411]. 
J: 
~ 

1a Mutagenicity. Ammonia is not mutagenic in the Ames Salmonella system and in 
l;- 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 NH4 has been isolated only in the form of its amalgam (DAVY, 1811) 
which precipitates the more noble metals, such as copper, cadmium, and zinc, 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 H3o+ 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: 

[NH+] [OH-] 4 = K [H O l = K
1 = l.75 X 10-5 

[NH3] 2 NH~ 
(96) 

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

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, 
NO2, or N2O 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 N2O 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 hydrogen 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 CO2 , SO3 , and P2 O5 , NH3 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 
(NaNH2), for example, is obtained with evolution of hydrogen by passing ammonia 
vapor over metallic sodium. Sodium amide reacts with N2O to form the highly 
explosive sodium azide. An ammonium azide, NH4 N3 , may be prepared also. The 
imide, for example, lithium imide, Li2 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, 
U,N or Mg3 N2 . 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 ammonium halides. At higher temperatures the pro­
ducts are nitrogen and hydrogen halides. With sodium hypochlorite, ammonia forms 
hydrazine hydrate (Raschig synthesis) with chloramine, H2NCl, as an intermediate. 

Reactions in liquid 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 

(97) 

leads in water to precipitation of silver chloride, and in ammonia, to precipitation of 
barium chloride. In liquid 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: 

2 NHt + Mg ---+ Mg2+ + 2 NH, + H2 (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 HgNH2 Cl from HgCI2 . 

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
2

Se through 
Na

2

Se
6

, tellurides up to Na
2 

Te
4

, antimonides, arsenides, polystannides, and polyplum­
bides. Introducing oxygen into the solution of alkali metals forms peroxides, Na2 0 2 , 

K~0 2 , as well as dioxides. KO2 , RbO2 , and CsO2 . White explosive salts of the hypothe­
tical acetylenediols, such as KO-C= C-OK, result with carbon monoxide [14161: with 
acetylene, NaC = CH; and with phosphine, KPH2 . 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 
nonmetals 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: 

(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 1n 
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- through trimethylamine; dichloromethane yields ethylene imine in the 
presence of calcium oxide. Amines can also be produced by reacting ammonia ,vith 
alkyl halides in multistage processes [1425]. 
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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 hexarnethylenetetramine (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, sodium 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 S02 
from flue gases of fossil-fuel power plants. The resulting ammonium sulfate is sold as 
fertilizer. In the selective catalytic reduction process (SCR) the NOx 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 (CFCs), 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] - [1434J. 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. 

13.1. 

Economic Aspects 

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. 
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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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Year 
1985 1990 1991 1992 1994 1995 1996 1998 2000 2001 

Capacity 118.5 122.5 122.5 1245 1163 117.5 117.9 124.5 131.3 135.7 
Dern and 92.0 94.4 93.1 93.1 93.4 95.2 97.7 102.7 107.8 110.7 
Capacity ,...,,...,7 

II., 78.7 80.2 74.7 80.3 81.0 82.9 82.5 82.7 81.ii 
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 1- 2 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 will 
be coal-based as well, probably with modem 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 4 70 plants were operated by nearly 250 
different companies [1481]. The approximate average plant capacity which results from 
these figures is around 260 000t/a NH3 . Situation in 1991 is found in [1447]. 

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, % 

Western Europe 
Eastern Europe 
Former Soviet Union 
Middle East 
Africa 
North America 
Central America 
South America 
South and East Asia, Oceania 
Asia CPE* 
World 

• Centrally planned economies. 

Asia 
Lalin America 

- Naih America 

10.3 
7,6 
17.7 
4.0 
3.2 
14.2 
3.3 
1.8 
17.4 
20.5 
100 
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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 106 t N) 
and the United States (1996: 3.4 x 106 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 examp1e, in 1996 
4.1 x 106 t N, the Middle East 1.3 x 106 t, Trinidad 1.6 x 106 t N. World ammonia 
trade in 1996 was around 11 x 106 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 106 for steam reforming of natural gas, $ 270 x 106 for partial oxidation 
of vacuum residue and $ 400 x 106 for coal-based plants (Capacity 1800 mt/d). 

Table 45. Ammonia production costs from various feedstocks in 1998 (tiOOOOO t/a) 

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

Feedstock price. $/106 Btu 2.8 1.8 1.5 
Total energy consumption, 27 36 45.5 
106 Btu/t 
Feedstock and energy 75.6 64.8 68.3 
costs, $/t NH3 
Other cash costs, $/t NH, 28.5 41.0 59.0 
Total cash costs, $/t NH3 104.6 105.8 127.3 
Capital related costs', $/t 68.4 100.3 143.3 
NH3 

Total costs, $/t NH, 172.5 206.1 270.6 
Total capital '*, 106 $ 250 350 500 

' Assumed dept/equity ratio 60:40; depreciation 6 %, 8 % interest on depts. 16 % ROI 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 modem 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. Percrntage of wodd natural gas reserves and consumption for variom geographiral areas in 1997 [1442] 

Former Soviet Union 
(Russian Federation) 
Middle East 
North America 
Europe (incl. North Sea) 
Africa 
Central and South America 
Asia (incl. Australia and New Zeal­
and} 

% of world reserves 
[ 114.8 X 101" m-'] 

39.2 
(33.2) 
33.7 
5.8 
3.8 
6.R 
4.4 
6.3 

% of world rnnsumption 
[2196.7 x 109 m3 (STP)I 

22.4 
(15.1) 

7.3 
33.7 
19.0 
2.3 
3.9 

11.4 

Table 47. World Reserves and Consumption Rate of Fossil feedstocks in 1994 I 1442] 

Coal, t Mineral oil, t Natural gas, m 3 (STP) 

Resen,es 
Consumption per year 
Years of expected supply 

1032 X 109 

4712 X 106 

219 

140.9 X 109 

3445 X 106 

41 

141 X 1012 

2136 X 109 

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 106 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 106 in Western Europe [14781. 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], [14771. 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 Gulf 90%, 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 difft,rent 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. Off-site 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 106 . 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 
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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 oil are 
around 3 $/t NH3 . 

Catalysts have nowadays sufficient service life that change intervals can coordinated 
with normal tum-arounds. (Years of catalyst service life: primary reformer 2 -4, 
secondary reformer > 6, HTS > 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 year, 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 tum-arounds. A start up needs 
between 15 to 30 hours and consumes a considerable amount of natural gas without an 
equivalent production (100000-200000 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 involved. 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 
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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 Gulf 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 inclusion 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 LO $/106 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 

243 

"' C: 
0 

·~ 
V 
0 

...J 
-; 
V 

:E 
0.. 
RI 
I,., go 
~ 

C> 
Ill 
::::i 
0 

-~ 

~ 
I,., .e 
"' .. 
Ill 
0 

0 
C: 
0 

·;; 
V 
::::i 
-0 e 
0.. 

385 Topsoe, Inc. – EX1003 
Page 385 of 1210



ammonia 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 favor 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 n1trogen cyde. 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]. [14511, [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-nudear process was also 
discussed [1453]. 
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I 4.1 . I. 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, beans, 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, [14581: 

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 l 
4) Inserting the NIF gene directly into plants 

Especially the last option, to d€sign 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: 

0.5 N2 + 1.5 H20 - NH3 + 0.75 0 2 (100) 

~~98 = + 340 kJ/mol, .l!.J--fl98 = + 383 kJ/mol 

The oxidation of glucose generates 3140 kJ/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: 

(101) 

As seen from this equation two electrons are 11wasted11 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 

246 

388 Topsoe, Inc. – EX1003 
Page 388 of 1210



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]. 
[1463J 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 AJ/498 = +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 is 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 [14651, [14661. Unlike most diazotropk 
bacteria, blue-green algae are self-sufficient in that they themselves produce the energy 
necessary for the nitrogen fixation by photosynthesis. 

14.1.2. Abiotic Processes fl460J 

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], [1468J 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 [1469J and 
[1460]; additional literature references can be found in [1448]- [1450], [14541, [1455]. 
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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 4 7. 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 
NH3 . With the new ruthenium-based catalysts M. W. Kellogg claims a figure of 
27.2 GJ/t NH3 . 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 NH3 already correspond to a rather high efficiency of around 75 % with 
respect to the theoretical minimum of 20.9 GJ/t NH3 (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 NH3/ 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. 
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Fast Engineering Ltd. Converter 152f 
Fauser (old) convertei: 152 
Fauser-Montecatini converter 159 
Grand Paroisse quench converter 155 
Haber-Bosch converters 152 
Hot wall converter 161 
!Cl lozenge converter 155, 157 
ICI opposed flow converter 155f 
ICI tube cooled converter 152 
Kellogg horizontal indirect cooled converter 160 
Kellogg horizontal, quench, converter 157 
Kellogg KAAP converter 162 
M. W. Kellogg quench converter 155 f 
Mont Cenis converter 152 
NEC converter 153 
Tops0e SlOO quench converter, radial flow 156, 

158 
Tops0e s:wo converter 159f 
Tops0e S300 converter 160 
Tops0e three bed/two ve~sel system (S250) 161 
TVA converter ISi 
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Lhde quench converter 155 
Uhclt' three hed/lwo vessel sysl<'lll Hil, 171 
Uhde-Chemie Linz converter 159 

Cornmerdal en, removal proreSS<.'S 
ACT-I activator (UOP) 126 
BASf aMDEA proct'ss 129 f 
Benfield LoHeat System (lJOP) l 2fi f 
Carbosolvan process 128 
C:at;1carh process 127 
Exxmi flexsorb process 128 
r:l,wr Solwnt Process 1:n 
Giammarco-Vetrncoke process 1:n 
LRS 10 (British Cas) 127 
MEA process/ Amine Guard 128f 
Purisol (Lurgi) process 1:n 
Rectisol (I.urgi/Linde) 132 
Selexol process (UOP) 130, 132 
Sepasolv MPE process (BASF) 131 
SPIC process 128 
Sulfinol process 134 

Compressor drivers 
Cas turbines 144, 181 
Steam turbines 144 

Compressors, centrifugal 
Bearings 142 
Control 143 
Couplings 141 
Dry seals 143 
Four-nozzle compressor 145f 
Integrated geared centrifugal compressors 143 
Introduction to ammonia plants 140 
Magnetic bearings 143 
Minimum flow rnte 140 
Minimum load without efficiency loss 143 
Minimum plant capacity 140 
Number of impellers 141 
Oil seals 142 
Recycle compression 141 
Surge 143 

Compressors, reciprocating 13g 
Gas engine drive 139 
Linear arrangement 139 
Multifunction compressor 140 
Parallel arrangement 139 

Converter design 148 ff 

Converter performance parameters 
Blow-out point 147 
H/N ratio 147f 
Inert gas 146. 148 
Oxygen content of make up-gas 146, 148 
Pressure 146 f 
Space velocity 147f 

Converter types 
Axial radial tlow 15 7 f 
Cocurrenl tube cooled converters 153 
Counter current tube cooled converters 151 
Cross flow 157 
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Direcl cooled multihed conwrters 154 
Indirect cooled muitibed COn\'erters 157 
Principal configurations 1501 
Quench com·nters lS4 
Radial flow 15fi 
Temperature profiles 152, 154 ( 159 

Co-Productinn of other products 
Carbon monoxide 207 
Hydrogen 207 
i\frrhanol 207 f 
Urea 2U7 

Cost factors in addition to feedstock and capital 241 
Cryogenic methods for gas purification 

Braun Purifier prore.,s 137 
Cryogenic hydrogen recovery 166 
Liquid nitrogen wash 137f 

Dirty shift catalyst 120 f 
Dryers for make-up gas B7 

Electric arc process 
Birkeland-Eyde 5 

Energy consumption 5 

Schonherr furnace S 
Energy consumption in ammonia plants 

Development 194~1998 185 
Energy export 183 f 
Energy surplus in steam reforming plants 183 
Exergy analysis (steam reforming) 185 f 
Influence of cooling medium and temperature 185 
Influence of design criteria 185 
Influence of physical state of ammonia 

product 185 
POX plants 199, 203f 
Stearn reforming 180 
Theoretical Minimum for steam reforming 

plants 182 ff 

Energy integration 177 ff 
Environmental aspects 

Best Available Technique 225 
EFMA Booklet Production of Ammonia 225 
Emmission limits and guidelines 224 
!PPC Directive of the HJ commission 225 
Noise 224f 
NOx emmissions 223f 
502 emrnissions 224 

Exchanger reformer 
AGHR (IC! Synetics) 94f 
CAR (Uhde) 96f 
GHR (IC! Synetics) 93 ff 
KRES (Kellogg) 94 ff 
TANDEM Reformer (GIAP) 95 

Feedstock and ga;ification technology 67f 
Feedstock choice 

Advantage of natural gas 67f, 238 
Coal gasification 108 
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Geographical distribution of natural gas re­
serves 239 

Influence on teclmolngy selection 68 
Reserves and consumption of fossil feedstocks 

Feedstock distribution of ammonia capacity 67 
Feedstock price 

Coal 238 
Fuel oil 238 
Influence on ammonia costs 238 
Natural gas 238, 241 ff 

Frank-Caro rnlcium cyanarnide process 1, 5 

HABER's r;,cycle concept 6 
Health aspeds in ammonia production 

General rnnsiderationy 228 
Human exposure 228 
Toxicology 229 

I !eat exchange reforming 
See exchanger reformer 

HT shift conversion 
Catalyst 113 
Chromium free catalyst 114 
Fischer-Tropsch reaction 114 
Kinetics 115 
Manufacture 114 
Over-reduction of HTS catalyst lB f 
Radial flow 119 
Reaction mechanism 114 ff 

Hydrodesufurisation 69, 121 
Cobalt molybdenum catalyst 69 
Zinkoxide 69, 121 

Hydrogen attack 
Chemical 209 
Dissimilar welds 210 
Hydrogen attack in hot wall ammonia 

converter 210 
Hydrogen embrittlement 210 
Mechanism 209 f 
Metal Carbides 209 
Nelson Diagram 209 
Physical 209 
Post wdd heat treatment 210 
Soaking 210 

Hydrogen recovery from purge gas 
Cryogenic methods 166 
Membrane separation 167 
Metal hydrides 169 
Pressure swing adsorption 168 
Secondary synthesis loop 166 

Hydrogen sulfide corrosion 212 

Industrial synthesis loop (example) 171 

Loading terminal (ammonia) 214 
LT Shift conversion 

Amine formation 118 
Catalyst 117 f 

Catalyst manufacture 
Catalyst service life 
Chlorine poisoning 
Equilibrium ll7 
Guard bed 117 
Kinetics LT 118f 
Methanol formation 
Radial flow 119 

117 
117 
118 

118 

Reaction mechanism 119 
Sulfur poisoning Jl7f 

Magnetite ammonia catalysts 
Ammonia iron 54 
Chemical composition 39 
Cobalt promoted catalyst (!Cl) 62 
Commercial catalysts 40 

Influence of pro~otors 42ff 
Manufacture 49ff 
Mechanism of promoter effect 44 ff 
Particle shape 48 f 
Particle size and activity 47, 49 
Pre-reduced catalysts 54 
Pressure drop 49 
Price 50 
Promoter distribution 41 
Reduction 52 
Reduction mechanism 53 ff 
Spherical catalyst 48, 50 
Surface 39 

Maintenance 241 
Material questions 209 ff 
Membrane Separation 167f 
Metal dusting 

Aluminium coating 212 
Carbon activity 211 
Inhibition by H2S 212 
Materials to reduce metal dusting 212 
Mechanism 211 

Methanation 
Applicati{)n in POX plants 136 

Catalyst 135 
CO2 breakthrough 136 
Kinetics 135 
Nickel carbonyl formation 136 

Methanol formation 118 

Methanolation (Tops0e) 136 
Minimum energy for steam reforming 182 
MT shift conversion 119 

Natural gas prices 238, 242 ff 
Nickel carbonyl formation 136 
Nitriding of steels 211 
Nitrogen cycle 1 
Nitrogen fixation abioti, 247 
Nitrogen fixation. biological 246 

Blue-green algae 246 f 
Energetic effiriecy 246 f 
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/vlcrhanisrn 246 
7':itrogenase 24fi 
Op!iom for genetic engineering 246 
Rhi2obium bacteria 24fi 
Water fern 247 

\:itrogen magazine (British Sulphur, CRU 
Publishing) V. 65, 2Hl, 244 

Non-iron ammonia catalysts 
Alkali promoter fil 
i\mmomia inhibition 6'.l 
Commerci,il Ruthenium catalyst 62 
Criteria for support matnial 60 
Effect of ll/N ratio 63 
Graphite stahilit y 61 
Graphite support 61 
Kellogg/BP catalyst 62 
Low pressure potential 63 
]\;itride formation and effectivity 61 
Osmium 61 
Rate determining step 62 
Search criteria 60 
Search program of Mittasch 60 
Structure sensitivity 62 

NO, ernmission 91, 223f 

On-stream factor 241 
Operational variables of the synthesis loop 169f 
Options for production schemes 66 

Partial oxidation (POX) 
Chemical reactions 98 f 
Reaction conditions 99f 
Soot formation 99 ff 
Soot recycle 102 ff 
Soot removal 102 ff 
Vanadium recovery 103, 106 

Partial oxidation of coal 
Abstich generator 8 

Advanced Coal Gasification Process 109 
British Gas/Lurgi Slagging Gasifier 110 
Classic Winkler Gasifier 7. 1 lO 
Dow Process 108 
Energy consumption 203 f 
HTW Process 110 
Koppers-Totzek Process 108 
Lurgi Dry Gasifier 110 f 
PRENFLOW Process 108 
Shell Coal Gasification Process 110 
Suitable teedstocks l08 
Texaco Coal Gasification Process 109 
Water gas process 7, 107 

Partial oxidation of hydrocarbons 
Energy rnnsumption 199 
Lurgi SVZ MPG process 105ff 
Principle flow diagrams 200 
Raw gas composition 101 f 
Shdl Prori'ss 102 
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Soot and ash removal 1()2 ff, 106 
Soot recycle 102, 104 
Texarn proces~ 103 
Vanadium recovery 10], 106 
V,aste water treatment 1(G 

Physical properties (ammonia) 
Caloric data JO 
Important data 1l 
Molecular rnnfiguration 9 
p-V-T data JO 
Solubility in water 17 
Solubility ofH 2 , N2, Ar, CH4 11, 15f 
Spe,ific heat 10, Bf 
Surface tension 14 
Thermal conductivity 16 
Vapor pressure 14 
Visco'>ity 14 

Plants based on heavy hydrocarbons 
Foster Wheeler 200 
Foster vVheeler POX Process 201 
Linde ftowsheet 202 
Lurgi 199 
Shell POX !99 
Texaco POX 200 
Tops0e Process 201 
Linde 200 
Uhde 200 

Plants with conventional steam reforming 
Exxon Chemical Process 190 
Fluor Process 190 
Haldor Tops0e Process 187 
Jacobs (formerly H&G) LEAD Procesf; 190 
Ke\!ogg-Low Energy Ammonia Plant 187 
Krupp-Uhde Process 183, 188 
Lummus Process 190 
Snamprogetti Ammonia/Urea concept 190 

Plants with reduced primary reforming 
Braun Purifier process 190 
Foster Wheeler AM2 Process 193 
GIAP concept 194 
!CI AMV Process 192 
Jacobs (formerly H&G) BYAS Process 193 
Jacobs Plus Ammonia Technology 193 
Kellogg LEAP Process 194 
Montedison Low-Pressure Process 193 

Plants without a fired reformer 
Chioda Process 197 
ICI LCA Prncess 194 
Kellogg Ammonia 2000 Process 197 

Plants without a secondary reformer 
Jacobs (formerly II&G) MFD Process l9& 

KTI PARC Process 197 
Linde LAC Process 198 

Prices (ammonia) 243 

Primary reformer 
Auxiliary burners 178 
Bottom-fired reformer 84-, 86 
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Burner disposition 84 
Combustion air preheat 180 
Conv('ction section 90, 178 
Flue gas duct ~O, 178 
fosler-\Vheeler rd,mner 87 
Furnace design 80, 82 f 
lleat Jl ux an<l heat transfer 8:{ 
!!eat Tecovery from flue gas 90 
[Cl RHOllM rnmput1:r program 82 
lnsu!atiaton of fire box 87 
Isolation of ruptured tube 87 
M. \\'. Kellogg reformer 88 
Me,haniral features 86 ff 
Pig-tails 86 f 
Radiant box insulation 87 
Reformer configurations 84 
Side-fired reformer 85 f 
Terraced wall reformer 81i f 
Top-fired reformer 85 
Tube suspension 86 
Tunnels 88 
Uh<le manifold concept 88 
Uhde reformer 89 

Primary reformer by-passing 91, I 93 
Primary reformer catalysts 

Acidity of support 76 
Alkalized catalysts 75 f 
Carbon formation tendency 76 
Compnsition 74ff 
Manufacture 75 
Reducibility 75 
Shape 76f 
:Splitloading 78 

Process condensate 

Process control 182 
Prot·ess optimization 
Pron,ss simulation 

118 

182 

182 
Proee!>ses based on coal 

Historic coke plant 8 
Koppers-Totzek 203 
l.urgi Dry Bottom Gasifier 203 
Texaco Coal Casification process 204 
Ube Industries Texaco 1\mmonia plant 204 

ProdU(tion (ammonia) 
Geographical distribution of world capacity 236f 
Geographical shift of ammonia capariry 237 
Number of ammonia plants L-ifi 
Special situation in China 23fi 
World population and ammonia production 235 
\Vorld supply/demand balance 2:-!6 

Production costs 
At various locations 242 f 
Capital costs 2:19 ff 
Cash costs 2:{8, 241 
Feedstock costs 238, 242 ff 
From various feedstocks 238 
Labor 241 

Maintenance 241 f 
Purification by Pressure Swing Adsorption 138, 168, 

196, 198 

Reaction kinetics 
Ammonia synthesis 29 ff 
HT shift 114f 
LT ,hift ll8f 
i\1et hanation 135 
S,eam reformi.ig 72f 

lkaction merhanism 
Ammonia synthesis 24ff 
I IT shift 115 f 
LT shifr 119 
:V1ethanation 135 
Steam reforming 73 

Reactions of ammonia 
Ammonium hydroxide 231 
Chemistry in liquid ammonia 232 
Meta[ amides and imides 231 
Nitride formation 232 
Nitrogen-halogen rompounds 232 
Organic reactions 233 f 
Oxidation 231 
Salt formation 231 

Reduced primary reforming 91, 190 
Reformer tubes 

Creep 79 f 
Heat flux 83 
llot spots 84 
Influence, shortening tube life 84 
Larson-Miller parameter 79 
Micro alloys 80 
Tube length 79 
Tube materials 79 ff 
Wall temperature 83 
\Vall thickness 79, 84 

Regale process 97 
Revamp of ammonia plants 

General considerations 205 
Objefti ves 205 
Options 180 ft: 205 f 

Rich gas process 7 4 
(see also pre-reformer) 

Safety 
Ammonia evaporatinn in spills 228 
Ammonia ~pills 228 
Ammonia ~torage 22fi 
Flarnability limits of ammonia 226 
HAZOP studies 225 f 
Incidents 228 
Regulations and guidelines 226ff 
Toxicity 228 f 

Secondary reformer 
Burner 89f 
CFD simulation 91 
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Combustion chamber 91 
Operation with air surplus. 94. l'lOff 
Operation with <'nridieJ air 94 

Secondary reformer catalysh 78 
Selectoxo process (Engelhard) 1% 
Shih rnnv.,rsit,n in POX plants 

Albli:red dirty shill catalyst, 120 
Cat;ilyst 120 
cos 120 
lsolhennal converlt'r (l.imk) 12] 
,'vlinimum sulfur for dirty shift catalyst 120 r 

Single train ammonia plant rmwept 8, 177 
'iour gas removal from POX gases 

PurboJ LB 
RPctisol configurations B2 f 
Selexol 132, 134 

Specifications (ammonia) 221 
'iteam reforming 

Carbon formation 71, 75 
Chemical equilibrium 70 
General fi8 f 
Influence of pressure 70f 
Kinetics 72 f 
Naphtha reforming 74 f 
Reaction mechanism 73 
Steam/carbon ratio fi9. 71 

Steam system 184 
Steam reforming 184 
POX plants 199, 203 

Storage of aqueous ammonia 218 
Storage of liquid ammonia 

Capacit>' 213, 215 f 
Dotible integrity tank design 2]6 

Double wall t:mks 216 
Foundation 217 
Investment cost 215, 217 
Low temperature storage 215 
Pressurized storage 214 
Refrigeration 216 
Single·wall tanks 216 
Underground storagl' 218 

Stress corrosion cracking in liquid ammonia 
Al and Zn spraying 215 
Atmospheric storage tanks 215 
General aspects 212 
Pressure vessels 215 
Pre\'ention 215 
Water addition 215 

Stress rnrro;.ion in POX plants 212 

Sulfur recovery 
Clam process B2 
Scratford-llolmes process 13;![ 

Synthesis gas generation 
General considerations 65 ff 
Hydrogen by waler electrolysis 111 f 
llyclrogen-rich gases ll2 
POX Coal l()7ff 
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POX heavy h\'drocarbons 100 ff 
Steam re.forming of natural gas liSff 

Synt.he,is loop, example 17! 
Synthesis loop configurations 145 
Synthesi~ loop variables 146 ff, 169 f 
Synthesis loop waste heat re,overy 

Boiler fe<?d water prPheat tG:-1 
Feed-effiuent heat exchanger lfi2f 
Stearn raising 162 C 17:1 
Temperature enthalpy diagram (examplP) 164 
Waste heal boilers 173ff 

Synthesis mechanism on magnetite catalvst 
Crystal surface oriental ion 24 ff. 28 
Dissosiarive nitrogen alhorption 26 ff 
Energy profile 27 
Reaction scheme 2ti 

Synthesis pressure (optimal) 170 
Synthesis reaction 

Chemical Equilihrium 19 
Entropie change 19 
Equilibrium rnnfentrations 20f 
Free Energy 19 
Heat of reaction 22 
Thermody,iami, data 19 

Temper embrittlement '.211 
Trade of ammonia 2.17 
Transportation of ammonia 

Accidents 228 
Loading capacities 219 
Ocean vessel and river harges 219 
Pipeline 219 
Shipping pri<·es 219 
Trucks and railcars 218 

Turn-around 24 l 

Uses of ammonia 
Arid amides 234 
Amin<', 231[ 
Ammonium salts 234 
fertilizer 2:-13 
Melamine 2:n 
Nitric acid 234 
Nitriles by ammonoxidation 2:14 
Polyamides, polyurethans, polyacrylnitrile, 

resins 233 
Production of hydrogen nitrogen-mixtures 234 
Refrigerant 2::l4 
SRC for NO, removal 234 
Tedrnical nitrogen z:B 
Urea 234 

\Vaste heal hoilffs 
Babrnck-Borsig 
Bakke-Diirr AC 

17:1, 175 
174[ 

Boiler frir POX gas 175 f 
h1sel-L<"t1ljes 175 
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Fire tube boilers 172 
i'd. \V. Kellogg 172 
Sleinmiill<'r 17:,, l 75 f 
Slrulht-rs 17:~ 
Thick tube sheet boilers 
rhin tube sheet concepts 
UhJc l73f 

172 

174 
17-l 

Water I ube boiler;, 
\Vaste heat recover} 
Water electrolysis 

162. ]72ff ]78 
111f 
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(57) Zusammenfassung: Die Erfindung betrifft ein Verfahren 
zur Festlegung von Druck, Temperatur und Dampf/Kohlen­
stoff-Verhaltnis (S/C-Verhaltnis) fur einen ru~freien Betrieb 
eines autothermen Reformers (ATR). 
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Beschreibung 

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

[0002] Die Produktion von Synthesegas ist ein wichtiger Schritt bei der Herstellung einer Vielzahl von Staf­
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 H2 und CO bezeichnet, je nach Technologie und Anwendung be­
inhalten sie ggf. weitere Komponenten wie z.B. Anteile an H20, CO2 , N2, CH4 und Argon. Synthesegase sind 
die Basis fur die groBtechnische Herstellung von Ammoniak, Reinwasserstoff, Methanol und synthetischen 
Kraftstoffen. 

[0003] Die Reformierung von kohlenwasserstoffhaltigen Einsatzstoffen kann i.iblicherweise 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 gewi.inschten Verhaltnis von H2 zu CO, der 
Anlagenkapazitat, der Produkt- und Eduktpreise etc. Kohlenwasserstoffhaltige Einsatzstoffe umfassen dabei 
Erdgas, Fli.issiggas, 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 fur die endotherme Dampfreformierungsreaktion (2). 
Der weitere Energiebedarf wird zumindest teilweise durch die Verbrennungsreaktionen (4) und (5) gedeckt. 
Diese Reaktionen sind beispielhaft fur die Reformierung von Methan formuliert: 

(1) 

(2) 

(3) 

(4) 

(5) 

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

[0006] Das Verbrennen der kohlenwasserstoffhaltigen Einsatzstoffe erfolgt mit einer unterst6chiometrischen 
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 verhaltnismaBig einfach durchfi.ihrbar und erlaubt ein rasches An- und Abfahren des Reformers. 

[0008] Die Verbrennung von kohlenwasserstoffhaltigen Einsatzstoffen bei unterst6chiometrischen Mengen 
an Sauerstoff kann jedoch zur Bildung von RuB fuhren, insbesondere im Bereich der Teiloxidation oberhalb des 
Katalysators (POX-Zone). Der sich bildende RuB 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 RuBbildung entgegen, andererseits erh6ht 
jede Steigerung von Temperatur, Druck und S/C-Verhaltnis die Betriebskosten. AuBerdem verschlechtert sich 
mit steigendem Druck der Umsatz der Dampfreformierungsreaktion (2) und dari.iber hinaus ist eine Tempera-
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tursteigerung wegen der Belastbarkeit des Katalysators nur sehr begrenzt moglich. Beispielsweise kann der 
Rul1 bei der Unterschreitung eines kritischen Dampf/Kohlenstoff-Verhaltnisses (S/C) gebildet werden. 

[0009] Beispiele der Betriebsbedingungen, welche nicht zu einer Rul1bildung fuhren, 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 A TR-Reformers gewahrleistet werden kann. 

[0010] US 6,143,202 offenbart ein Verfahren zur rul1freien autothermen Reformierung einer Kohlenwasser­
stoffeinspeisu ng. 

[0011] Die aus dem Stand der Technik bekannten Verfahren zur Festlegung von Druck, Temperatur und 
S/C-Verhaltnis fur einen rul1freien 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 RuBgrenze 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 RuB gebildet wird. 

[0013] Diese Aufgabe wird durch den Gegenstand der Patentanspruche gelost. 

[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-Verhaltnis t [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·t bar abs, 

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

78-Q-34 -~ 
() .. S S S C C a fur-C < 1,38und P [bar abs] s 47-34 •-c: 1779,548 •Z-231,076 •-c -13,280 •Q-273,15 > T[ 0 

] > 
0,04 

273,15 

(b) .. S s fur C < 1,38 und P [bar abs]> 47 -34 ·c: 

(c) fOr ~ ;::, 1,38: 

1779,548 • Z -231,076 • ~ -13,280 • Q- 273,15 > T[°C] ~ 500 

1779,548 - 231,076 • ~ -13,280 • a - 273, 15 > T[°CJ ~ 500 , 

wobei fur Z jeweils gilt: 

[ 
0 

-.0,1 

Z = 0.958+ 0 3 •1.83-6 tor 22.101 < --• < 26.311, sonst Z=1, 
(S/C)J 

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

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

[0016] Die Rul1grenze 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 RuB gebildet wird, deren geringfugige Unterschreitung jedoch eine RuBbildung 
nach sich zieht. Bezuglich der Temperatur bedeutet geringfugige Unterschreitung eine Unterschreitung um 
hochstens 50°C, bevorzugter hochstens 45°C, hochstens 40°C, hochstens 35°C, hochstens 30°C, hochstens 
25°C oder hochstens 20°C. Bezuglich des Drucks bedeutet geringfugige Unterschreitung eine Unterschreitung 
um hochstens 1bar, bevorzugter hochstens 0,9bar, hochstens 0,8bar, hochstens 0,7bar, hochstens 0,6bar, 
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hochstens 0,5bar, hochstens 0,4bar, hochstens 0,3bar, hochstens 0,2bar oder hochstens 0, 1 bar. Bezuglich 
des Dampf/Kohlenstoff-Verhaltnisses (S/C) bedeutet geringfugige Unterschreitung eine Unterschreitung um 
hochstens 0,5, bevorzugter hochstens 0,45, hochstens 0,4, hochstens 0,35, hochstens 0,3, hochstens 0,25, 
hochstens 0,2, hochstens 0, 15 oder hochstens 0, 1, oder hochstens 0,05. 

[0017] Das Dampf/Kohlenstoff-Verhaltnis (S/C) ist das Stoffmengenverhaltnis van Molekulen Wasserdampf 
zu Atomen Kohlenstoff im Gasgemisch, wobei allerdings nur diejenigen Kohlenstoffatome van Verbindungen 
eingerechnet werden, welche reine Kohlenwasserstoffe, d.h. frei van Sauerstoff sind; Kohlenstoffatome van 
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 erfindungsgemal5en 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, Biagas 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. lnerte Komponenten 
im Sinne der Erfindung sind im Hinblick auf die Reformierung und die Wassergas-Shift-Reaktion inert. 

[0019] Die Komponenten des Gasgemischs konnen alle an derselben Position oder als Teilstrome an ver­
schiedenen Positionen in den Reformer geleitet werden. Bevorzugt erfolgt die Einleitung aller Komponenten 
des Gasgemischs einschliel5Iich 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 Ausfuhrungsform 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 anschliel5end den Reformer van oben nach unten. 
Nach Durchstromen des Reformers erfolgt der Austritt des Gasgemischs aus dem Reformer am unteren Ende. 

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

[0021] Die adiabatische Temperatur T [0 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 van 10 bar abs bis 73,5 - 18·(S/ 
C) bar abs. In einer bevorzugten Ausfuhrungsform liegt der Druck P [bar abs] im autothermen Reformer im 
Bereich van 10 bar abs bis 73,5 bar abs, bevorzugter im Bereich van 10 bar abs bis 71,7 bar abs, im Bereich 
van 10 bar abs bis 70 bar abs, im Bereich van 10 bar abs bis 60 bar abs, im Bereich van 10 bar abs bis 50 
bar abs, im Bereich van 10 bar abs bis 40 bar abs, im Bereich van 10 bar abs bis 30 bar abs oder im Bereich 
van 10 bar abs bis 28,5 bar abs. 

[0023] Die Variable Z kann jeden Wert einer rationalen Zahl annehmen, wobei fur Z jeweils gilt: 

Z= 0,958 + 0 3•1,83-6 tor 22,101 < - I < 26,311, sonst Z=1. [ 

Q 70,1 

S/CJ 

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

[0025] In einer bevorzugten Ausfuhrungsform des erfindungsgemal5en 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 Stromungsregime bildet, welches sich spiralformig van oben nach unten abwarts 
bewegt. Die Komponenten des Gasgemischs mit Ausnahme des Oxidatorstroms werden dabei bevorzugt axial 
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van oben in den Reformer geleitet. Bevorzugt entsprechen die Richtung des Oxidatorstromeinlasses und das 
damit verbundene Stromungsregime dem Aufbau eines Drallbrenners, bei dem die Zufuhrung des Oxidator­
stroms bevorzugt aul1er einer Axial- auch eine Radial- und eine Tangentialkomponente (Verdrallung) besitzt. 

[0027] In einer bevorzugten Ausfuhrungsform ist der Oxidatorstromeinlass eine Diffusionslanze. Bevorzugt 
wird Ober 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 Ausfuhrungsform werden hochstens 90 Vol.-% des Oxidators des Gas­
gemischs am Oxidatorstromeinlass verbrannt, bevorzugter hochstens 80 Vol.-%, hochstens 70 Vol.-%, hochs­
tens 60 Vol.-%, hochstens 50 Vol.-%, hochstens 40 Vol.-%, hochstens 30 Vol.-%, hochstens 20 Vol.-% oder 
hochstens 10 Vol.-%. 

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

[0030] In einer bevorzugten Ausfuhrungsform umfasst das erfindungsgemal1e 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) gemal1 dem erfindungsgemal1en 
Verfahren, so dass das Verfahren praktisch ohne Rul1bildung 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) gemal1 
dem erfindungsgemal1en Verfahren eingehalten wird und das Verfahren praktisch ohne Rul1bildung 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 erfindungsgemal1en Verfahrens eingehalten wird. 
Bevorzugt erfolgen die Regelung des Gehalts an Sauerstoff im Gasgemisch und die Regelung des Dampf/ 
Kohlenstoff-Verhaltnisses (S/C) kontinuierlich, sie konnen aber auch nur zeitweise erfolgen. 

[0032] In einer bevorzugten Ausfuhrungsform wird ein autothermer Reformer zur Reformierung von Kohlen­
wasserstoffen entsprechend dem erfindungsgemal1en Verfahren verwendet. 

[0033] Fig. 1 illustriert schematisch und beispielhaft das erfindungsgemal1e Verfahren zum Betrieb eines 
autothermen Reformers, ist jedoch nicht einschrankend auszulegen. 

[0034] Bei dem 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 Ober 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 lnnenraum 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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Bezugszeichenliste 

1 Eintritt Prozessgas 
2 Eintritt Oxidatorstrom 
3 Brennkammer 
4 Mann loch 
5 Katalysatorbett 
6 Feuerfestauskleidung 
7 Wassermantel 
8 Austritt Prozessgas. 
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Patentansprfiche 

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 van 
0, 1 bis 2,5, und 
- bei einer adiabatischen Temperatur T [0 C] am Austritt des autothermen Reformers van mindestens 500 °C, 
und 
- bei einem Druck P [bar abs] im autothermen Reformer im Bereich van 10 bar abs bis 73,5 - 18·! bar abs, 
wobei eine der folgenden Bedingungen (a), (b) oder (c) erf0llt ist: 

78-0-34 _ _§_ 
() 

.. S S S C 
a fur-C < 1,38 und P[bar abs]~ 47-34 •-c: 1779,548• Z-231,076 •--13,280 •O-273,15 > T[0 C] >----=- 273.15 

C 0,04 

(b) .. S S furC < 1,38 und P[bar abs]> 47 - 34 •c: 

wobei fur Z jeweils gilt: 

1779,548 • Z - 231,076 -~ -13,280 • Q - 273,15 > T[°C] 2: 500 
C 

1779,548 - 231,076 • ~ -13,280 • Q- 273,15 > T[°C] 2: 500 , 

Z=0,958 + 0 3 • 1,83-6 tor 22,101 < [_9_]0
'
1 

< 26,311, sonst Z=1, 
S/C 

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

2. Das Verfahren nach Anspruch 1, wobei Z :5: 0,978 ist. 

3. Das Verfahren nach Anspruch 1, wobei Z :5: 0,975 ist. 

4. Das Verfahren nach Anspruch 1, wobei Z :5: 0,972 ist. 

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

6. Das Verfahren nach Anspruch 1, wobei Z :5: 0,966 ist. 

7. Das Verfahren nach Anspruch 1, wobei Z :5: 0,963 ist. 

8. Das Verfahren nach Anspruch 1, wobei Z :5: 0,960 ist. 

9. Das Verfahren nach einem der vorstehenden Anspr0che, 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) gemal1 Anspruch 1, so dass das Verfah­
ren praktisch ohne Rul1bildung erfolgt. 

10. Das Verfahren nach einem der vorstehenden Anspr0che, 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 Anspr0che 10 oder 11, wobei der Oxidatorstromlass derart erfolgt, dass 
sich innerhalb des autothermen Reformers ein Stromungsregime bildet, welches sich spiralformig van oben 
nach unten abwarts bewegt. 
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13. Verwendung eines autothermen Reformers zur Reformierung van Kohlenwasserstoffen nach einem der 
Anspruche 1 bis 12. 

Es folgt eine Seite Zeichnungen 
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Anhangende Zeichnungen 

Figur 1 

2 

4 

5 

7 
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desc!"~:-:c:s fro~1 --::cp t-:-J b(!tt(!1:-:. Use -:-Jf :~1: a:..:--::c--::herrr.3; refori:-:e:· for the refcr~1in9 (!f hydrcc:":ltJ(!llS tffx:o:--d:r.u t-:-J (!Ile cf c:a:~1s ·i h! 12 C 

lkscriptior. 

rhe prese:1t :n'-'e;;t:on re!at.e~: ·to a ;710:-thfJd of de1e;:1i:;;ing pr·e~:s:..;re, tempern1ure ;;rid s1ec1;71 / •:arbon ra1k1 (S / C r·ati•J) for· -SGfJt-fro:-e cpe;c1t:ori of 3r: ;;utotherrna: r·efcr·rr:e; 

(fa.TR). 

Tt:e produ-:-;ti(!ll ot synthesi:; gos Is 3:1 ln1po:--tan--:: steo In --::he ~xoc:Lie--:::cr. of:": v3rif~ty cf s:J~Jstance:; suet: as :~1:-:1:-:(!11:o, 1:-:ethor.G! and a!:;n of synthe--:::c f:ff:!s fro~ 

hydrocarbor:a;__-:efJ:JS feo:-ds·tock~:. "':"he ro:-f•Jri7i:flfJ cf hydrGG3rbcr:a;__-:eo:..;s feo:-dstoc:,;_s, espec:;;!!y riatura: g;;s. vv:·th st.e;;m is t;._1day1he predorr:inc1rit prGces~: for the pr·cdu•:t1on 

of synthesis gas. As syPthesi:: g3s-2s, gi3s mixt~1·0::s are design~to::d witi-i the rr:aii-i ccrr:pcno::nts H 2 ~Pd CO, depo::ndir:g ,:1P the te,:hno:cgy ar:d i3pp!:ci3t101\ th-2y rr:ay ccr:taii-i 
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o-::her ,:c,p-:ponents s:Jch us, for -2:<ar.":p!-2, H 2 0, CC::_,~ 2 , CH 4 i:F:d 3rgcr:. Syr:-::hes1s g3ses 3;·-2 the b3s1s for-::he :arge-s,:ule prcd;_jctior: cf iFni-n•:1Pia, pure hyc~rc,qer:, 

;·,iethaccl end synthe,:c fuels. 

The :"f~fo:-rn:1:g of hyc!1\!ca:--bor.1ff;en:..1s fof:c!s-::ock:; can Lis:...:a!:y bf~ carried O'.~t eh:he: ::-: a c:1ff;k:r.u f:J:":l:":ce with e>:tf:1·:-:al he:":ting (ste:~:-n 1·f:fr!1·:-:1f:r) (!I" In an autotherr:10! 

~-:-f•J~11v2r (i\ :"R) vvi"d-1 CFl 1rrterna! heatir:9. \'Vhich •A t~1e tY11C ~ef-:..v11i:;;fJ ·tedvvJ!Ggie.s is the rPfJSt e.;::oriorn:c~; depe11ds er: 111;;riy pi:lr;;rr;eters j;; e3c~1 case, su,:.:Ji as t~v: des:ro:-d 

i·~tio ot :-; 2 tc CO, plar:-:: c~pacity, prcd~.i,:t ar:d -2c~uc-:: pr:co::s, -2t,:. :-;ydroc31·b-:Fi-cor:rnin1Pg teedstocks 111dudo:: n3-::t.:ra! qas, LPG, bicg;:E, buti:Fie, Gasc-1:r:e ,:11· u110-::her ty::1e of 

/~ut-:..1t~v:rrr;a! reformir:g 1s a ,_·fJmbir:a1i•J;; of p3rti3! •Jxidati.;_1;; and .sto:-arn reforrnir:g •A ~;ydroca;t_1•J;;acecu~: feed-st-:..1,_·ks, with bfJth p3r-ti3! •Jxida1i•J;; ar:d .sto:-arn reforrnir:g 

occurr:r.u ·,,v:-::hin a re3ct-:-J:. The :~dv3r.t3[.!f~ nf au-::o-::he:rr.a! reh!ITT:lng i:, the e!:11:ir:aticn (!f the extf:ri:al hf~at sou ref~. The f~:<o-::herr:":i-:-; partfa: -:-Jxid3-::icn 1·f:ac-:::cn ("!} t:1:d -::he 

exGthe:rr::c Wf.i-:et· 9c1.s shift ree1cnG:1 (::) p8:·'~i8l:y covenhe H1et·gy rt:>q:Jit·en:e;;:_:~ fG: the e;;rJGthe:m:c .stt:>r:1m t·efrm:1:ng r~w/~ic:n (~'.). The 8dd::_:Gnf.l: er:e:gy ;equi:emen1 :s 81 

:e~st p3r::i3!!y covered Oy-::he ,:c,rnlxistion 1·eac-:::cns {4) ar:d (5}. Tho::se re~ctior:s ~re e>:o::rnpl3ry f,:y tho:: retorrning of rn-2ti-iune fcrr:":t.:!i3to::ct CH~+ 1 / 20 ~ --► CO+ 2H 1 (1) 

CH t:. + H 2 0 ·--► CO-:- 3H 2 (2) CO+:-; 2 0 ·--► H 2 +CO2 (3) CO+ 1 / 20 ~ --► CC~ (4) H 2 + 1 / 20 ~ --► H:: 0 {5) 

rhe C!"JmbL:s~:Gr: of·:he hyd:occ1:b;..1:1-c!"J:"f:;!in:r:g foed.s:.ocks ~e1kes p!f.lce '✓,tith e1 sd:s~;._1:chic:n:e~:·i,:: r:1mo:m1 ;Jf oY.yger: by r~;t:>r:1r:s of r:1 A;!t::e ;e;,c·::{:r: :r: the cor~;bus'~icn 1-!"Jr:e 

of a i--2~ctor. Th-2 s-::earr. 1·-2foi·rnii-iq re3cti•:1P :s tho::11 carried out :r: tho:: sarr.e 1·0::ac-::cr in ti-ie fi>:o::d bed ,:if cl s-::earn 1·0::f,:11·1-niPg cati3;yst 

The ap;:,licatio;·, of ac,mhe0noal refor;·,1111g hao many adv,v,tuges ,:,:,mpaced to oteacc refcrnoing with eK,ercal he3,:ng uloce. It is charaecerized by a com;:,ec, des;gn cf ,he 

:efo:met: by .slg:1:fo.::r:1nt!y :Gwe:· \.':Gns'~::Jctic:1 C!"Jsts ;::;:r:d bette:· ;__-:<;r:trG!!d:iHty cor~;pr:1:ed h: .s:.~r:1:fl t·efo:m:r:9, :s ;~1~d1;!n:cr:1!!y :e!8tive!y t:>f.lsy tG cci:ry Gut f.lr:d e1H!"Jw:~ f.l qu:ck 

sta 0,cp CJi-.d shutd,:,wc cf th~ refo1T.-,er. 

,:·,e ccmo;;stioc cf hydcoca0bcnececus feedstcc~s at oubstcichioccetr:c rnT,oucrn of ,:,:0;g~1\ howeve1; cei-. :eCJd t,:. the fcrccation ,:.f som, espec;al:y ic the 1·eg:on of per,;el 

ox:(fatior: e1bG1re ~h~ !";818!ys'~ (POX 1-or:e). n;t:> fr;:rr::r:9 ;__-:;,rbrrn b!e1ck de;::;:ctive1~es ·:he .subseq:_;H1t cc11c1lyst by occ:_;pr:1:1cy f.lr:d d:em:c:e1: !";hc1:1gt:>. -n~e fo;:11e1:_:Gn of s;._1;__1~ 

depo::Pds rr.i3iPly ,:1P the cpo::rnt1ng pi3i"i3P-ieters cf press:Jre, to::rnpern-::t.:re ~Pd -::he sto::am / carbcn 1·~tio (S; C). On ti-ie or:e hand, 111creas1ng press:Jre, 1·1s:r:g t-2P-ipera-::: . .ire i3i-ic~ 

:nuf:asin9 S / C :"t:t:n ccuntf~1·t:ct sect fcrr:":ati-:-J:\ en t~1f: ~:r::her h:~:~:c:, any inuf:ase :1: -::er:1pe::~t:J:"f~, pre:;:;u:,e and S / C lncre,F,es G(Jf:1·atl11g fXJ:;ts-, In t:dd:-:::cn, as thf: p:,es:;:~1·f: 

:ncrea.ses, t~;e ccnversic11 r;;te of-the .steam reformir:9 ro:-ac·t:cn (2) do:-ter1ora-tes, ar:d 111-:..veover, is .;_1;;e -re111po:-rature in-:..-:ro:-ase due to the r.:apa-:..-::ty cf the r.:a-ta!yst or:!y ,_,e;y 

Hn1:-::ed ~~J(!S-Si~fa~, Fe: f~xar:1pk~, -::he ca:twn b!:~ck rr.ay be fo:rr.ed 1Nhf~:~: a critical :;tf~an: / earbor. ::~t:o (S / C} i:; ur.rk~:":,hnt 

Fxt:1:~:p!es of (!pera-:::r.u ,.-.nnditicn:; th3-:: de :~:(!t e3u:;f: sect fcrr:":ati-:-Jn a:·e in TS Chrls-::er.:;f:11 et aL, Hyd:cct:ltJ(!ll P:\1ce:;:;ing, 199~~, p. 3·~ft surnrn:~:-:?.ed. ;1: this d(!c:...1r:1ent, 

\r3ricu.s vak:e pair·s f•Jr t~;e ·ter:":pe;atu;e, the pro:-ssur·e and the S / C: ;at:o are ~yler: LY{ v•-t';;y cf examp!e, :n ·,,vhic~; a s-:..1•Jt-free Gperntic11 of an l-",~-R refcrr:":er .;_-:;;n be o:-risured. 

Hcvve'H:I~ pri-:-J: :~l"t (J:"f~s-sure, ter:1perature, 3r,d S / C ::~t:o de-::err:1in:~ti(!I"': r:1ethcd:, h!r soo-::-free -'."J(Jf:ratiar: cf 1-v: a: .. r::o-::herr:":a! 1·f:fr!1·:~nf:r a:·e r.-:-Jt f:1:t[:·e:y s-3-::isfrff;tol~'l. t:1:d-::here 

:s r:1 r:eed fGr imp:!Jved me·:h{:ds r:1:1d c1ppr:1rr:1tus. 

·rhe i1wer:tic11 has fer it.s Gbje-:..-:t to determine the s-:..1•Jt limit i11 the cpe;at:on of 3il ;;utfJtherma! r·ef-:..F·tr:e;, :. :"fJ deter·mi110:- a c•Ji7l~Jln3ticn ;71atr:x cf pr·e.ss:.Ke, to:-mpernt:..;re 

t:nd S / C ra-:::c, in 'Nhich _iLis-:: r.c :;nnt :s fo:rr.ed. 

-- bei t:>ir:e:11 Oe1;~1pf/Koh!e;;s-:!"Jff-VHhr:i!'~r:i.s s / C [rr:G!/r~;G!I 8n: t.lntrltt des ;::;:utGthe:mer: Refo:n~e;.s im Uere:ch v;._1;; D.1 bis ✓-,5, u:1d 

- bei e:r:er i3d1ab3tis,:her: Temperatt.:r T [~c] ~P-i fa.us-::ri-::t des uutotherrnen Ro::foi·rn-21·::, vcn p-dndesto::Ps soo ~c, und 

-· bt:>i e:;;t:>m D:tx;k :=: [br:1: f.lbs] Im ;!U1nther:11~r: :~efr;:met· in: tJe;~l!";h VGn-: 0 b;::;:r r:1bs b:s ?J,5 ·- ·1 g. S / C lrn; ;::;:bs, 

\Vobe: e:r:e der fo!ge11do:-n 8edi119ungen (a), (b) Gder (c) e1fLl!h 1st 

78-0-34•2 
( ) .. S S S C a lure< 1,38 und P [bar abs],; 47 -34 •e: 1779,548 • Z-231,076 •e-13,280 • 0-273.15 > T[ 0 C] 2c 

0
_
04 

273,15 

(b) .. S s lure< 1,38 und P [bar abs]> 47 -34 •e: 

.. s . 
(c)fur C 2 1,38: 

1779,548 •Z-231,076 •%-13,280 •0-273.15 > T[°C] 2c 500 

1779,548-231,076 •%-13,280 •Q-273,15 > T['C];, 500 , 

wobei fGr Z jevvei!s qih: 

Z = 0.958+ 0 3 •1 .83 6 fur 22.101 < [__2___]
0

'

1 

< 26.311, sonst Z=1, 
(S/C) 

:..;nd wobe: Q Jewo:-i!s do:-r dimen.s1ons!•J~:e Zah!env-1er1 do:-s Druck.s P [b3r at.1~:] :st. The i1wer:tic11 rda-tes t•J a proce~:s for reformir:g;; g3s ;711xt:..;re vvh:c~1 comprises 

hyc!l\'!carbor.:;, oxygen :~1:d w:ff:1· and cpti•.Y:al:y flirt~1f:r eor:1pcnf~1:ts- :n t:1: autcthe:"rr.:~; :·eftx1:~:e:· 

.4t :~ s-::earr. / ct:1tJ01: :·a-:::c s / C [rr.d / :~no!] 3t the en-:::·ar:cf~ (!f the aut-:-Jt~1f:1·:~nt:! reforn1er in tt:e rar.uf~ nf o. ! tc 2.5, and 

-P.t an ad:aba,;;: teccae,atu,e ·r [" C] at the rntlet cf the au·to·tnerccal r~fom1~r ;_;fat :e,Et :SQQ' C, or,rJ 

· A-:: 3 ~Xf:s-sure PI bar 3b:;:: in the autatherr:13! :·f~frJ:·:nf~1· In -::he :":~1:ge cf ·i Q ba:· abs to 73.5 • ·i 8 • S / C bar at·-;:;, 

vvhe:e:1: ar:e of tt:e tnl:cwing co1:d:-:::cr.:; (t:), (b) or (c) i:; s-3-::isflf:d: 

78-0-34•2 
(a}f" S 138 dP[b b ]<47 34 S 1779,548•Z-231,076•2-13,280•0-273.15>T[°C]2c C ure<, un aras_ - •e: C . 

0
_
04 

273,15 

(b) .. S S lure< 1,38 und P [bar abs]> 47 -34 •c: 

.. s 
(c)fur C 2 1,38: 

1779,548 •Z-231,076 •%-13,280 •0-273.15 > T[°C] 2c 500 

1779,548-231,076•%-13,280 •0-273,15> T['C] ?c:500, 

where foi· o::ach of z upp:i-2::,: 

Z = 0.958+ 0 3 •1 .83 6 fur 22.101 < [__2___]
0

'

1 

< 26.311, sonst Z=1, 
(S/C) 
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!t h~s s~.vpri::,ing!y been fo~nd -::hat vvher. -:Fie ot -::he ,:c,nd:-:::cns {u), (b) er (c:i a ::,ocr::-free cp-21-~tion of an uutotherrna! 1·-2foi·rn-21· 1s pcssib!e, ar.d ti-iut with ti-ie hek1 of thes-2 

cGr1ditk1:i:~. the r:1:J:!J:hen::8! r~for:·n~r qui'~e Bpe!";mcr:1!:y ir1 the S!"J(Y:-frt:>e ci:·e;::;: r:f: ·:he Br:1rne ti:·ne e!";c:n;._1:·n:cf.l:!y fov;._1:·e1ble Cpet·;!'~ing C!";::C:itk1;;s cc1:1 be driver1, i.-\1hicf; rnecrnB r:1r1 

:mprfJ\_l€i7l':"rit ::: the eccn.;Ji7l:cs cf cl:)tGt~;erma! refcrrr:er·.s 

The ::,ocr:: :irnit 111-::he ,:1percr:::or. of ~P a: .. .:-::c-::herrr.a; refo1Ti-ier :s ::11·0::forub!y 1Je-::erm:r.ed by th-2 vah1es fer press:Jre, to::1Tipera-:::...:re i3Pd ste;Fn / ,:urbon ratic (S ! C), ;p V\Jhich ju::,t 

;;G sc:et ::~ fr_;rrr:ed du;i;;g !"Jper81k1;; Gf the 8u~;._1~h~rr~;r:1! t·efot·::1e1~ wh\.1BI':' s!:ght ::r:tfo;:·u:1, hc:1,,vl':'11e;_ ;! BGGt p:J:!B. VV":'~h reg;::;:rd tG the 1e:11pHr:1ture,;::;: s:igf;:_ shonfr:1!: rne;::;:ns 1hc11 

t~;e :;13x:rr;i__.:m is less than er eq:)a! tc 5Cl -· C, more pr·eferi:lti!y :vJt rr;ore ·th3n ..::.;:, ·, C, r:c1 nxF·e t~;an 40 •' C, not more H1cl:; :35 ° C. :vJt rr;ore ·th3r: 30 "" C, :-:ct mcr·e t~;an 25 •' C 

01· 1:nt n1ore th,v: 7.:J ° C. VVith :"!"~9a1Y! to --::he ~Xf:ssure, sE•~~ht u:n:der:;t:(!lltlng rr.e:":1:s falling s~10:"t -:-Jf :"f 1:-:(!S-:: ! ~J:"~1·, r.:cre ~Xf:forably at n1ost 0.9 bar, at 11:os--:: 0.8 ba:: :":t 11:ns-:: 

Ll.? ~Jar. clt :71ost Ll.6 ~J;;r, twt :7i,Jro:- thar: Cl,5b3r, not more 1hi:l:; 0.4~Ji:lr, r:c1 :1i;__ve thar: 0,:3bar, rifJt more 1hcF1 G,2.bclr •Jr rifJt more 1hcF1 G,1 bcF_ V\i'i"th respe;·t to the ste3rr: / 

cai·b-:F: ratio (S / C), a sHght si-:ortfaa mean::, tha-:: it fa!;s sh•:11·t of ~t p-:os-:: C:.S, more prefei·i:31:,!y i3t p-:os-:: Ci.45, 3-;: rr:cst 0.4, i3t p-:os-:: Ci.35, a-:: rr:cst 0.3, i3t p-:ost Ci.2S, a-:: rr:cst 

O, :-?, cl~ r~;Gs·: D.15 Gr ;,t rfl!)St 0.1, (:t" 81 :1w:~t D.D5. 

rhe s·teatr: / cclrt.1•Jri ratio (S / C} is t~10:- mo:ar rn1i•J Gf rPfJ!ec:Aes ;__1f ·,,vater vapor to atctr:s of G3rbcr: :ri the 9cls mixture, but ;__1:;!y1tw~:e cclrt.1;__1:; atoms ;__1f •:ompo:..;r:ds wh:•:h 

ore ~-JLire hy,:frocarbo:n:s, :_ :"~:·!"~ f:·fa: of cxygen, Carbnn atcrr.:; (!f alcc~1o!s. :":!dehyc:es, e-::c, :"~:"!"~ 110-:: :r.-:-;!uded :"~ceordin~fy. Tt:e ste:~1:-: / ca:tw:n: rati-:-J (S / C) ht~:; the :v:lt [n10: / 

;~1Gn fend is cl\.':C!)rdir:gly di:11er:sic:nl~ss. 

rhe fJas 111:xt:.Ke i.,1;hich :s reformed :ri the prlx-:ess ;;cccrding to the i:wer:ti;..111 (pr•Jr.:ess fJas) c•J:71pr:ses ~;ydrccclrt.1•Jri, cxyge:1 and water ar:d •Jpt:fJna!!y UFb;._111 rPfJnox:de. 

opticnt:!ly carbo:n: dio:,dde, op--:::cn:~:!y :-:ltl\!ge:n:, (!ptlonol!y hyc!l\'!ge:n: 1-v:c: op-:::cr.a:!y :~:-901:. The t:ydroc:~:tJ•.Y: cor.:pri:;f:s hyrkneorbcr.:~ceous f:ff:!s co1:-:prfs:n9 1:atu:,a: ~ns, 

:igh'~ gcl:~G!:r:e, methc1:10!, b:Ggr:1s cl;;d bic:tr:clBS. Prefornbly, :_f;I':' hydrGcf.lrbor: \.':Gr~;prises r:f.l·::Jrf.l! g;::;:s, whic:h preferf.lb!y !";c:n:p:·iBl':'S n:e~h;::;:r:e. Pt·efo:·cib:y, the 9c1B mixtu:·e 

,:ompr:se::, ar: oxid:ze1~ vvh:ch 1s prefei·i3b!y tho:: oxyqer:. Tho:: g3s p-:1:c::..;re rn~y coi-:1::11·1se ft..:r-::her inert compor:ent::. :r:er-:: c,:1i-:1pc,11er:ts w:-::hin ti-:e rneai-:1119 cf the 111vei-:tio11 are 

inert wi·:h regclrd tG the refrnr::i:1g r:1r1d the '✓,tfcte:· g;::;:s sh:f~ ;e;,e·:ic:r:. 

·r he c:;__1;~1pGner:'~s of ~f;I':' g;!s r~;ix'~::t·e ;__-:r:1r1 8!: be c:o;;dw/~ed ;::;::_ the scl;~1~ pos:~:Gr: or ;!S s:Jbs1recl;~i:~ ;!'~ diffo:·e:1~ pGsitin:i:~ ir: the rl':'f(;rr~;l':'r. Prefornbly, :_f;I':' in1rc:du;__-::_:rrn c:f 8!: 

,:omponen,s of the g,E mi>:,,Fe, induding ,:-,e 0>:;,Jan, stre,v:1 1n ,he ;;pper end of the reformer. The c;:;dize;· stream prefe,,i::,ly c,:,p·,pnses c-:<ygen, ::,;;, may ,:,pt1on3lly 3lsc, 

cn:11p;::~e f::nhet· c:;__1:11pGr:er:'~s Buch cl:~ r1itt·oge:1, w;::;::.H, c:;::;:rbGr: dinxide ci;;d / Gr r:1rg!";r1. i:1 r:1r1(Y:her p:·efer:·ed e::1bc:di;~1~r:t, the <.x;mpor:e;;:_:~ f.lre d:r~cted c11 d:ffer~nt 

pcs:t:fJns ::; the refcrrr:er. Prefo:-rab!y, an Gorr:pcnerits except the oxidizer streCF7l are dir·e;__-:to:-d ·to cne positi;._1:; and the fJXid:zer s1recl:71 is d:ro:-cted tc ;;rifJther pcs:t:fJn in t~;e 

reforn1er. Tt:e ccrno•.Y:en-::s cf th!"~ gas rn::<::::..1re the:-: tlo\riJ tt:1·0:igh -::he :"!"~fo:"rr.!"~:" frcrn to~-J tn bo--::-::0:n:1 After t1cwlng thrcu9t: the refor:n:1er, the exit ot -::he ~F:S r.:i>:t:il"f: fl\'!1:-: the 

ro:-f•Jr:11er t;;kes place at the !•x,,ver e:1d. 

rlie :3 / C: ro,;o is at tbe e,1,,,i,,ce cf the au·to·thermal refom1er 1n the ''-'l'fJe cf lLl w 2.~, more prefe,aci:y i:1 tbe rnnge of Q.2 tc 2A. ;ix,:e preferably in the range cii 0:3 to 

2 3, ::n: th!"~ range -:-Jf Q.1~ -::o 2 .2, :r. th!"~ range of Q.5 -::o 2 ."!, :r. thf: :'ange of Q.6 -::o 2 .G, :r. t~1f: :'ange of G. 7 -::o ·L 0, :n t~1f: :'a:n:ge (!f G.B --::o ·LB. :1: the ran•~~e of 0,11 to : .7. :1: -::he range 

,A: .0 to 1.r:. in the r;;rirJe cf 1.1 tfJ 1 .5 ;__v :ri fr1e r·8:;ge of 1.2 t•J 1.4. 

The adiabcJ,;,: ,enopwCJ,u1·e T [° C] at the ou,let of the au,mhernoal refc.1·;·:1er is"' le3st SQG" C, nocre i:,;·efernbly ut leas, 550 ° C, "' le3st 6QG" C, at lees, 650" C, m ieCJst 

700 C C, at le:~:;t 750 ° c. :":t !eo:;t 8GO ~ C, at k:as--:: 850 ~ C 01· at letF,t 90:J ° C, 

rhe pressu;e 1=· [b;!t" cib:~I ir: ~h~ f.l::'~c:'~he:n:cil rl':'fGrr~;l':'r is :r: the :·c1:1gl':' of ·i O b;::;:r r:1bs 1t1 i:3.S -1 B (S / C) br:1r f.lbs. in;! p:·efer:·ed e::1b{1di;~1~r:t, the prl':'ssu;e 1=· [bf.it" 8bB] ir: the 

3utcth-21·i-:1~! reformer is 1n -::he ;-~pge cf 1 Obar abs t•:1 73.5 bi:31· ubs, p-:ore preferably in ti-:e rar:g-2 c,f 1 a bar i3!:1s -::a 71.7 bar 3bs, in the rar:ge c,f: Obar al:1s -::o 70 ;p -::he rai-:i::;e 

of : O ~Jar abs t-:-J 5G bor a~J:;, in the ror.9!"~ nf 1 CJ ba:- :":bs --::c 40 ba:, ob:;, :r. t~1f: :'ange of: G bor a~J:; tn 30 ~J:":1· abs -:-Jr i1: the rn:(~e ot ! O ~J:":1· abs tc ?..8.5 bar :"~~JS, 

Z= 0,958 + Q3•1,83 6 tor 22,101 < - < 26,311, sons! Z=1. [ 

Q 0,1 

SIC 

·:·he itf.lt"i8bl~:.: c:ci;; tr:1ke o;; f.lr:y 1rf!!u~ !";f ;! rn1io;;;,! r:u:11bH, whet·e l. f;G!ds: 

Z= 0,958 + Q3•1 ,83 6 tor 22,101 < [_2_·
0

•

1 

< 26,311, sons! Z=1. 
SIC 

In 8 p;ef~r;ed et::bnd:;~1H1t. l. ~ D.99, more p:·efe;;::;:b!y l. ~ 0.9Bt,, t"'::{1re pr~fHr:1b:y l ~ CJ 98, 1. ~ D.9?8, Z ~ c:.~.r;5, "i. ~ CJ 91:-?, l. ~ 0.969, Z ~ !)5?CC, l ~ 0 96'.3, ;::;:r:d ::1081 

pro:-ferab:y l :s -:.:: 0.'::6U. 

In" preierred ei-.-,1:-odiment ,:,ft:·,e me,hcd ,;cccrding to the ;;·,ventio;·,, ,he eLltothermal cefom,w :·,us at :east cne oxidutc,r scee3no ;;·,le,, v;hich is pcc,ided to ,Jicect the 

oxidizer stt·ec1:11 in 8 d~rir1ed d:rl':'e·:i{1r: :r:tG the c1:_;:_o:.f;l':'rr~;r:1! reformer 

:r: cl preferred e:11ti•Jdimer:t, t~;e cx:dan·t f:cw ir:!et 1s s:_:r.:h that vvi"d-1:n t~10:- autcther·tr:i:ll reforrr;e~.;; nov-1 regime i~: forrr;ed which ~:pira:!y movo:-s dcwnv,18rd!y from tcp k1 

bct,ono. ,:-,e ccmpo;·,en,s cf the gas '1Hture, wi,h the exception cf the oxid;zer s,,eCJI':-,, are iXeferabiy axiCJ:iy i:,,;ssed f;·o;·:7 ,:-,e mp tc ,he cetocmer. Preferao:y, the di 0e,:t1on 

of :_f;I':' ox:(farf: s1rec1;~1 ir1:e1 clr:d ·:he cl:~soc::;::;::_HJ fa1w rl':'git::e cGrrl':'srx1nd :.o the e;;._1;;stn;e·:ior: ;__1f cl sw:r: b::t·r1er i;; wh:ch ·:he :~upp:y Gf the nxidf.lr:t s~:·e;::;:r~; prefot·d1!y h8B 

;:1esid-2s 3r: ~:<:al us i.,ve!: i3:: 3 radiu! and u rnr:gei-:tia! coi-:1:x,ner:-:: (-::\~11sting). 

In" preierred ei-.-,1:-odiment, the cx1dant flov; inlet is" ditfusicn :a nee. The oxidizer scee3no is preferably passed i;·,,,:, the reformer via ,he d1ff;;sion l,;nce. Pcefe1·,;l:,ly, ,he 

oxidizer stt·ec1:11 r:1nd '~he ;er~;r:1ir:i:1g eo::1rx1ne;;:_s of ·:he g;::;:s t::ix:_:_;rl':' f.lt·e :11:Y.ed :;; the ref{1n::e:· cl;;d b::t·r:ed ;,t !ef!B:. r:1 ponior: ;__1f the Gxid:1-er c1:1d r:1 prn--:i{1r: of ~h~ 

;-:ydrcci31·0,:1PS cf -::he qus mixture with tl3rr:e fortr:i3t1•:1P. Preter3b!y, ~t !east 5 vc!.% Of the cxid:zo::r is b~Yno::d 3-;: the ox:di3i-:t f;ow ;pie-::, i-:1,:11·0:: preternb!y 3t !-::us-:: ~ O vol.~;;., A-:: 

:eost 2Q vc!.% .. 4t !east 3Q voL?;:_ ,4t k:as-:: 40 vol.%, A-:: le:":st 50 ·v·nL at :east 60% byvcb1:-:e, :"~t !eost 7Q'}'.. by'HJ!Lin:e. :":t !ea:;t 00,:,::, ~Jyvo!un1e er :"~t !eost 9Q'}'.. ~JY'HJ!Lin:e 

Prefernb!y, ;;t !east'.:,% LY{Y\.1lume cf the hydr·cc;;rtioris cf the fJas 111:xture ar·e burried 81 t~10:- oxidant strea:11 :n!et, rr;ore preferably at !o:-ast 1Cl~'C., by vc!~F7le, 81 least 20';,; by 

·,_10:un1e, at !ea:,t 30% ~Jy-v(!!:..1:n:1e -:-Jr :":t !eo:;t f..:fr!'c, ~JY vo:un1e, 

!11 an-:-Jt~1f:r p:,efer:,ed e:n~JocHn1er.t, at n1ost 110% by vc!:m-:e ot -::he -:-Jx:dize:, of the ~ns :n:1:xt:J:"f: is ~J:i1·:-:ed at th!"~ nxirfo:-:t tlow :1:let, 1:-:(!re preferably at :n-:-J:;t B:J% by ·v·n!ur.:e, a-:: 

mcs1 7G':,; LY{ y;._1lume, ;;t mGst 60~{, by vckF7l':", 81171-J~:t 5Ll% by vG!:..;rr:e, at rr:cst ..::.c: ,_,cL':,;, f'..t 171ost JLl VfJL %, /-\t most 20 vcL';,; Cr at mcs1 1 o ,_,c!_ ,;,;_ 

P1·0::forab!y, at rno::,t 4Q'Yu byvo!:..;rr:e ,:1fti-:e hyd1·,:11:arbor:s ,:1fti-:e gas p-:ixtt..:re ~1·0:: b:..;rr:ed ut the cx1dar:t stre~P-: :r:!-2t, more prefoi-~l:,!y ~t p-:os-:: 30~;;. by vo!urno::, at rno::,t 2Q'Yu by 

vo:ume er cl~ ;~1Gst ·i tt:•; by im:L:n:e ·rhe :·c11io o; C: i;; the/-\·:-~~ iB typk-:r:1!:y ..--:D.E. 

-· die ~v':eBs:Jr:9 dH wJifcbcl:.:sd:e;; ·ret::pe;cl:.:_;r ·r, :.fos Dr:Jck:~ P ::r:d/oder des Df.l::1pf/:<of;!er:s1;__1ff-Verh8h.;;isse:~ (S/C:) u:1d 

- die Rege:ung des Geh3lts on Saue1·stc.ff ;IT: Gusgemsch und/cde1· ,Jes Dampf/Kohienst,:.ff-Ve1·:·,cilt11isses im GCJsgemis,:h untec E;i':h3ltung einec der 

:3edi:1gungen (cl), (b) Gdet· (c) 9e;~1i::G. det:: e;fo;dur1gs9~r~;r:i:";er: 1/e;foh:·e;;, s;._1 (fass :.fas Ve:·fohre:1 prr:1k'~isch ohne l=tuG.bi:du:1g erfG!g":. 

·n-:e 171o;:-asur·e:11erit of the 8d:ab3tic to:-mper3t:..;re :", the pressure P ar:d / er the ste3rr: / cclrt.1;__1:; ratio (5 / C} and 

· T~1f: control of t~1f: ccntent (!f (!X'/9en in tt:e go:; 1:-:ixture :":1:d; tX the ·vapor; eorbcr. :":"~fa! ::n: th!"~ gas rni:<t:..1re in eo:n:1pHt:1:ee vv:-::h en!"~ nf the c•.Y:c:itio:n::; (t:), {b} o:, 

(;__-:) r:1fxt1rdi:1g tG ·:he :r:1ren1h.re n:e~hod, s;._1 :_f;;,t the p:·n;__-:\':'ss ~cl:a:-es p:w;e pr;::;:cticcil:y with!°;::'~ soo:. fo;:11cl:_:Gn. 
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12/9/22, 2:00 PM DE102015210803A 1 - Determination of pressure, temperature and S / C ratio for a soot-free ATR operation - Google Patents 

Pro:-fo:-rab!y, the corrtrfJ! cf the r.:or:ten1 .;Jf •JX).'ff2ri :r: the fJas ;71:x-t:.Ke CFld / or the cc:1tr·c! Gf the ste;;rr; / carbor: r·c11:•J (S / C:) :;; the ~JcV3 mixtur·.e in dependen.;.;1:;- of-the 

:-neasu:ed ad:ab:~t:c-::er.:pe:-:~t:J:"f: T and/ -'."J:" :1: depf~1:de:n:cf~ nftl:e r.:e:~s:..1:-ed (J:"f~:;s:...:re P :":1:d; tx ::n: •:"h ... ~penden-:.e cf Me:~:;u:,e:---:1ent oft~1f: s-::e,vn / -:-;arbnn rotic (S / C), !n tt:ls 

ccr~e. th~ eor:te:it of GxygH1 :nth~ g;!s r~;ix .. ~::t·e e1r:d / Gr the ste;,rr: / Gf.lt·bor: :·e1t:o (S / C:) :s centre!:wJ s;._1 :_f;;,t !"J:"1e ;Jf th~ -:-;c:r:d:t:Gr:s (8), (b) o; (,::) is rncdr:t;,ir:ed ;::;:ecc:rdi:1g tG 

-::he iPventive rn-2ti-:oc~ ar:d tho:: me-::hcd ::11-~ctica!;y don-:: witi-:out sect fcrrnaticn. For ex~rnple, if the vapor; c3rbcn i·i3tic, {S / CJ fans b-2;ow tho:: mir:irm.vn !::-nit set by ~ 

pr:1r:.:c:J:c1:· 1e;~1pt:>rr:1tur~ c1:1d pressur~. H:e :~tef.lt:: / cc1:'b;_1;; rr:1ti!"J 1,,vf!: be wJjuB:.HJ ::r:ti! en~ nf the C!";::C:i1k1;;s (f.l). (b) n:· (;_-:)cf :_f;t:> ::ieth;._1;._i r:1ccn:·d:;;g t!"J H:e :r:1re:1t:cr: :s 

;7mint3ined. Prefer3b!y. t~v: ccr:trc! •A t~;e ccnte;;t of Gxygen i:1 t~;e gas mixture ;;nd the •:GntrfJ! cf the stearr: / ccFb;._1:; ratia (5 / C) are carr·io:-d a:..;t c;._1:;t:riua:..;s!y, but they G3r: 

:":!sc take p!t~ce cn!y--::err.p!"Jr:"~:":;y. 

;~1 t~10:- :r: 1 show:; aLltotherrr:a! refor:71er takeB p!aco:- ba·th the er1try cf the procesB gas ( 1 ) as i.-1;e:! ;;s ·the o:-ritry cf the c:x:datarstrams ( 2) 1n the :)pper part cf the 

:·f:fo:·:n!"~1·. P:'eferably, t~1f: axid:":1:t s--::rearr. :s pa:,sed \/[a diffu:;i(!ll :an-:.es ::-: the a:Jtot~1f:ri:-:a! reforr:1er and m :e:"~:;t a pcr--:::cn (!ftt:e ox:c:ize:· :sin tt:e ccrr.b:Etlan c~1an:ber ( 3) 

bL:rned with ::arrie format:cn, Hie flo"lf' d:rec,:;_;r1 has rn add:,:on "to a:1 axic1: and c1 rod:al and a ,c1:1gent:al cornocne:i, The c1:_:;;_;,eierrrial refcrrne: ::1clL:dec: a rna:1flole ( 4 ), 

wi-i1ch -2ps:..;res uccess --::o the 1n--::er:cr cf the 1·0::fc.1·1-no::r. The 1·0::f,:11·1-niPg of--::he ::11·,:1cess qas t3r.:es p;uce ;p the c~t~lyst bed ( 5 ) .. 4t::er flcvvir:g thrcugh the c~tulyst bed ( 5 ), the 

proc~ss gf.ls exi'~s th~ f.l::'~(/~he:n:cil rt:>fcrr~;t:>r f.l·: '~he :ewe:· er:d ( g·:h ). n,~ f.l::'~c:'d:e:n:ci: ref(;rr~;t:>r f.lddi1:or:r:1!:y cot::pris~s 8 ;ef:·cic:.<._w{ :i:1:ng ( C) cl;;d f.l wr:1ter jfcci-:H: (? ). 

2 

6 

7 

Ql!CTES :!'sCl.UGE :r, THE DESCRIPT1m,, 

-:-hiB !:s-1 of th~ docu:·n~r:ts !i:~twJ by the 8pp:i!";8n1 f;;,s be~n generntwJ 8U1n:·ncl:.:cf.l:!y ;!r:d :s induded :~G!e!y fr_;r th~ bette; infGrr~;;,ti(;:; nf the rt:>f.lder The !::~t :s :1G:. pr:1rt Gf 

--::he Gerrr.3n pmer:t er uti;ity mod-::! app;1c3ticn. The DPMA 3ssurnes n,:1 l:abi;ity fer 31?/ errcrs oi· ,:1P-11ssi•:1i-is. 

us s ;432a::: J(lo10! 
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Hilfe von zwei autothermen Reformern und die anschliel5en­
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Beschreibung 

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

[0002] Die groBtechnische Herstellung von Synthe­
segas aus Erdgas fur 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 Kapazitaten 
von bis zu 3.300 tato Ammoniak technisch mit groBer 
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, konnen 
grundsatzlich die Abmessungen der Apparate und 
Rohrleitungen entsprechend vergr6Bert werden. Al­
ternativ oder zusatzlich kann zur Kapazitatssteige­
rung auch der Betriebsdrucks bei der Herstellung von 
Synthesegas erhoht werden. Die Druckerhohung im 
Reformer reduziert die Volumenstrome im gesamten 
Prozessweg und ermoglicht dam it gr6Bere Kapazita­
ten auch ohne Vergr6Berung der Komponenten der 
Anlage. AuBerdem sorgt ein hoherer Betriebsdruck 
fur eine Entlastung des Synthesegasverdichters, der 
fur die anschlieBende Ammoniaksynthese bei deut­
lich hoherem Druck benotigt wird. Dies hat besonde­
re Bedeutung, weil die verfugbaren Synthesegasver­
dichter bei Anlagenkapazitaten von 3300 tato Ammo­
niak bereits begrenzende Komponenten darstellen. 
Die Grunde hierfur sind u.a. technisch bedingt und 
betreffen insbesondere die Antriebsturbine. 

[0004] Vergr6Berung der Komponenten der Anlage 
und Druckerhohung sind jedoch zur Kapazitatsstei­
gerung nicht immer wirtschaftlich sinnvoll. 

[0005] Was die zweistufige Reformierung betrifft, so 
hat der Dampfreformer wegen seiner Komplexitat 
und der groBen Beanspruchung einen vergleichswei­
se groBen Anteil an den Gesamterrichtungskosten. 
Im Prinzip kann ein Dampfreformer als eine Paral­
lelschaltung einer groBen Zahl einzelner Rohrreakto­
ren aufgefasst werden, deren individuelle Kapazitat 
sich nicht mehr wesentlich steigern lasst. Die Kapa­
zitat eines Dampfreformers ist daher eng mit der An­
zahl an Rohrreaktoren verbunden und eine Steige­
rung ist im Wesentlichen nur durch Vergr6Berung der 
Anzahl an Rohrreaktoren moglich. Nahezu samtliche, 
fur 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 

Kapazitat der Gesamtanlage. Eine Vergr6Berung 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 van Erd­
gas mit Hilfe kostengunstigerer autothermer Refor­
mer (ATR). Um die hierfur erforderliche zusatzliche 
Sauerstoffmenge bereit zu stellen, ist dafur entweder 
Sauerstoff aus einer Luftzerlegungsanlage oder ei­
ne entsprechend gr6Bere Luftmenge erforderlich. Die 
Kosten fur die Luftzerlegung oder die Bereitstellung 
der zusatzlichen Luftmenge sowie die Abtrennung 
des uberschussigen Stickstoffs sind allerdings erheb­
lich und kompensieren bei Anlagenkapazitaten 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 uberschussigen Stickstoffs zeigen 
jedoch bei Erhohung ihrer Kapazitat durch Vergr6Be­
rung der Komponenten eine ausgepragte Degression 
der zusatzlichen Kosten. Bei wachsender Kapazitat 
oberhalb von 3300 tato Ammoniak bringt damit die 
Vergr6Berung der Komponenten von Anlagen auf Ba­
sis van rein autothermen Reformern im Vergleich zur 
zweistufigen Reformierung Kostenvorteile mit sich. 

[0007] Weiterhin haben Anlagen auf Basis rein au­
tothermer Reformierung prinzipiell ein erheblich gr6-
Beres Potenzial zur Steigerung des Betriebsdrucks 
bei der Herstellung van Synthesegas. Eine Anhebung 
des Betriebsdrucks bei der Herstellung van Synthe­
segas ist aber auch bei rein autothermer Reformie­
rung nicht beliebig moglich bzw. sinnvoll. Die Druck­
abhangigkeit der Gleichgewichtslage der Reformie­
rungsreaktion fuhrt dazu, dass der Methanumsatz mit 
wachsendem Druck zuruckgeht 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 fuhrt 
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 van Kohlenstoffmonoxid liegt bereits 
bei herkommlichen 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 
moglichst niedriges Wasserdampf-/Kohlenstoff-Ver­
haltnis angestrebt wird, da hierdurch der Sauerstoff­
bedarf minimiert werden kann. Eine geringere Was-
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serdampfmenge bedingt gr6Bere Partialdrucke der 
ubrigen Gase im Gemisch und hat damit im Prinzip 
die gleichen Auswirkungen wie eine Anhebung des 
Gesamtdrucks, d.h. hoherer Restgehalt an Methan 
und gr6Berer 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 A 1 betrifft ein Verfahren zur 
Herstellung von Synthesegas, u.a. fur die anschlie­
Bende Ammoniaksynthese, bei dem ein herkommli­
cher Dampfreformer und ein autothermer Reformer 
parallel angeordnet sind. Die Produktstrome aus bei­
den Reformern werden anschlieBend 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 
Dampfreformergeleitet, um darin reformiertes Gas zu 
erzeugen. Das so reformierte Gas wird anschlieBend 
mit der anderen Halfte des Erdgasstroms vermischt 
und in einen autothermen Reformer geleitet. 

[0011] US 2013 312384 A1 betrifft ein Verfahren zur 
Herstellung von H2 und CO aus Kohlenwasserstoffen 
und Biotreibstoff. Dabei werden aus Sicherheitsgrun­
den bevorzugt mehrere kleinere parallele autotherme 
Reformer eingesetzt. 

[0012] Diese herkommlichen Verfahren zur Herstel­
lung van Synthesegas sind nicht in jeder Hinsicht 
zufriedenstellend, insbesondere im Hinblick auf eine 
Kapazitatssteigeru ng. 

[0013] Der Erfindung liegt die Aufgabe zugrunde, ein 
vorteilhaftes Verfahren und eine Vorrichtung zur Her­
stellung van Synthesegas fur die anschlieBende Am­
moniaksynthese bereitzustellen. Mit dem Verfahren 
und der Vorrichtung sollen signifikante Steigerungen 
der Kapazitat Ober das Niveau van 3300 tato Ammo­
niak hinaus realisiert werden konnen, ohne die tech­
nischen und wirtschaftlichen Grenzen zu uberschrei­
ten. 

[0014] Diese Aufgabe wird durch den Gegenstand 
der Patentanspruche gelost. 

[0015] Ein Aspekt der Erfindung betrifft ein Verfah­
ren zur Herstellung van 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; 

(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) Erhohen 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 hoher ist als der 
Druck, bei dem der zweite autotherme Reformer in 
Schritt ( e) betrieben wird. 

[0016] Das erfindungsgemaBe 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 van CO, CO2 sowie ggf. Res­
ten an nicht umgesetztem CH4 direkt var 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 van 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 van 
bevorzugt mindestens 150 bar, bevorzugter mindes­
tens 170 bar verdichtet, wie er fur die anschlieBen­
de Ammoniaksynthese benotigt wird. Die Abtren­
nung van CO, CO2 und ggf. CH4 erfolgt dabei bevor­
zugt durch Druckwechsel-Adsorption (PSA, Pressu­
re Swing Absorption) oder mit Hilfe van Membranen. 
Das abgetrennte Gasgemisch wird ggf. (bevorzugt) 
verdichtet und einer zweiten autothermen Reformie­
rung zugefuhrt und hier mit Luft, ggf. maBig mit Sau­
erstoff angereicherter Luft, zu einem zweiten Synthe­
segas reformiert. Die anschlieBende Reinigung die­
ses zweiten Synthesegases aus dem zweiten auto­
thermen Reformer erfolgt dann bevorzugt durch (i) 
ein- oder zweistufige Konvertierung van CO, (ii) Ab­
trennung von CO2 und/oder (iii) abschlieBende Rei­
nigung, beispielsweise durch Methanisierung, Druck­
wechsel-Adsorption oder Stickstoffwasche. Das ers­
te Synthesegas und das zweite Synthesegas werden 
anschlieBend ggf. nach getrennter (Vor-)Verdichtung 
vereint, ggf. mit der zur Erreichung der gewunschten 
Stochiometrie noch erforderlichen Menge an Stick-
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staff angereichert und der Ammoniaksynthese in ei­
nem Ammoniakreaktor zugefuhrt. 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 Verd ichterstufe. 

[0017] Das erfindungsgemaBe Verfahren bedingt 
zusatzliche und/oder andere Apparate im Vergleich 
mit einer herkommlichen einstrangigen Prozessfuh­
rung mit nur einem einzelnen autothermen Reformer. 
So werden fur das erfindungsgemaBe Verfahren ins­
besondere ein zweiter autothermer Reformer (bevor­
zugt mitsamt Abkuhlstrecke) fur das Synthesegas, ei­
ne Vorrichtung zur Abtrennung der Obrigen Bestand­
teile des Synthesegases (bevorzugt durch Druck­
wechsel-Adsorption) sowie ein zusatzlicher Verdich­
ter benotigt. Dafur ermoglicht das erfindungsgema­
Be 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 Baugr6Be der kosteninten­
siven Luftzerlegung zu minimieren. Auch die Bau­
gr6Ben der Vorrichtungen zur anschlieBenden Rei­
nigung des Synthesegases aus dem zweiten auto­
thermen Reformer werden durch die im Vergleich 
zu der herkommlichen einstrangigen Prozessfuhrung 
kleineren Volumenstrome signifikant reduziert. lns­
gesamt ergeben sich deshalb fur das erfindungsge­
maBe Verfahren Kostenvorteile gegenuber einer her­
kommlichen einstrangigen Anlage gleicher Kapazitat, 
welche nach dem derzeitigen Stand der Technik ein­
strangig nicht realisiert werden konnten. 

[0018] Autotherme Reformer haben im Vergleich 
zu herkommlichen Dampfreformern einen erhohten 
Sauerstoffbedarf. Es wurde Oberraschend gefunden, 
dass der Sauerstoffbedarf zur Herstellung van 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 Oberraschend gefun­
den, dass der Restgehalt an Methan im Synthese­
gas nach der Reformierung im autothermen Refor­
mer bei geringerer Wasserdampfzugabe und bei er­
hohtem Druck auf fur den Gesamtprozess nicht mehr 
akzeptable Werte zunimmt. 

[0019] Bei einer rein einstrangigen Herstellung van 
Synthesegas auf Basis eines einzelnen autothermen 
Reformers musste daher zur Steigerung der Kapa­
zitat bei Erhohung 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, 

so dass eine Reduzierung des Sauerstoffbedarfs und 
entsprechend der Betriebs- und lnvestitionskosten 
bei rein einstrangiger Herstellung van Synthesegas 
auf Basis eines einzelnen autothermen Reformers 
nicht realisierbar ware. Wegen des hohen Anteils der 
Luftzerlegung an den Gesamtkosten einer Ammo­
niakanlage auf Basis van 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 gr6Bere Grenzkapazitat, ab der eine Ammoniak­
anlage auf Basis van autothermer Reformierung Kos­
tenvorteile gegenuber einer konventionellen Anlage 
aufweist. 

[0020] Es wurde Oberraschend gefunden, dass alle 
Vorteile der autothermen Reformierung genutzt wer­
den konnen, wenn die Reformierung in zwei Schrit­
ten auf unterschiedlichen Druckniveaus durchgefuhrt 
wird. Der erste Schritt nutzt dabei bevorzugt sowohl 
den Vorteil einer geringen Wasserdampfmenge im 
Prozessgas zur Minimierung der benotigten Sauer­
stoffmenge als auch den eines erhohten 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 erfindungsgemaBen 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 hoher 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 van 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 van hochstens 60 bar betrieben, 
bevorzugt hochstens 55 bar oder hochstens 50 
bar, bevorzugter hochstens 45 bar oder hochstens 
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40 bar, noch bevorzugter h6chstens 38 bar oder 
h6chstens 36 bar, am bevorzugtesten h6chstens 
34 bar oder h6chstens 32 bar, und insbesondere 
h6chstens 30 bar, h6chstens 28 bar, h6chstens 
26 bar, h6chstens 24 bar, h6chstens 22 bar oder 
h6chstens 20 bar. 

[0023] Bevorzugt wird der erste autotherme Refor­
mer in Schritt (b) bei einem Druck betrieben, der um 
20 bis 45 bar h6her 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 anschliel1enden Ammoniaksynthese zuge­
fuhrt 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 van 
30 bis 80 bar. Ein Druck unterhalb van 30 bar ist 
nicht bevorzugt, da sich dies ungOnstig auf die Di­
mensionierung des dem zweiten autothermen Refor­
mer vorgeschalteten Verdichters auswirken wOrde. 
Ein Druck oberhalb van 80 bar ist nicht bevorzugt, da 
sich dies ungOnstig auf die Gleichgewichtslage der im 
ersten autothermen Reformer stattfindenden Reakti­
on (Dampfreformierung) auswirken wOrde. 

[0025] Der Druck, bei dem der zweite autotherme 
Reformer betrieben wird, liegt bevorzugt im Bereich 
van 30 bis 60 bar. Ein Druck unterhalb van 30 bar ist 
grundsatzlich m6glich, wirkt sich allerdings ungOns­
tig auf die Dimensionierung des zweiten autothermen 
Reformers aus. Ein Druck oberhalb van 60 bar ist 
nicht bevorzugt, da dann bei gegebenem Verdich­
tungsverhaltnis der erste autotherme Reformer bei 
so hohen DrOcken betrieben werden mOsste, 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 erfindungsgemal1en Verfah­
rens 

- wird bevorzugt das Oxidationsmittel in Form 
van reinem Sauerstoff oder in Form van mit Sau­
erstoff angereicherter Luft mit einem Gehalt an 
Sauerstoff van 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 ben6tigte Sauer­
staff vorzugsweise aus einer Luftzerlegungsanla­
ge stammt; und/oder 
- werden bevorzugt dem Gasgemisch die Kohlen­
wasserstoffe in Form van Methan oder Erdgas zu-

gesetzt, wobei das Erdgas ggf. bevorzugt zuvor 
entschwefelt wurde; und/oder 
-weist bevorzugt das bereitgestellte Gasgemisch 
ein molares Wasserdampf/Kohlenstoff-Verhaltnis 
van h6chstens 3,6, h6chstens 3,4 oder h6chstens 
3,2 auf, bevorzugt h6chstens 3,0, h6chstens 2, 
8 oder h6chstens 2,6; bevorzugter h6chstens 2, 
4, h6chstens 2,2 oder h6chstens 2,0; noch be­
vorzugter h6chstens 1,8, unter Umstanden ggf. 
auch h6chstens 1,6, h6chstens 1,4, h6chstens 1, 
2, h6chstens 1,0, h6chstens 0,8, h6chstens 0,6, 
h6chstens 0,4 oder h6chstens 0,2; und/oder 
- weist bevorzugt das bereitgestellte Gasgemisch 
einen Gehalt an Stickstoff van h6chstens 10 Vol.­
% auf, bevorzugter h6chstens 8 Vol.-%, noch be­
vorzugter h6chstens 6 Vol.-%, am bevorzugtesten 
h6chstens 4 Vol.-%, und insbesondere h6chstens 
2 Vol.-%. 

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

[0028] Ein molares Wasserdampf/Kohlenstoff-Ver­
haltnis van gr611er 3,2 ist zwar technisch m6glich, je­
doch nicht bevorzugt, da es dazu fOhren wOrde, dass 
mehr Sauerstoff verbraucht werden wOrde als not­
wendig ist und die Ausbeute an Wasserstoff sinken 
wOrde. Erfindungsgemal1 stellt ein molares Wasser­
dampf/Kohlenstoff-Verhaltnis van 3,2 daher bevor­
zugt die 6konomische Obergrenze dar. Ein molares 
Wasserdampf/Kohlenstoff-Verhaltnis van kleiner 0,3 
ist nicht bevorzugt, da sonst Rul1 entstehen wOrde, 
der den Katalysator deaktivieren wOrde. 

[0029] Bevorzugt weist das in Schritt (b) des erfin­
dungsgemaf5en Verfahrens erhaltene erste Synthe­
segas 

- ein molares Wasserstoff/Kohlenstoffmonoxid­
Verhaltnis van h6chstens 4,5 auf, bevorzugt 
h6chstens 4,2, h6chstens 3,9 oder h6chstens 3, 
6; bevorzugter h6chstens 3,3, h6chstens 3,0 oder 
h6chstens 2,7; noch bevorzugter h6chstens 2,4, 
h6chstens 2, 1 oder h6chstens 1,8; am bevorzug­
testen h6chstens 1,5, h6chstens 1,2 oder h6chs­
tens 1,0; und insbesondere h6chstens 0,8, h6chs­
tens 0,6 oder h6chstens 0,4; und/oder 
- einen Gehalt an Methan van 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 Vol.-% 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 hochstens 10 
Vol.-% auf, bevorzugter hochstens 8 Vol.-%, noch 
bevorzugter hochstens 6 Vol.-%, am bevorzugtes­
ten hochstens 4 Vol.-%, und insbesondere hochs­
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 ausdrucklich 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 
erfindungsgemaBen 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 zugefuhrt wird, 
so dass die Temperatur in der POX-Zone des Re-

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
Ben Verfahrens abgetrennt werden mussen, so dass 
anschlieBend eine gr6Bere Gasmenge auf den Druck 
des zweiten autothermen Reformers ruckverdichtet 
werden muss. Hierdurch steigen die Betriebskosten 
an. 

[0033] Geeignete MaBnahmen, 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 fur eine anschlieBen­
de CO-Konvertierung. Mit Hilfe einer Druckwechsel­
Adsorption (PSA) kann aber der Wasserstoff auf ho­
hem Druckniveau abgetrennt und direkt dem Syn­
thesegasverdichter zugefuhrt 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
dungsgemaBen Verfahrens das Abtrennen des Gas­
gemischs umfassend CO, CO2 und CH4 vom ers­
ten Synthesegas (i) durch Druckwechsel-Adsorption 
(PSA - Pressure Swing Adsorption) oder (ii) durch 
selektive Membran-Permeation und anschlieBende 
Druckwechsel-Adsorption. 

[0036] Bei der Druckwechsel-Adsorption wird das 
Gasgemisch umfassend H2 , CO, CO2 und CH4 un­
ter Druck mittels Adsorption physikalisch voneinan­
der getrennt. Vorzugsweise werden porose Materia­
lien (z.B. Zeolithe, Aktivkohle) als Adsorbens ein­
gesetzt. Die Trennwirkung kann erfindungsgemaB 
auf zwei verschiedenen Prinzipien beruhen: Gleich­
gewichtsadsorption oder Molekularsiebwirkung. Das 
Gasgemisch wird bevorzugt unter erhohtem Druck 
in einen Festbettreaktor eingeleitet, welcher mit dem 
Adsorbens gefullt ist, so dass dieses durchstromt 
wird. CO, CO2 und CH4 aus dem Gasgemisch werden 
nun adsorbiert und am Ausgang des Betts kann H2 
entnommen werden. Nach einer Weile ist das Adsor­
berbett gesattigt und der Prozess wird Ober Ventile 
umgeschaltet, so dass der Ausgang fur H2 geschlos­
sen und ein Auslass fur CO, CO2 und CH4 geoffnet 
wird. Dies ist begleitet von einer Druckabsenkung. 
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Bei dem niedrigeren Druck werden nun das adsor­
bierte CO, CO2 und CH4 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
du ngsgemaBen Verfahrens wird in Schritt (c) das ers­
te Synthesegas zunachst einer Membran-Trennanla­
ge zum Abtrennen van Kohlenstoffmonoxid und Koh­
lenstoffdioxid durch selektive Membran-Permeation 
zugefOhrt. Die Membran hat die Eigenschaft, dass sie 
Kohlenstoffmonoxid und Kohlenstoffdioxid wesent­
lich schneller durchlasst als Wasserstoff. Die Trieb­
kraft fur diesen Trennprozess ist der Unterschied der 
Partialdr0cke 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 hoher 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 van Kohlenstoffmon­
oxid, Kohlenstoffdioxid und Methan gemaB Schritt (c) 
zugefOhrt, wobei das Abtrennen van Kohlenstoffmon­
oxid, Kohlenstoffdioxid und Methan dann vorzugs­
weise ebenfalls durch Druckwechsel-Adsorption er­
folgt. Das anfallende Abgas enthalt 0berwiegend 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 van 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 van hochstens 10 
Vol.-% auf, bevorzugter hochstens 8 Vol.-%, noch 
bevorzugter hochstens 6 Vol.-%, am bevorzugtes­
ten hochstens 4 Vol.-%, und insbesondere hochs­
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 gr6Bten Teil in der Reformie­
rung gebildetes CO, nicht umgesetztes CH4 und wei­
tere, vergleichsweise kleine Anteile an CO2 sowie 
H2. Es wurde 0berraschend gefunden, dass die wei­
tere Umsetzung dieses Stroms am vorteilhaftesten 

in einem zweiten autothermen Reformierungsschritt 
erfolgt, um sowohl das restliche Methan umzuset­
zen als auch Probleme mit der CO-Konvertierung 
durch den groBen Partialdruck des Kohlenstoffmon­
oxids zu vermeiden. Ggf. nach Zugabe van wei­
teren Kohlenwasserstoffen, vorzugsweise van 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
Big mit Sauerstoff angereicherter Luft als Oxidations­
medium ebenfalls autotherm reformiert. Auf Grund 
des niedrigeren Drucks in dieser Reformierung und 
einer spezifisch gr6Beren 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 erfindungsgemaBe Verfahren nutzt so 
die Vorteile eines hoheren Druckniveaus in der ers­
ten autothermen Reformierung, vermeidet aber ei­
nen gr6Beren Methaneintrag in die bevorzugt im An­
schluss erfolgende Ammoniaksynthese sowie eine 
gr6Bere Beanspruchung der nachfolgenden Prozess­
stufen fur die Reinigung des Synthesegases und er­
moglicht auch eine signifikante Entlastung des Syn­
thesegasverd ichters. 

[0041] In Schritt (d) des erfindungsgemaBen Verfah­
rens 

- wird bevorzugt dem Gasgemisch Luft oder mit 
durch Sauerstoff angereicherte Luft mit einem Ge­
halt an Sauerstoff van hochstens 90 Vol.-%, be­
vorzugter hochstens 80 Vol.-%, noch bevorzugter 
70 Vol.-%, am bevorzugtesten hochstens 60 Vol.­
% und insbesondere hochstens 50 Vol.-% zuge­
setzt; und/oder 
- werden bevorzugt dem Gasgemisch Kohlen­
wasserstoffe in Form van Methan oder Erdgas zu­
gesetzt, wobei das Erdgas ggf. bevorzugt zuvor 
entschwefelt wurde; und/oder 
-weist bevorzugt das bereitgestellte Gasgemisch 
ein molares Wasserdampf/Kohlenstoff-Verhaltnis 
van 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 bereitgestellte Gasgemisch 
einen Gehalt an Stickstoff van hochstens 70 Vol.­
% auf, bevorzugter hochstens 60 Vol.-%, noch 
bevorzugter hochstens 50 Vol.-%, am bevorzug­
testen hochstens 40 Vol.-%, und insbesondere 
hochstens 30 Vol.-%; und/oder 
- weist bevorzugt das bereitgestellte Gasgemisch 
einen Gehalt an Stickstoff van 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 erfindungsgemal1 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 genOgend 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
dungsgemal1en Verfahrens ist bevorzugt gr611er 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
dungsgemal1en Verfahrens erhaltene zweite Synthe­
segas 

- ein molares Wasserstoff/Kohlenstoffmonoxid­
Verhaltnis von hochstens 4,5 auf, bevorzugt 
hochstens 4,2, hochstens 3,9 oder hochstens 3, 
6; bevorzugter hochstens 3,3, hochstens 3,0 oder 
hochstens 2, 7; noch bevorzugter hochstens 2, 
4, hochstens 2, 1 oder hochstens 1,8; unter Um­
standen ggf. auch hochstens 1,5, hochstens 1,2, 
hochstens 1,0, hochstens 0,8, hochstens 0,6 oder 
hochstens 0,4; und/oder 
- einen Gehalt an Methan von hochstens 10 Vol.­
%, hochstens 7,5 Vol.-%, hochstens 5,0 Vol.-% 
oder hochstens 4,8 Vol.-% auf, bevorzugt hochs­
tens 4,5 Vol.-%, hochstens 4,2 Vol.-% oder hochs­
tens 3,9 Vol.-%; bevorzugter hochstens 3,6 Vol.­
%, hochstens 3,3 Vol.-% oder hochstens 3,0 
Vol.-%; noch bevorzugter hochstens 2,7 Vol.-%, 
hochstens 2,4 Vol.-% oder hochstens 2, 1 Vol.-%; 
am bevorzugtesten hochstens 1,8 Vol.-%, hochs­
tens 1,5 Vol.-% oder hochstens 1,2 Vol.-%; und 
insbesondere hochstens 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 

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 hochstens 10 
Vol.-% auf, bevorzugter hochstens 8 Vol.-%, noch 
bevorzugter hochstens 6 Vol.-%, am bevorzugtes­
ten hochstens 4 Vol.-%, und insbesondere hochs­
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 (e) 
des erfindungsgemal1en 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] lnsbesondere wenn die nachfolgende Aufrei­
nigung des zweiten Synthesegases nicht durch COr 
Wasche und Methanisierung, sondern durch Druck­
wechsel-Adsorption oder NrWasche 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 0bersch0ssigem Stickstoff als Fuel Gas verwen­
det werden. Bei dieser Variante des erfindungsge­
mal1en 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 
COrWasche 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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fur die bevorzugt im Anschluss erfolgende Hochtem­
peraturkonvertierung von Kohlenstoffmonoxid genu­
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. Fur ein entsprechend hohes relatives mo­
lares Wasserdampf-/Kohlenstoff-Verhaltnis am Ein­
tritt des zweiten autothermen Reformers und dam it 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 wurde. 

[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 gr6Ber 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 gr6Ber als der Ge­
halt an Kohlenstoffmonoxid im zweiten Synthesegas, 
welches bei der autothermen Reformierung im zwei­
ten autothermen Reformer in Schritt (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-

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 erfindungsgemaBe 
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) abschlieBendes Reinigen des in Schritt (g) 
erhaltenen zweiten Synthesegases vorzugsweise 
durch Methanisierung oder Stickstoffwasche. 

[0052] Alternativ umfasst das erfindungsgemaBe 
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 erfindungsgemaBe Verfahren 
die Druckwechsel-Adsorption gemaB 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 benotigte H2/NrVerhaltnis fur die Ammoniaksyn­
these einstellen zu konnen. 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
maBe Verfahren auch in Schritt (c) eine Abtrennung 
durch Druckwechsel-Adsorption, so umfasst das er­
findungsgemaBe Verfahren insgesamt zwei Druck­
wechsel-Adsorptionen. 

[0054] Die fur die Durchfuhrung dieser Schritte er­
forderlichen MaBnahmen sind dem Fachmann be­
kannt. Diesbezuglich kann beispielsweise verweisen 
werden auf A. Nielsen, I. 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
Ben 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/oderwobei 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 van Kohlenstoffmon­
oxid in Schritt (f), dem Abtrennen van Kohlenstoffdi­
oxid in Schritt (g) und dem abschlieBenden Reinigen 
in Schritt (h) bzw. nach dem Abtrennen van Kohlen­
stoffmonoxid, Kohlenstoffdioxid und Methan in Schritt 
(g') hat das zweite Synthesegas bevorzugt 

- einen Gehalt an Wasserstoff im Bereich van 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 van 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 erfindungsgemaBe Verfahren wird be­
vorzugt kontinuierlich betrieben. Das erfindungsge­
maBe Verfahren liefert bevorzugt eine Gesamtpro­
duktion van mehr als 3300 tato an Synthesegas 
(Summe Ober das erste Synthesegas und das zwei­
te Synthesegas, vorzugsweise nach Abtrennung in 
Schritt (c) und abschlieBender 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 van 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 van 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. 

[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 bereitgestellt, welcher bevorzugt in zwei Teil­
strome aufgeteilt wird: Der erste Erdgasteilstrom wird 
in Schritt (a) dem Gasgemisch zugesetzt, welches 
anschlieBend in Schritt (b) im ersten autothermen 
Reformer reformiert wird; und der zweite Erdgasteil­
strom wird in Schritt (d) dem Gasgemisch zugesetzt, 
welches anschlieBend in Schritt (e) im zweiten auto­
thermen Reformer reformiert wird. In einer bevorzug­
ten Ausfuhrungsform 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 Ausfuhrungs­
form betragt das relative Gewichtsverhaltnis des ers­
ten Erdgasteilstroms zum zweiten Erdgasteilstrom 
mehr als 1: 1, bevorzugter mehr als 1,5: 1. In einer wei­
teren bevorzugten Ausfuhrungsform liegt das relative 
Gewichtsverhaltnis des ersten Erdgasteilstroms zum 
zweiten Erdgasteilstrom im Bereich van 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 van Ammoniak umfas­
send das vorstehend beschriebene erfindungsgema­
Be Verfahren zur Herstellung van 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 van 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 gemaB den zusatzlichen 
Schritten (f), (g) und (h) oder gemaB 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 zunachst mit Hilfe eines 
Synthesegasverdichters auf einem Druck im Bereich 
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van 100 ± 50 bar vorverd ichtet, bevorzugter 100 ± 40 
bar, noch bevorzugter 100 ± 30 bar, am bevorzugtes­
ten 100 ± 20 bar und insbesondere 100 ± 10 bar; und 
anschliefs.end 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 erfindungsgemafs.e Verfahren liefert be­
vorzugt eine Gesamtproduktion van 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 van 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 van 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 Oberfuhren des van dem ersten Syn­
thesegas abtrennten Gasgemischs umfassend 
Kohlenstoffmonoxid, Kohlenstoffdioxid und Me­
than zu dem zweiten autothermen Reformer; 

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

[0067] Die erfindungsgemafs.e Vorrichtung eignet 
sich zur Durchfuhrung des erfindungsgemafs.en Ver­
fahrens zur Herstellung van Synthesegas. Ein weite­
rer Aspekt der Erfindung betrifft daher die Verwen­
dung der erfindungsgemafs.en Vorrichtung zur Her­
stellung van Synthesegas in dem erfindungsgema­
Ben Verfahren zur Herstellung van Synthesegas. 

[0068] Alie bevorzugten Ausfuhrungsformen, wel­
che vorstehend im Zusammenhang mit dem erfin­
dungsgemafs.en Verfahren beschrieben wurden, gel­
ten analog auch im Hinblick auf die Auslegung und 

Gestaltung der erfindungsgemafs.en Vorrichtung und 
werden daher diesbezuglich nicht wiederholt. 

[0069] Bevorzugt umfasst die Anlage zum Abtren­
nen des Gasgemischs umfassend Kohlenstoffmon­
oxid, Kohlenstoffdioxid und Methan van 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 Grofs.teil 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 erfindungsgemafs.e 
Vorrichtung 

- eine Entschwefelungsanlage zum Entfernen van 
Schwefelverbindungen aus Kohlenwasserstoffen 
und Mittel zum Oberfuhren der entschwefelten 
Kohlenwasserstoffe zum ersten autothermen Re­
former oder einer dem autothermen Reformer vor­
geschalteten Mischanlage; und/oder 
- eine Luftzerlegungsanlage und Mittel zum Ober­
fuhren van reinem Sauerstoff oder van mit Sauer­
staff angereicherter Luft mit einem Gehalt an Sau­
erstoff van 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 van Kohlenstoffdi­
oxid, welches in dem zweiten Synthesegas ent­
halten ist; und/oder 
- eine Anlage zum Abtrennen eines Gasge­
mischs umfassend Kohlenstoffmonoxid, Kohlen­
stoffdioxid und Methan van dem zweiten Syn­
thesegas, vorzugsweise durch Druckwechsel-Ad­
sorption; und/oder 
- eine Anlage zur abschliefs.enden Reinigung des 
zweiten Synthesegases, vorzugsweise durch Me­
thanisieru ng oder Stickstoffwasche. 

[0071] Die Luftzerlegungsanlage ist vorzugsweise 
so dimensioniert, dass sie genugend reinen Sauer­
staff produziert, wie in dem erfindungsgemafs.en Ver­
fahren benotigt wird. Fur die Erzeugung von Synthe­
segas fur eine Ammoniakanlage mit einer Kapazitat 
van 3600 tato konnen beispielsweise 73 t/h reiner 
Sauerstoff benotigt werden. 

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

[0073] Bevorzugt umfasst die erfindungsgemaBe 
Vorrichtu ng 

- einen mehrstufigen Verdichter umfassend eine 
erste Verdichtungsstufe und eine nachgeschalte­
te zweite Verdichtungsstufe; 
- Mittel zum OberfOhren des ersten Synthesega­
ses aus der Anlage zum Abtrennen des Gasge­
mischs umfassend Kohlenstoffmonoxid, Kohlen­
stoffdioxid und Methan van 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 OberfOhren des 
abschlieBend gereinigten zweiten Synthesegases 
zur ersten Verdichtungsstufe. 

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

[0075] Die erfindungsgemaBe Vorrichtung eignet 
sich zur Durchfi.ihrung des erfindungsgemaBen Ver­
fahrens zur Herstellung van Ammoniak. Ein weiterer 
Aspekt der Erfindung betrifft daher die Verwendung 
der erfindungsgemaBen Vorrichtung zur Herstellung 
van Ammoniak in dem erfindungsgemaBen Verfah­
ren zur Herstellung van Ammoniak. 

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

[0077] Fig. 1 illustriert schematisch eine erfindungs­
gemaBe Vorrichtung bzw. das erfindungsgemaBe 
Verfahren zur Herstellung van Ammoniak aus Erdgas 
(CnH2n+2). Das Erdgas wird bevorzugt zunachst van 
der C2+ -Fraktion befreit und ggf. in einer Entschwefe­
lungsanlage (5) entschwefelt. AnschlieBend wird ein 
erster Erdgasstrom Ober Leitung (a) einem Verdichter 
(12) zugefi.ihrt, 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) zugefi.ihrt. Ei­
ne Luftzerlegungsanlage (6) stellt vorzugsweise rei­
nen Sauerstoff oder mit Sauerstoff angereicherte Luft 
bereit, welche ebenfalls dem ersten autothermen Re­
former (1) zugefi.ihrt wird. Die Vermischung van Erd­
gas und Wasserdampf kann alternativ im ersten auto-

thermen Reformer (1) oder auch auBerhalb des ers­
ten autothermen Reformers (1) in Leitung (c) oder in 
einer dem ersten autothermen Reformer (1) vorge­
schalteten Mischanlage erfolgen. GemaB Fig. 1 er­
folgt zunachst die Vermischung vom ersten Erdgas­
strom mit Wasserdampf in Leitung (c) und anschlie­
Bend die Zugabe van 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) 
abgekOhlt und anschlieBend Ober Leitung (d) einer 
Anlage (4) zum Abtrennen van CO, CO2 und CH4 
zugefi.ihrt wird, wobei das Abtrennen van CO, CO2 
und CH4 vorzugsweise durch Druckwechsel-Adsorp­
tion erfolgt. Das so gereinigte erste Synthesegas, 
welches einen erhohten Gehalt an Wasserstoff auf­
weist, wird Ober Leitung (e), vorzugsweise ohne wei­
tere Aufbereitung, ggf. nach Vermischung mit der 
fur die Ammoniaksynthese erforderlichen Menge an 
verdichtetem Stickstoff, unmittelbar Verdichtungsstu­
fe (11) zugefi.ihrt, 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
gefi.ihrt. 

[0079] Das in Anlage (4) abgetrennte Gasgemisch 
umfassend CO, CO2 und CH4 wird Ober Leitungen (f) 
und (g) dem Verdichter (14) zugefi.ihrt, welcher dem 
zweiten autothermen Reformer (2) vorgeschaltet ist. 
Dabei wird es bevorzugt zunachst mit einem zweiten 
Erdgasstrom vermischt, welcher Ober Leitung (b) her­
angefi.ihrt wird. Das Gemisch aus dem zweiten Erd­
gasstrom und dem Gasgemisch umfassend CO, CO2 
und CH4 wird dann im Verdichter (14) auf den Be­
triebsdruck des zweiten autothermen Reformers (2) 
verdichtet. AnschlieBend wird dem Gemisch Wasser­
dampf zugesetzt. Varn Verdichter (14) wird das Gas­
gemisch, ggf. nach Vorwarmung, dem zweiten auto­
thermen Reformer (2) zugefi.ihrt. 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) zugefi.ihrt. Dazu kann ggf. rei­
ner Sauerstoff aus der Luftzerlegungsanlage (6) Ober 
Leitung (n) direkt dem zweiten autothermen Refor­
mer (2) und/oder der Luft var Verdichter (15) zuge­
fi.ihrt werden. Die Vermischung van Erdgas, Gasge­
misch umfassend CO, CO2 und CH4 , und Wasser­
dampf kann alternativ im zweiten autothermen Refor­
mer (2) oder auch auBerhalb des zweiten autother­
men Reformers (2) in Leitung (m) oder in einer dem 
zweiten autothermen Reformer (2) vorgeschalteten 
Mischanlage erfolgen. GemaB Fig. 1 erfolgt zunachst 
die Vermischung vom zweiten Erdgasstrom, Gasge­
misch umfassend CO, CO2 und CH4 , und Wasser-
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dampf in Leitung (g) und anschlieBend die Zugabe 
van 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, CO2 und CH4 
bei einem Druck an, welcher Oblicherweise nicht aus­
reicht, um es zur Saugseite des Verdichters (14) zu­
ruckzufuhren. 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) 
abgekOhlt und anschlieBend Ober Leitung (h) einer 
ein- oder zweistufigen Konvertierungsanlage (7) zur 
Konvertierung van CO zugefuhrt wird. Dabei wird das 
CO unter Zusatz van H20 zu CO2 und H2 konver­
tiert und auf diese Weise der Gehalt an H2 und CO2 
im zweiten Synthesegas weiter erhoht sowie der Ge­
halt an CO verringert. Nach bevorzugter AbkOhlung 
im Warmetauscher (17) wird das konvertierte zwei­
te Synthesegas Ober Leitung (i) einer Anlage (8) zur 
Abtrennung van CO2 zugefOhrt, vorzugsweise unter 
Einsatz geeigneter chemischer oder physikalischer 
Losungsmittel (Kohlenstoffdioxidwasche). Das zwei­
te Synthesegas, welches nun neben H2 und N2 nur 
noch Restmengen an CO und anderen Verunreini­
gungen enthalt, wird in einer Ober Leitung (k) Anla­
ge (9) einer abschlieBenden Reinigung unterzogen, 
vorzugsweise durch Methanisierung, Druckwechsel­
Adsorption oder NrWasche. AnschlieBend wird das 
abschlieBend gereinigte zweite Synthesegas der ers­
ten Verdichtungsstufe (10) zugefuhrt, in der es vor­
verdichtet wird, ehe es mit dem ersten Synthesegas­
strom vereint und der zweiten Verdichtungsstufe (11) 
zugefuhrt wird, van deres nach Verdichtung dem Am­
moniakreaktor (3) zugefuhrt wird. 

[0081] Fig. 2 illustriert schematisch eine weitere be­
vorzugte erfindungsgemaBe Variante der Vorrichtung 
bzw. des erfindungsgemaBen Verfahrens zur Her­
stellung van Ammoniak aus Erdgas. Im Unterschied 
zu der in Fig. 1 illustrierten AusfOhrungsform wird 
das konvertierte zweite Synthesegas nach bevorzug­
ter AbkOhlung im Warmetauscher (17) Ober Leitung 
(i) einer Anlage (10) zum Abtrennen van CO, CO2 und 
CH4 zugefOhrt wird, wobei das Abtrennen van CO, 
CO2 und CH4 vorzugsweise durch Druckwechsel-Ad­
sorption erfolgt. Das so gereinigte zweite Synthese­
gas wird Ober Leitung U), 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) zugefOhrt. 

[0082] Fig. 3 illustriert schematisch eine weitere be­
vorzugte erfindungsgemaBe Variante der Vorrichtung 

bzw. des erfindungsgemaBen Verfahrens zur Her­
stellung van Ammoniak aus Erdgas. Im Unterschied 
zu den in Fig. 1 und Fig. 2 illustrierten Ausfuhrungs­
formen wird das erste Synthesegas vorzugsweise 
im Warmetauscher (13) abgekOhlt und anschlieBend 
Ober Leitung (d) einer Membran-Trennanlage (11) 
zum Abtrennen van CO und CO2 zugefuhrt. In der 
Membran-Trennanlage (11) wird das abgekOhlte ers­
te Synthesegas in einen an Wasserstoff und Me­
than angereicherten Retentatstrom und einen an CO 
und CO2 angereicherten Permeatstrom getrennt. Der 
Permeatstrom wird Ober Leitung (f) zur Saugseite 
des Verdichters (14) geleitet. Der Retentatstrom wird 
weiter Ober Leitung (o) der Anlage (4) zum Abtren­
nen van CO, CO2 und CH4 zugefuhrt, wobei das Ab­
trennen van CO, CO2 und CH4 vorzugsweise durch 
Druckwechsel-Adsorption erfolgt. Das Abgas, wel­
ches in Anage (4) abgetrennt wird, enthalt Oberwie­
gend Methan, vorher nicht abgeschiedenes CO und 
CO2 sowie in geringen Mengen auch H2. 
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Patentanspri.iche 

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) bereitgestellten 
Gasgemischs in einem ersten autothermen Refor­
mer (1), wodurch ein erstes Synthesegas umfassend 
Wasserstoff, Kohlenstoffmonoxid, Kohlenstoffdioxid 
und Methan erhalten wird; 
(c) Erhohen 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) bereitgestellten 
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 hoher 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 hoher 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 hochstens 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 hochstens 3,2 aufweist; und/ 
oder 
- das Gasgemisch einen Gehalt an Stickstoff von 
hochstens 10 Vol.-% aufweist. 

4. Das Verfahren nach einem der vorstehenden 
Anspruche, wobei das in Schritt (b) erhaltene erste 
Synthesegas 
- ein molares Wasserstoff/Kohlenstoffmonoxid-Ver­
haltnis von hochstens 4,5 aufweist; und/oder 

- 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 hochstens 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 
Anspruche, wobei in Schritt (c) das Abtrennen des 
Gasgemischs 
(i) durch Druckwechsel-Adsorption oder 
(ii) durch selektive Membran-Permeation und an­
schlieBende Druckwechsel-Adsorption erfolgt. 

6. Das Verfahren nach einem der vorstehenden 
Anspruche, wobei in Schritt (d) 
- dem Gasgemisch Luft oder mit durch Sauerstoff an­
gereicherte Luft mit einem Gehalt an Sauerstoff von 
hochstens 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 van 
hochstens 70 Vol.-% aufweist. 

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

8. Das Verfahren nach einem der Anspruche 1 bis 
6, umfassend die zusatzlichen Schritte 
(f) ein- oder zweistufiges Konvertieren van 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 van Ammoniak um­
fassend das Verfahren nach einem der Anspruche 1 
bis 8, wobei das erste Synthesegas und das zwei-
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te Synthesegas gemeinsam einem Ammoniakreaktor 
(3) zugefuhrt 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
mal5 den zusatzlichen Schritten (f), (g) und (h) nach 
Anspruch 7 oder gemal5 den zusatzlichen Schritten 
(f) und (g') gemaB Anspruch 8 gereinigt wird; danach 
zunachst auf einen Druck vorverdichtet wird, welcher 
geringer ist als der Druck, bei welchem der Ammo­
niakreaktor (3) betrieben wird; und anschlieBend 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 Oberfuhren 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 Entschwefelungsanlage (5) zum Entfernen 
von Schwefelverbindungen aus Kohlenwasserstoffen 
und Mittel zum Oberfuhren 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 Ober­
fuhren von reinem Sauerstoff oder von mit Sauerstoff 
angereicherter Luft mit einem Gehalt an Sauerstoff 

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 abschlieBenden Reinigung des 
zweiten Synthesegases. 

15. Die Vorrichtung nach einem der Anspruche 12 
bis 14, umfassend 
- einen mehrstufigen Verdichter umfassend eine ers­
te Verdichtungsstufe (10) und eine nachgeschaltete 
zweite Verdichtungsstufe (11); 
- Mittel zum Oberfuhren des ersten Synthesegas­
es aus der Anlage (4) zur zweiten Verdichtungsstufe 
(11); und 
- eine Anlage (9) zur abschlieBenden Reinigung des 
zweiten Synthesegases und Mittel zum Oberfuhren 
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 Anspruche 12 bis 15 und einen Ammoniakreaktor 
(3). 

Es folgen 3 Seiten Zeichnungen 
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Anhangende Zeichnungen 
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Figur 2 
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Figur 3 
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DE102014209635A1 

Synthesis of synthesis gas with two autothermal reformers 

Abstrnct 

-rr:e :n'-'e;;t:on re!at.e~: ·to an apparnt:..;s and a pr•J•:ess f•J~ t~;e product:•Jri of syrithesi.s gas ·,,vith the aid 

of i..'NO a:..r::~:r::herr.:a! l"(:fo1·:-:1(:1':;" or.d t~I(: sub:,eq:..1ent :;yr.the:;is (Jf !'~:-:11·T:(!l"'::o fror.: thf~ sy:1t~1(:s:s 9asc 

Images (3) 

Classifications 

Claim;; (16) 

Other languages. e,,,., .. o .. 

Worldwide appiicat;ons 

Applicalion DE102014209635. 9A events ('i) 

2014-()5-21 ·: !·iys·.,f::~~(:·u;:p _:\(;, 
:,v-l••:-rr··,: '~c,;,, .. ..-,,,- ,,)_:; 

/.\_ proce~:s for prcdu,:.::1ng syrrthes:s gas Gompri;::HlfJ fr1e .steps cf (a) w·cviding a g3s rr;1xt:..;re .;_;c;mprisi119 hydr·cc;;rtions, W3ter· vapor and an cx:dizi11g agent; (b) refor;711ng the gas 

:---:1i>:t'.~l"f: pro'lided :n :;tep (o) in a "firs-:: a:Jt•:"Jt~1f:ITT:a! refor:---:1er ( ·! }, 1Nh!"~l-f:by :~ first syT:thesi:, gos -:.nn1pr:si:(~ hyd:--:-J9f:ll, -:-;arbnn :---:1er.exide, earbor. di(!Xirk~ and rr.et~1:":lle i:, nb-::a:n!"~•-"t (c) 

:n-:-;t·ec1Bing '~he cG:f:ent nf hy-:-J:"-:-;gen of :_f;t:> fo·st .sy:-:'~heBis 9c1B -:-;~J:f.lined ::: B:.~p (b} by :~epcH·8ti:1g r:1 t::ixwJ 9c1B -:-;ot::pri.s:ng c:c1;bo;; :n-:-;:1ox:(fo, cr:1:bG:1 dkwide ;::;:r:d methc1;;t:>; (d) 

::11·,:1v:dii-:i:; a gas m:xture cornpr:sii-:g-::he g~s rn:xt~1·0:: sep;Y~to::d :r. ::,tep (c); (eJ 1·-2foi·rr.ii-:i:; the gi3:: rn:xt~.v-2 p:ovido::d :r. step (d) :r. ~ sec,:11-:c~ at.:tctherrr.i3; :efo1T:-:e: { 2 ), whereby a 

secG:1d .sy:f:he.s:s 98B eompr:.s:r:g hydrGge::, cr:1:-b-:-;:: rn;..1:1oxide r:1nd c:e1;bo;; dic:x:rfo iB Gbtf.lined: ·:he r:rB:. r:1:J:(Y:hen::8! r~for;~1H ( ·! ) :s Gpe:-f.l·:ed :;; s'~ep (b) e1~ r:1 p:-esBurt:> wf;ieh ::~ 

hig~;e: tha:: the p:essu;e at w~;1ch the sec,:..-i;;d a:..;tcthern"':a! reforrr;e: ( 2) is Gpernted :n step(-:-)_ ·rhe tr:et~vJd of ch.=i:rr; 1, ·,,vhere:;; - ·the f;r~:t a: . ..rto·therr::a! ro:-for;71o;:-r ( 1) is operated :ri 

steo (~J) at a pre:,s:...1:-e wh:ch :sat k:as-:: ·! O ~Ja:· h:gh!"~1· tt:an -::he ~Xf:ssu:e at 1Nhi-:.h -::he :;ecend autother:---:10! :"!"~fo:":n!"~1· ( 7.} :s o~-Je:·ated i:-: s-::ep (e}; and/ or th!"~ "fi:·s-:: outeth!"~:":n:~! :·etonT:er 

(: } is ,:.:iperated i:1 ::rtep (b) at;::;: p:ess:)ro:- of at !e;::;:st JU ~J;::;:r; a::d / er - t~l':" se.;::ord au1c1her;71;::;:! :efo:me: ( 2) :~: operated in step (e} at 3 ~vessure •A ;::;:t rPfJSt 60 ~Jar. "':"he rr;ethod cf 

-:!3itr: 1 o: 2, whereii-: i:---: st-2p {a} --::he ,:i:<:dizing ago::nt :s ~dded tc tho:: g3s i-:11:c::..;re ii-: the fcrrn cf p~Y-2 oxyqen er ii-: the form cf cxygen-o::11:1ched u:r ccnti:3111::---:g i3t !e3st 9Q':-; by vo;u1T:e 

of c:xygen; f.l::d ;._1; - wJded ~;__1 :_f;e 98B rr:ix1L:re, the hyd:-:-;-:-;fcrbnnB ::: the for;~, Gf rr:e-:h;!ne Gr nf.l·::J:";!! gr:1s, e1r:d o:- - n,~ gf.ls ;~1:x·:::t·e h;::;:s ;! :1w:r:1r wc1te; ·,.rf.lpc:r _; cc1:b;..1;; rr:1ti-:-; c:f 81 :1w:~t '.3./..; 

3nd 01· -The gus r::ixture has u ccnt-21-:t of 11:-::rogen ,:if ut rnos-:: 1 O vo: .-%. Tho:: process 3c,:orc~ing tc i3PY en-:: of the pre,:ed:ng d3irns, whe:e:n tho:: tks-:: syn-::hesis gas obta:r.ed in st-2::1 

(b) Has:~ 1T:n!or hydrnger. / c:~:t°J•.Y: n1onex:c:e rotie of at 1T:os-:: 4.5; or.d 01· - Hr~:; o co1:ten-:: of r.:eth:~:-:t: of ot k:as-:: C:.3 vo: .-%; :":1:d er Hos:": cer.tent (!f hydre[.!!"~:-: of a-:: le:":st 30 ·v·n! c-%; 

;::;:nd er - H3s a ccn1e:1t of carbon :1w;;oxide 1n the ;;::;:rirJe cf 2Cl 1 19 VfJ! .-~-0. a;;rJ o: - Has~ content ;..1f ;..;arbfJn dim(ide :ri the r·a:19e of 12 i 11 v•J! .-%; 3nd or - h3s a ccnte;;t of n:·t:ogen 

of at n1ost ·! Q% by veb1:-:e; and tX -Has a con-::er.t -:-Jf vva-::er V:":ptx of 30 :t 7.9 ',m! . -%; \riJ~1f:rei:---: the co:---:-::ent:; are ead: n10::;t ,:.nncent::~ti(!l"':S. T~1f: proce:,s oc-:-;(!1·c.Hng te :~:-:y enf: nf the 

pt·ec:~di::9 dr:1it::s, wh~rt:>i:: i:1 s-:ep (c:) the sepe1;e1:_:Gn of'~he gr:1s t::ixturt:> (i) by prt:>ssu;e sw:r:g ;!d.sorp~:Gn ot· (ii) by selt:>e·::\1~ :net::brnne pet·mec1ti;..1;; fGl!o1,.v~d by r;rt:>ssu;e sw:r:g 

3dso1·::1tio11. Th-2 p-:ethod a-:i:ord:r.g to uny ,:1Pe cf -::he ::11·0::cedinq daiP-:S, vvherein in st-2::1 { c~) - 3ir ;::, added to the gi3:: rn:>:tui·-2 o: oxyqe:---:-eni·i,:hed i3ir co:---:-::aining r.ct rnoi·-2 than 901~ by 

·,.ro:u:11e Gf Gxyge::; ;::;:r:d ot· - hyd:--:-;cc1:b;..1:i:~ f.lt·e e1dded '~c: the gr:1s :11:xtu:-e, ;::;:r:d ot· - n,~ g;!s r~;ix.--~::t·e h;::;:s 8 :110:r:1: wcl~er V;!per; c:e1;(1;__1;; rr:1tio c:f c11 :t:>f.lst O.?: ;!!Ki Gr - -:he gr:1s t::ix:.urt:> h8-S r:1 

•:rJn·tent cf :1:t;;._19er1 cf a1 :1w~:t "70 v•J! .-%. -:he ;710:-thfJd of any o::e •A t~;e preceding claims •:omp:isi:19 the add:t1Gn3! ~:teps (f) ccnve:t1ng cne fJ: twc .stafJes •A •:a:bon mc:v_'lxide 

,:.nn-::a:nfa! ::---: th!"~ sec-:-J:-:t! sy:-:t:":esi:; gas -'."J~Jt:":lned ::-: s-::ep (e} :1:tn ca:ben t!ioxide: (g) :;f:pa:·a-:::r.u ca:twn diox:de ,:.nma:r.ed i:---: the sec-:-Jnd synt:":es::; gas -'."J~Jt:~:ned ::-: s-::ep (f): 1-v:t! {h} 

fa1~ny p:)r:fyin9 t~l':" seoJrid syrithesi~: g3s •Jbtai::ed :n step (9). ·r he tr:et~K'ld Gf a::y Gf c:a:;7E: 1 tc 6, cctr:pr·j~:ing the additic:1;::;:! step.s (f) •:orl\_,e;ting Gne cr· ti.-1;fJ sta9e~: of car'b;._1;; 

"1Cncxide c,:,1-,tuiced 111 ,he oeccnd synth~sis gos cbta;i-,ed in step (e: j;-,,.:, c3rbcn d;oxid~; and (g ·, s~puruticg a gos '1Hturs co;-,ii:,ming •:urban mcnoxide, c3rbcn d1oxid~ acd 

;~it:>thf.l::e f:·nrn ~h~ se;..;or:d syr:thesi:~ g;!s by p:·eBs:Jt·e B'.t,ting r:1dsc:t·rf~inn. t,. prGcesB fGr pmd:Jci:1g r:1mmonie1 eompt·:s:r:g ·:he p;;..1ct:>ss ;::;:ecc:rdi:1g tG ;!ny G:1e ;..1f df.lit::.s ·: tG g, whe:·e:n 

ti-:e first syn-::hesis gas a:---:d th-2 secoi-:c~ syi-:thesis gas togo::ther 3r, i3P-:P-:011:3 re~cto: { 3 ). Th-2 p:oces::, acc,:11·d111g -::c c;a:rn 9, wh-21·0::in the first syi-:thesis gas ,:1!:1t~1ned ;p s-::ep (•:) 1s 

,:.nn1pres:,ed w:thnut turther p:..:r:fi-:-;atlon -::e :~ press:J:"!"~ at w~1:eh the an:n10:---:ia l"f:ac-::or ( :3} i:; operated. The (J:"-'."J-'.";ess :":ecerdi:(~ tn cb:1:-: 9 er·! 0, w~1f:rei:---: the sec-:-Jnd sy:-:t:":esi:; gas 

obtai"ed in c'teo (e) au:ordicg tci additicm,: step(:), (g) and (h\ acrnrdicg tc daim 7 or acccvd;r,9 ·to the additicm,: step(:) o"d (CJ') ,iccording ,;_; Claire 8 1s cleaned; is \her' fast 

prec•.Y:1p1·essed h! a p:e:,s:...1:-e vvh:c~1 Is !,:-y,,ver-::han t:":e pre:;:;u:·e at vvh:c~1 t:":e or.:rr.en:a reoct-:-J: ( 3) Is e(J!"~1·t:ted: :~:-:t! ther. ,:-;(!ll:p:·es:;fa! to a (J:"!"~ssure :":t 1Nhich -::he :~:-:11:-:(!ll:o :e:~ctnr { 3 

) :s {:pe;;::;::.HJ. ,t\pp;!rntl:B for prGdud:1g sy:i~h~s:s gr:1s c:or~;prising - r:1 first e1utGthe:rr:f.l: :·efon::e:· ( 1 ) fo; produdng r:1 fo·st .sy:f:he.s:s 9c1B eot::pri.s:ng hydrGge::, Cf.l:"bo:: :iw;;Gxide. 

,:arbo:---: di,:i:<:de u11d r::ethi3Pe from 3 g~s rnixt~1·0:: ccr::pris111g hydroc3rbcr.s, oxygen ~Pd \~nto::r vapoi·; - 3r, ~Pne>: ( 4} for sepai·i3tiPg 3 gi3s rn:xtui·o:: cor::prising ci31·b•:1i-: IT:ono>:ic~e, 

cc1;b;._1;; diox:de fend r~;t:>thf.lne frn:11 ~f;t:> fo·s'~ .sy:f:he.s:s 9c1B: - c1 sec:n:1d r:1:J:(Y:hen::8! r~fGri~IH ( :-? ) fo: p:--:-Kh:c::r:g ;! Bt:>eond :~ynthe:~is g;::;:s cn:11p;i:~i:1g hy-:-J:"-:-;gen, !";f!rb{:n ;~1Gr:Gxid~ f.l::d 
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cai·boi-: dio>:ic~e from a g~s rr:i>:t;_j1·0:: ccr.":pris111g ci:31·tt•:1P mor.cxide, ,:arbon di,:i:<ide ~nd rr:ethiF:e; M-2u11s fcr-::rnr.sfo1·1·ii-:i::; the gi:3:: mi>:tui·-2 sepi:Fi3to::c~ from the first synth-2s:s gus 

cGrnprisi;;g !";f!rben ;~1Gr:Gxid~. cclrbor: dic:xlde c1:1d rr:H:h;!ne IG the s~eo::d e1:_;tGtherrr:r:1: refr1tT::e:· ( ~·- ): the foB:. r:1ut!";thet·::1;!! ;efo;:·ner ( ·: } :s dt:>signed fr_;r r:1 preBs:Jre which :s higf;t:>r 

t~;;:_rn fr:e p~essure f.:..F· ·,,vh:c~; the second c1:)t•Jt~;errr;a! reformer ( 2) :s de.s1gr.ed. ·r he de\rice acccr1i:;;g to c!;;1m 12, whe~e1n fr:e ~:ys1e;71 ( 4} for sepc1~;;t:rirJ the gas rr:ixture cctr:pr'i-s1ng 

-:.arbor. rr.cno:,dde, carbcn c:ioxide or.d :-nf:thane frcrr. th!"~ fi:·s-:: synthesi:; go:; con1p:--isf~:; o p:e:;s:...:re :,win9 adscrp--::icn p!a~t T~1f: appa::~t:E oc-:-;01·df11g--::c -:-;:a:r.-: ·!2 (!r 13, -:-;(!11:p:,isin•~~ - a 

de.su!phuri.sat1on p!;;rit ( 5) for remcv:ng sulf:)r compcund~: from hydr.;J•:arbons ;;rid mecFE: for transferring t~;e des:Afurized hydrcc;;rtioris tc the tirs·t 3utctheP11;;! reformer ( 1 ) er 

3n :..ips--::re3r,-: of th-2 a:...:--::mherr.-:a! refori-ner rn:xii-:i::; p:ant; a~d /er· ~Pair so::parm:cn ::1!an--:: ( 6) iF:C~ means for t1·u11sferr:ng ::1ure oxygen oi· ,:i:<yg-2P-e~r:ci-:ed 3ir -:i:,pta:~ing at :ei:3::t 9iJ':Yu 

by vG!:Jme ;Jf oxyger: t,:-; H:e r:r:~t r:1:J:(Y:hen::fll r~fGr;~1H ( ·! ) ot· fin :_;ps-::e;!t"':: ;Jf th~ f.l::'~(/~he:n:c1l n:,fGrr~;I':': m:x:;;g p:c1:1t: f.l::d; c:r c1 Gr:e c:r t1,,vG-s-:f.lge cGn,1e;.siG:1 sys'~et:: ( ? :.o eonvl':'r:. 

,:arba~ rr.cn,:i:<:de conrn:n-2c~ :~ th-2 secoi-:c~ syi-:ti-:esis gas; und /or· ai-: attachrr.ei-:t (3th) for sepi31-~t111g ci3i·ttoi-: d:o>:ic~e cont~111ed ii-: the so::co~d sy~-::hes1s gi:3::; and/ ,:11· - a~ 

:":tt:":ch~1ent ( ·i Q) h"!r sepa::~t:1:g o [.p:; ~1:xt:J:"f~ cor.-:pri:;ing c:~:trn:-: n:onox:c:e, -:-;arbnn dimdde :":1:d ~1etha:1e fl\"!ll: the :;f:cor.d :;yr.the:;is ~ns: 1-v:c: / (!I" - ar. :~tta-:.hn1er.t ( 11} fo: fo-:al 

purifl•:atior: cf the sec,:..-i;;d sy;;t~;esi.s fJas. The appar;;tus ac•:Grdir:g tc ;;riy .;..1;10:- of c!a:ms 12 t•J 14. ,:.::ompr1sin9 - a rr.u!t:-s·tage •:Gmpress•Jr compris:;;g a fir·st •:Gmpress:fJn stag-:- ( 1 Ll) 

ond a do'✓✓ :-:st:,ear.-: ;;f:co~d ,:-;(!ll:p:,esr;i(!ll st3[.!f~ ( 11 ): - 1:-:ea~s frJ:" t:,v:sfe:Tfng the first sy:-:tt:esi:, gas frcrr. thf~ plant ( <0) t(! the ;;f:co~d ,:-;(!1:-:pressi(!I"': st3[.!f~ ( 11 ): :~:-:c: · 3 fadH--::y ( 9} 

f;._1; th~ fj::fc! pu:ifjcc11io;; ,:-;f the s~eo::d :~ynthe:~is 9e1s ;!t:d ;~11':'r:1::s fn:· trn:v~fl':':r:ng '~he :~ecc:nd synth~sis gr:1s fr,:-;m '~he p!f.l::'~ ( 9) t;J :_i;I':' -~t·st cor:so:i;..fa:.:Gn s1c19~ ( ·1 D ). /},ppc1;e1t~r~ fG: 

ti-:e prodt..:cti•:1P at 3r,-:r,-:cniu frc,p-: syi-:ti-:esis gas ,:c,rnprising the app~1-~tus ac,:ordi~g tc ~11y oi-:e ot cli311T:S 12 t•:1 15 and cll1 arr.rr.cniu reactoi· ( 3 ). 

Dl'?scriptior. 

·:he :n,1e;;:_:Gn :e!c1te:~ ·:,:-; fin r:1ppf.lt";!'~::s r:1wJ 8 process fo; ti;!':' p:,:-;dL:ct:or: ,:-;f syr:thesi.s gf.ls i.-\1i'~h the r:1id ;..1f twG ;!L:tc:the;:11e1: :efG:rr:e:s c1:1d the subseqL:e;;:_ sy:1th~sis Gf 

3rr.rr.cniu trorn -::he sy~-::hes1s gi:3:: th:...:s ::11·,:1duced. 

Tt:e :a:uf~-scak: p:,od:...:cti-:-J:-: nf sy:-:tt:esi:; gas frcr.-: :1:":t'.i1·a! ga:, h-!1· an1n1o~ia synthf~s:s :s ba:,ed--::oday lorge!y en:": t1.,vc-:;t:":ge reforn1:r.u ·,,v:--::h :~:-: extem:~!!y t:emed :,tf:an1 

:efo:met· 8-S r:1 pt·i11:c1:y rl':'fGrr~;I':': f.l::d ;..1perr:1ted with cn:11p;e:~sed ;::;:i: f.lS th~ ,:-;xid;::;:nt se;..-:Gr:rfa:y :·efo:n:e; Wi·:h ce1pr:1dtie:~ of ::p t;..1 :?.,::oo tpd Gf r:1mmo::ie1, ·:his :.i.-\10-s1c19~ 

reform:ng is -::echPicaBy feas1b:e w:-::h gre~t rd:attdi-::y i3Pd ecoi-:c-P-:icaBy un::urpasso::c~ ccrr.pi31·-2c~ to 3!tem~tives fo1· ti-:e prodt..:ct;c,p at sy-r:gas. 

:1: o:--der tc ::-:c:,eosf~ the c:~~-Jac:ty (!fan arn:n-:-J:-:la p!:~:-:t h! n10:--e th,v: 3,:3:0Q t~x·.: a~1r.-:cr.i:":, --::he dln:e~si(!1:s cf thf~ apporatu:;f:s and p:pe!:1:es -:-;an genf:ral:y be increased 

;!CCGrdi:1g!y. /-\:'~en:c11i'..1e:y G: f.ldditio;;r:1!:y, h: :r:e:e;!s~ the ce1pr:1dty r:1:1d the Gpe:;!'~ing prl':'ssu:·e i:1 '~he produ,:-;·:i{:n of :~ynthesis g;::;:s c:e1;; be i:1crl':'f.lsed ·rhe :r:e:e;!s~ i:: 

pres::ure in ti-:e reformer redu,:es th-2 vch.v:10:: tlaw 111-::he o::11tire prcc-2ss pi3tl-: and th~.i::; a:!ows !~rqer capi:3•:i-:::es evei-: witho:..it 1ncrea::ing th-2 campcn-21-:t:: ot-::he system. !n 

;::;:drfai{:n, f.l higher ope:·c11i;;g p:es.surl':' fG: f.l tfr~eh8t\;e Gf :_i;I':' syngf.ls cGrr:p:essor, whid: :s :equ:;ed fr_;r the s:_;bseque;;:_ r:l:fl:flo::ie1 sy:1th~sis ;::;:t sign:fie;!t:t!y higher prl':'ssu;e 

r~;1s i~: of p3rticu!ar importar:ce becau~:e the ;;vai!ab!e .syn9a~: ccr.-:pre.ssors ar·e already !itr:it:;;g cctr:p.;_1;1er1ts for p!arit c3pa-:.-:1ties •Jf :3:300 tpd -:.1f arr;rr;oni3. r~;e rea.s•Jris 

:":re :..:.a. r:tx techn:ca: :e:":so~s :":1:d in ~-Jal"ticu:a: -'.";l:1:cerr. thf~ rkive t'.iltJllle. 

/.,s for c1.s the twG-s-:f.lge ;ef;..1;:11:;;g p:oce:~s is eo::c:er:1~d.1he s-:efcn: ;efo;n:e; i;r:1s c1 C!"J:flfJ;!t"fltive!y !f.l:ge .shr:1:e {:fthe :.o:_;::;:! urn.s:.ructi,:-;:1 co:~ts C:L:e :.G i·:s ;..-:or~;p!ex::.y fend :_i;I':' 

great do::1T:a~ds placed 011 it. !i-: pri~ci::1!e, ~ s-::earr. 1·-2foi·rn-21· ca~ b-2 co~sic~ered as a parane: -:i:,p11ecti•:1i-: of a !i3i·go:: n:...:r.-:bei· ,:if 111d:vic~ua: tutt:..ilar reactoi·s whose :ndiv:dui:3; 

cr:1p;!c::.y c:c1;; wJ: be :~ig::mcr:1:f:!y inu·ec1.swJ. rhe G;!pc1dty nf e1 ste;!t"':: :·efn:n:e:· :s ·:herefnre ck;se:y re!;::;::_HJ ·:,:-; '~he ;;urr:bet· {:f 1L:b~dr:1r :ef.lc:tnrs r:1wJ 8n iw;t·ec1.sl':' is l':'sse;;:.:r:1!:y 

•Jri!y possit.1le by 1ncrea~:ing the n:Jmber -:.1f tut.1:)!ar react-:.v.s. /\!most aB cctr:p.;_1;10:-nts requ:ro:-d for the r·ea!izati•J;; of a .steam reformer 3re •:oup:ed t•J the nu;11~Jer Gf tube 

:"f:ac--::o:--s. Tt:e ccn:,t:":Jctlon C-'."J:;ts cf 3 :;tea~l refor~1er a:e tt:e:,ettxe !a:-9f:!y (J:"-'."J~-J•.xti•.Y:al --::c thf~ copadty cf thf~ en--:::re :,ystern. !ncre;F,lng --::he stear.-: refcrr.-:e: tc :ncrea:,e 

cap;;city 1s net econor.-:i-:.-:a!!y viat.1le. /-\!s-:.1, ar: :;;r_:re3se in the operatin9 pro:-ssur·e are set rda-tivdy ;1;;rr.;.Y,,V !i;71:ts in t~10:- twc-.st;;ge reform:n~J, bec;;use the pipe.s already w•Jr:,;_ 

:n the steai-:1 1·0::f,:11·1-:10::r anyvvay ut the !o~c~ !irr.it deti~ed i?/ press: . .ire ai-:c~ temperature . 

. 4:1 a!--::er~ati\/e --::o t't✓o-s--::age :"f~frJ:-:n::-:g :s t~1f: p:...:re!y outcthe:-rn:~: :'etnn1:i~g -:-Jf :l:":tLira! g;F, wit~1 tt:e hekJ of che:-:pe:, autcthe:-rr.:~: :'eftx1:-:e:,s (ATR}. :r. -'."J:"!"fo1· tl: p:\1vi•:k: the 

3dd:t:ona: a;7i,Junt of oxygen required fer thi.s p:Jrpose, either OX'J'.JHl frfJm an ;;ir sep;;r;;t1Gn p!a;;t fX a c-:.vre.spGndingly !argo:-r amo:...:nt -:.1f a:r is r·eq:)1red. Hov,1ever, the c-:.1.st 

of ai:- :;eporati-:-Jn nr the prc-../lsicn (!f add:--::icnt:! oir 1-v:c.: the re:n-:-Jva: -:-Jf f~:<ce:,s r.itrcuf~:-: a:--e :;ign:fict:1:t a~d, with ~-J!a~--:: c:~~-Jac:--::ie:; ot up tc 3,300 tpd (!f an1n1o~ia, 

cGmpen.sr:1tl':' fo: the .sr:11rin9:~ ;!c:h:l':'11ed by eViminc1t:;;g the .s:.~r:1:fl :efo:met·. How~1re:; devices fo; th!':' sep;::;:rr:1tiG:1 {:f c1:r r:1wJ '~he :~ep8rnti-:.1;; Gf the exees:~ :1itmge:1 show r:1 

:::gnifi,:an-:: degi·-2ssicn of the additio11a: ,:c,s-::s vvhe~ ii-:cre3s;pg -::heir ,:upacity by 111creas111g the camponent::. w:-::h ii-:cre3s;pg cap~c:-::y ~bove 3300 -::pd of ~P-:P-:011:3, the 

iii;..-:r~r:1se :r: ·:he ;..-:Gr~;pG:1en1s Gf p!;!t:ts br:1sed or: p::t·e!y ;!L:tdhe;:11e1: :efG:rr:e:s b:·i:1gs ens:. r:1d,1c1:1te1ges ;..-:or~;pr:1:ed h: th~ tw{:-st;::;:ge t·efo:ming 

:=u::.i;l':':rr:G:e . .sys1e:1r~ b;!sed ,:-;:1 pu;e:y c1u:.oti;l':'rr~;r:1! t·efot·ming hr:1ve, in pr:r:eip!~. 8 cGnsid~r;::;:b!y gr~r:1te: pden1:;::;:1 fo: inc;e;::;:sing th~ ,:-;pernti;;g p:ess:_;rl':' in th~ pmd::c:ti-:.1;; Gf 

::ynth-2s:s g~s. A~ ii-:creas-2 in the c,perm:ng ::11·0::ssure 111-::he ::11·,:1duc-:::on of ::ynthe::is g~s :s Pot arb:-::r3r:!y possible oi· :..iseh.i: -2ven w:-::h p~.vo::ly i:3:..itotherrna: refcrr.-:ing. The 

pt·es:~u:e C:ep~nden;..-:~ ,:-;f·:he equi:ib:·i:_;r~; p,:-;sitio;; ,:-;f the refnn::i:1g rl':'r:1ctin:1 r~;l':'f.l::s :_i;r:1t the n:eth;::;:r:e c:;..1;;vet·sio;; dec::·ee1ses i.-\1i'~h i;;c:ef.ls:;;g p:es.surl':' ;!t:d ti;!':' :esid:_;r:1! 

cc;1terit Gf methane ir: the syn1~10:-s:s gas prcdu•:ed i;v:rease.s. !r: the sy;1t~10:-s:s gas treatme;;t the:: a;1 increa~:ing pr·cp•Jrti.;_1;; Gf the cyde stream mu.st be retr:cved from the 

synthesi:; {pu:--ge). vvhe:e~Jy--::he ~-J!an--:: e-:-;01:nn1y is od-../e:,se!y atfec--::ed. r-u:--the:--11:0:,e. :1:c:--ea:;ing --::he ~-Jartia! pre:;:;:...i:--e cf the ca:--bor. :n-:-J:-:(!x:de fo:":nf:c.: :r. thf~ reh!ri:-:lng by the 

pro:-ssur·e 1ncrea~:e !e;;ds to add1t1ona! stress :ri ·the .subsequo:-nt treatment .sto:-ps, 1n particular :r: the cor:vo:-rs:on -:.1f •:arbfJn r.-:ctwxide. This p;;rti;;! pres.sure of cart.1.;_1;; 

;-:7c,poxido:: :s ~!ready in c-:F:venti-:F:cll sys-::er.-:s ~t the !ii-:11t oftechnica: fei3s:bi!ity. Tho:: ccnditio11s i:31·-2 exa,:erbmed tty-::he fa,:t ti-:at the !,:1west :x,ssitt;e 3dditic,11 ot w~to::r 

v;::;:pGr. :~ the k.'li:\1est pGssib:I':' w;::;::_H 1f8p;..1; / c;::;:rbGr: :f.l·:i{: ::~ S{:ugi;:_ fo; :_i;I':' :efo:rr:i::9, r:1s th::~ ;!!k.'li:\1s th~ Gxyge:: de;~1r:1nd c:e1;; be n:i;;irr:i . ..-:.ed A st::fcl:I':': ,:-;::e vl/;::;::_er 1f8po; 

quantity Ci:3:..ises ;urger par:::a! press~.v-2s ot-::he otho::r gase::; :n th-2 rnixture u11d -::ht..:s has ;p pr:~ci::1!e the same -2ffe,:ts 3S cll1 in-:i-o::ase ;p -::he tcta! 1xess:..i1·0::, i-2 h:ghei· 1·-2s:dua! 

cc:1tf~1:t nf n1e--::hanf~ and u:e:":tf:r pa:--tia: (J:"f~ssure of -:.a:twn rr.cno:<:de :n --::he (J:"-'."J•:bct go:;. 

E.P G ggg 173 /\1 re:ate.s tfJ 3 pr'<.x-:ess fer· the prGd:...:cti.;_1;; Gf sy;;t~;esi.s gas, 1n·ter a!:a for the .s:)bsequerit ammonia sy;1t~10:-s:.s, :n vvh:c~1 a cc;wer:ticn;;! stea;71 ro:-for;71o;:-r and 

~11 3t..:tcth-21·rni3! retarrner 3re i:31·1-i:31-:i::;ed in para:!-2L The prc,c~uc-:: strei31-:1s trorn bc-::h refcrr.-:ers are -::hen cambin-2c~ v'fith each ,:1ti-:er a~d fur-::her wo,:ess-2c~ toge-::her. 

US Pm_ No, 6,1~,M_T! 2 61 d:sdnse:; a proce:;s for prcdudng r.-:et~1:":1:nl fron1 r.at:J:":~: gos. P:"f~fo1·ably, ab-:-J'.it half cf --::he :-:atu:,al [.p:; t1o'N is d:1·f:cted tc :~ s--::earr. :"f~fo:rr.f~:" to 

pr•Jduce reforn--:ed fJas t~10:-reir:. n10:- th:...:s refor;11ed gas :s the;1 rr;1xed with t~10:- o·ther half of the natur·al g3s ~:tro:-am and sent tc ;;ri autcthertr:al reforrr;er. 

US 2013 3: 2334 .4, ce:iltes tc ,; pcoceso toe the pccduct1011 cf H 2 rn1d CO fr,:,;-,1 hyd0ccml:-ons ,v,ci b:cfcel. Foe sofo,y ceas,:,Ps, oev~;·,;I smaller paral:el a&:,,he1T,-,ill 

Tt:e :n-v-e~--:::cn t:as for it:; (!bject t-:-J pl\"!Virk~ an 3,:-J-v-a~--::ogeo'.iS r.-:eth-:-Jd and !ffJ~-Jaratus fer --::he ~xoc.:uc--:::cn of :;~;nthf~s:s ~F:S fo:-- --::he :,Libseq'.ient or.-:r.-:cnia sy:-:thesi:,. The 

proce~:s a;1d apparatu.s shcu!d er:at.1!e si9;;1tka;1t :ncrea.ses i;1 capac:ty at.Kwe the !evd of J30Cl tpd of ar.-:r.-:cn:;; tfJ be ;;chieved 1.,i;itho:...:t e:::J...:eed:rirJ ·the te•:hn:ca! and 

eco1:nn:ica! !:r.-:its. 
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12/9/22, 2:33 PM DE102014209635A 1 - Synthesis of synthesis gas with two autothermal reformers - Google Patents 

(a) 8ereitsto::llen o::ines Gi3::gerT:is,:hs ui-nfa::,ser:d K•:1;-der:vvuss-21·st•:1ffo, v-:y:;::ugsweise Methar. odo::r Erc~gas; Vlfasso::1·du1T:pf; und e:r: O>:ic~utior.srnitt-2;, vc,1·zLlgsvve:so:: 

S;::;:u~rs'~c:ff ode:· :·n:~ S;,u~t·sh:H ;!r:ger~i!";he;te :_uf:.: 

UJ) R.ef-:..v:11:0:-ren de~: :r: S-:..;~;r:tt (;;) bereitge.ste!:ten Ga.sgemis,:.:Jis i:1 e:r:e:11 erster: c1:)t•Jt~;errr;en Refcrrr:er; v,1.;Jd:)r•:h ei:1 er~;-tes Syr.theserJas :)rr;f;;sse:vJ 

V'Jasse:-:,toff, K(!hlen:,toffrr.cno:,<::d, Kl:hlen:,toffdio:,dd :J:-:c: Me--::han e:'11ahen w:rd; 

(c) ErhCheri des Ge~;a!·ts CFl Wasser~:toff des j;; !3chrit"t (b) erhah-:rier. e~.st-:n 5r1t~1-:se9c1~:es d:)r•:h J\btrenr.e:1 e:r.e.s G;;sgerr:i.sr.:hs ~F71fc1ssend 

Kohl~;-,moffp-,c,noxid, Kohl~;-,s1offci1oxid und Me,heP: 

(d) tJe;~its-:e!!~r: ei:1~s Gr:1s9e;~1:sd1B urnfr:1sser:d diis i:1 Sc:h;:a (,::) ;:;:bg:-/~rer:n1e Gcr~ge::1:sch. 

(-2) Ro::f.:11·1-nierer. d-2::, :r: S,:hntt (c~) bereitge::,telh:en G3sgern:s,:hs in e:r:ei-n zw-21ten 3utotho::1T:-:e11 Reformer, wcd~.v-:h ein zw-21tes SyPthesegus t.:rnfasser.d 

V'Jasse:-:,toff, K(!hlen:,toffrr.cno:,dd :J:-:c: Knh:en:;tnffd:nxid erhah:en ·,,v:rd; 

w•Jbe: de~ o:-rste au1-:.11h-:-r;71o;:- Reformer :n S•:hritt (b) bei eInerr: Dr:..;c:,;_ betrieb;..=,;; v,d~d, der h-:.1~;er ist als der· Dr:..;c:,;_, be: den-: der zv,1.e1te 3L:1cHv2~:1v2 Reforrr;er :r: S,:.:Jiritt (e) 

betrie~Jf~n 'NilYLO:-:e osof:e-:: of -::he :1:vent:01: :,e:ate:; tn o o:--:-J-:-;ess frJ: t~1f: p:\1d:..:cti-:-J:-: nf sy:-:tt:esi:; gas -:-;(!l"T:prlsin9 tt:e steo:; 

(b) retor11::~g t~1f: gas :":1ix-:::..1re p:(;-v-ided :1: step(:~) :11 o fi:-:,t autother~10! :"f~fo:":nf~1·, -::he:e~JY cbta:1:ing 3 first sy1:thesi:, gas -:.nn:p:,isi:(~ hyd:c9f:I\ C:":ltA!l1 ~1or.cxlde, 

cr:1:b!"J:: d:oxide r:1nd t::e1hcl;;t:>, 

(•:) 111creas1ng the con-::er.t of hydrogen c,fti-:e first sy~-::hes1s ga::, obrnin-2c~ :~ sto::p (b) by separntii-:i:; a r.-:ixed ga::, ccr.-:pris111g CiYlK1P mo~cxide, ,:arbon di,:i:<:de ~Pd 

methci;;t:>; 

(d) prov:d1ng c1 gas mixture cc:11p~:~:i::g the fJas :nx-t~.ire s-:parated :ri step(-:::); 

(e) retorn1:r.u t~1f: gos 1:":lx:::..;re o:--:-Jv:ded 111 steo (d) 111 a :,eccr.d :":utnthern10! :"f~fo:rr.e:~ -::heret·--;y cbtai:":l11g a :;eccnd synt~1f:s:s 9as c-:-J:":l~x:s:r.u t:ydrogen, ca:b-:-Jn 

:71orifJxid-: a::d .;_;arbfJn di.;_-1xide; 

:i-:e :nve~-:::vo:: me-::hcd is based or. tho:: refo1T:":ing ii-: twc i3:.it•:1tl":errnal refcrr.-:ers ut d:ffore~-:: press:...:res. The first ~utotherma! 1·-2forrr.ii-:i:; :s ,:1::1ermed at ::,uch i3 h:gh ::11·0::sst..:re 

·:f:fct the hyd:·eger:-:k-J: foB:. sy:1~h~s:s gr:1s fot·med ;::;:f~e; :~ep8rnti;..1;; Gf CO, GO 2 fc:1d p!"Jss:b!y :·e:~kbeB Gf :J::t·eci;__-::.HJ GH 4 cci;; be pcl:~sed d:rt:>c·:!y befG:e H:e :~ecend str:1ge ;__1f 

~f;t:> syr:thesiB gf.ls cGrr:p:-essor, 1,,vhi-:-;h :s ::ps~;e;::;:r~; -:-;f the cl;~1;~1or:i;! reclctor, rh:s syr:thesi:~ g;!s cGrnp:-esBor is p:·efe;;::;:b!y ;~1:.dti-st89e, wf;t:>:e:n cl ri:s-: ce:11p;e:~sc:t· s1c1g~ 

::11·0::forab:y compres::,es th-2 gas i-:1ix-::: . .ire tc ~ tirs-:: pres::,ure in ti-:e rar.g-2 of 50 -::o 150 bar, i-:101·0:: preferably 60 to : 40 bar, a~d vvhereii-: a dcvvns-::rearr. ::,eccnd compressor 

:;tage thf~ (p1·e-ccr.-:pre:,sed) g;F, n1:xture tl! a sfa:nnd p:e:;s:..,:re i:": the ran9f: ot preferably at k:as-:: ·i 50 ba:: :":IOl"f: preterob!y ccrno:·f~:;sed :":t !ea:;t: 70, :~:; requi:f~d fol"the 

suti~:eque:1t ammonia ~:ynthes:s. The separatio:: cf CC, C:O 7 and cp1i•J:;al:y CH 1~ :s pr-:f-:rably carried -:..1:_:t by w·e~:s:...:re .swing adscrptic:1 (PS/\ P~essure s·,,v:r:9 /~t.1.sorpt1Gn) 

or 'Nit!: -::he :~:dot ~1err.b:3:":C:K T~1f: se(J:":l":":ted go:; n:ixture :s cpti-:-Jna!ly (~Xf:forably} -:.nn:p:,es:;f:d or.d foe! tn o :,eeor.d :":Lih!thern1a: :efc:rr.ing a~d :efc:rr.ed here with ai:", 

possit.1iy tr:cd-:rately OX'Jg<:n-er:ric~;ed ai~ t-:..1 a seo_;r1d synthes:~: gas_ The s:_:bsequ-:rit p:...:riftc;::;:t:fJn cfthi.s sec•J:;d sy:;thesi.s fJas frctr: th-: sec•Jrid 3L:tcthe~:11~; reformer :s 

ti-:en preferao;y c~1·1·10::d ot..:t by (i) o~e ,:11· two-stag-:: ccr.vers:cn ,:if co, (1i) sep~1-~t1on cf co 2 i3Pd; or (1::) ftni:3! p:...:r:f1•:~t1on, fer -2:<ar.-:p!-2 by rno::thana-:::cn, pressure swing 

adsc-1·::1tic-11 or r.itrcg-2P \IIJi:3::h. Th-2 tirst syr:thesi::, gas ~nd -::he ::,eccnd syntho::s:s gus are ti-:en cption~ny comb:n-2c~ atter sep~mte (pre•) ccrnw-2ssicn, :t r.e,:essi31·y wit!": the 

;::;:rr:G:J::'~ s1in :-eqL:i;ed tG ;!e;h:t:>,1e :_f;t:> deBirwJ s1e:chic:t::e1ry Ni~:·eger: enric:f;wJ fend f~d ·:-:-; H:e ;::;:r~;rr:G:1i8 :~ynthe:~is :;; r:1:: c1:11:11o;;if.l t·eci;__-::.cr. ::: 1h::~ cc1Bt:>. the ri:s-: syr:thesi:~ g;!s 

is preferi3!:1!y ,:c-P-:press-2c~ an:y i~ the second cor.-:pres::,or s-::age of the synthesis gas compres::,01~ vvh:!e ti-:e se,:ond syn-::hesis gas is w-2fo1·1·-2d bo-::h in ti-:e first ,:,:1P-:pressor 

:;tage :~:":C! · af::er bf~:11g c-:-J:n~Ji11ed with -::he f:1·:;t sy:":tt:esi:; gas - [11-::he :;eccnd c:on1pres:,l!I' s-::age. 

n;t:> :nve::'~i\1~ me'd':c:d ;equi:-es ;::;:drJ:-::c:ncil r:1:Kl; c:t· c:the; ;::;:prB:"f.l'~::s :n cen:pclr:s-:-;:: with 8 ;__-:cn,1e:1~:cr:r:1: sing:e-B:.r;::;:r:ded p:-;__1;__-:t:>ss ;~1;::;:nf.lgen:e;;:_ with ordy;::;: s:ng:t:> 

~utotherma! 1·-2foi·rn-21·. For exump:e, a s-2cond a:.it•:1tl":t:rP-:al reformer (preferi3!:1!ytcg-2ti-:er with coo!ii-:i::; sectic-P) fol"the synthesi::, gas, a d-2v:c-2 fc.1· separatii-:i::; otfthe 

:-et::c1:;;i:1g c:o;;sti·::Jen1s cf the synthes:s gf!s (pr~fHr:1b:y by p;e:~sL:re :~wi:1g wJse:r:tk1:1) ;::;:rid fin ;::;:drJ:-::c:ncl: -:-;ot::preBs-:-;: f.lt·e :·eq:_;i:ed fo:-H:e process r:1cce:·di;;g tG ·:he 

itwe::t:cn. Hci.,1;ever, the :71<:thfJd a<..x·Grdi::g 1c t~l<: :r:vent:or: :11~~es :t poss:b!e tc -:..1perate the f;r~:t a:...:tother·r.-:a! refOF7ler wit~l a ve~y lcv·,1 s·teatr: / c;::;:rtiori rat:c ~:;d th:Js t-:..1 

~1ini1:":l?.e t~1f: oxygen :e-:;:il:,en1er.t, ie also -::he :;ize l!f tt:e expensive a::- separatiO:":. The :;ize:; of the -:-fov:cf~S to:, -::he :,Libseq:ff:11t p:..;r:fic:":tlnn cf -::he synthf~s:s 9t:s fron1 -::he 

:.:ecc:1d a:J·to·therr.-:a! r-:f•Jr:71,:r are s:grii·f:c~:;tly reduced by the oJrr;pared tc 1~1-: cor:ven·t:or:a! sir:9!e-strar:d pr•J•:ess con·trol s:71;::;:!ler vo!:Jme f:•Jws. Overall, therefore, t~;ere 

,;re ccs, udvan,oges fcrthe 111ve;-,,;ve ;-,ie,hod over" ccnvsnticn,;I single ·strand system at ,he sums copuc:ty, which -:ould n,:,, be real;zed singl~-strnnded ,;cccrding t,:, the 

cu:re:1~ :~tr:1te c:f 'd:e r:1r~ 

/\ut-:..1t~1-:rrr;a! reformers ~;ave ;::;:n :r:c~eased •Jxyg-:ri demc1:1d cor.-:par·ed to cctwen·t:cn~; stec1:11 ~.ef•J~:11.er~:. :t ha.s surpr:s:rirJly beer: fcu:;d that the less \V3ter vapor :s added, 

ti-:e srr.aHer-::he oxyg-21-: req:...:irern-2Pt for syntho::s:s qas prcductio~ b-2,:omes. ti-:e :ewer the vva-::er v~por / ,:arbo~ ratio 1s. Ha\~10::ver, :-:: w~s sui·pri::,ing!y found ii-: this 

ce:1;;w;·::c:n ~h;::;::_ the t·es:diB: ;__-:cr:te:f: c:f t::e1hclr:e in :_f;t:> syr:thesiB g;!s ;::;:f~er r~for;~1:r:g :n ~h~ f.lL:tc:the;n:cl: :efG:r~;e: :nc:;e;::;:ses '.t,tith k.:we:· cldditio:: ef B:.~r:1m fend ;,t e:evf.l·:ed 

pres::,ure -::c val:...:es tha-:: are i-:c- !o~gei· ~ccepti3!:1!e for -::he ,:1vera!! proces::. 

;pa pui·-2!y s111g:e-::,t1·~pded wod:.ictio~ cf sy~-::hes1s gi:3:: bas-2c~ a~ a :::~g!-2 a:J-::o-::herr.-:a! 1·0::fc.1·1-:10::r wcu!c~ therefore ii-:creas-2 the ci3::1uc:ty to i~cre~se the pressui·-2, -::he ::team 

;!dd::_:cn cc1:1 r:1!se bt:> :nc:;e;,sed ;::;:c-:-;c:t·di:1gly te :-:-eep ~h~ :esid:_;r:1! c:;__1:1~er:t -:-;f me'd':f!ne r:1ftt:>: :efo:rr:i::9 cl~ :_f;t:> :eve: ef the co::\.'H1tio::8l syB:.~r~; f.l::d th~ sy;;:_f;t:>sis gr:1s 

ccrnw-2sscr relieve. A:: the i3dcMio~ cf vva-::erv~por i~crei3ses, howo::ver, the n-2ed tar e>:::1e11sive cxygen ~!sc ii-:creas-2s, so tha-:: a reduc-:::or. ;p the cxygen req:J:rerr.ei-:t and 

cc:re:;~"A!11d:r.u ope:,a-:::~u :":1:d :r.-..,1es-::~1ent -:.ns-::s i:": the c:~se cf a pu:,e si:":g!e-:;t:and sy:":tt:esi:; gas ~J:":sed -'."J:I a si:":g!e a:Jt-:-Jt~1f:rl:":a! refor~1er v1t\!uld not be tea:;ib!e. 8f~ca:..,:sf~ 

•A t~;e hi9~1 prGport1Gn cf a:~ separn1i•J:; i:: the total cc.st of an c1:1v1w:;1a p!~:;t based Gn c1u1c1her:71;::;:! reforrn:::g, this ~1;::;:s c1 .s1g::if1-:..;ant :r.-:pa•:t Gn eoJrifJmy, :. -:..1:1 the c-:..1.st 

:"f:!a-:::cr.:; c:0~1pared to eor.-..,1e11t:or.al sy:,tf:ll:S U!tirn:~tf~!y, th:s :"f~s:..1hs :1: a !:~1·•~~er Hr.-:it -:-;apacity, frcrr. vvh:c~1 an arn:n-:-J:":la p!:~:":t based n11 outcthf~1·:nt:! retorn::~g ~1:":s c-:-J:,t 

;!dvr:1:f:f.lgeB G11e; ;::;: convH1t:onc1l syB:.Hr:. 

:; has Burpris:ng:y bef'n found tho, al: the adYo",ofJes cii ,:1f' actcthe:rna: reforr,,1ng cor, be u,;lized if the :efcrrni:19 is ccarr;f'd cL:t ;;, twc B,eps a, d1f:f'rf'nt aresBure :eve:s 

Tt:e f:rst :,tf:p preferably u:;f:S beth t~1f: advt:11tage -:-Jf :~ s~1o!l an10:..,:r.t cf :,tf:an1 :n t~1f: proce:,s go:, h! n1:r.i:ni?.e thf~ req:..1:red an:n:..1~-:: cf cxygen as well :~s or. :1:erea:;f:d 

pt·es:~u:e '~c: relieve the synthes:s gf!s c-:-;mpt·es:~Gr. 

/\:1 autotherm3! ~-:f•J~:11.er 1n the •:rJn·tex1 •A t~l<: :r:ventio:: :~: 3 refcrr.-:er· ::; \111h:ch the ~;eat prcdu-:..;ed duri:19 the reform:r:9 ~Jy exfJtherm:c ~-:ac·t:cr:s is u~:ed for end•Jt~;e:rr;ic 

:"f:ac-:::cr.:,, s-:-J tt:at the refcr~1in9 pl\!Ges:, take:, pl3(X: a:..,:-::o-::he:rr.a!!y. !1:-::h:s c:ase, -::he :~:itl!tt:en1:al refcrr.-:e: (J:"f~fo1·t:b!y t:as a c:ma:yst a~d :": b:..1rner. Rf~ae-::ors fer the 

3U1c1her:71;::;:! pc1n:c1! cata:yt:c ox:datio:: -:..1f :i,Jb!e met~; cc1tc1!ysts whio; hav-: no bur·ner are prefernt.1ly tw1 ;::;:utfJtherrna: r·efcrn"':e~.s in the ser:s-: of the j:;ver:ti-:..1:;. 

- der erste ~:_:tot~;erme Reformer j:; !3chrit"t (b) be: e:::e:11 Dr11-:..;k be1rietien. d-:r mi::de.st-:ns u:11 '.:, b3r, bev-:..vzurJter mind.este::s :_:rr; 1 Ll b~~, ::co; bev•J~zuqter 

:":1[11destf~:":S urr. ·1 5 bar, an: be-../\!r?.:..1g-::e:;tf~1: n1:r.rk~:;tens :JI":": 7.:J ba: :J:":c! :r.:;~Jesor.rk~:"f~ 11::~de:,te11s :J:":I 7.5 bar h,:jt:e:, :st :~;s de: Dr:..;c;(, be: der.-: -:-fo1· ?.Wf:lte 

3u1c1h.er:11-: Reformer :r: Sdiritt (e} betrieb.e:; \lld~d; :J::d;oder 

- der ei·sto:: a:...:-::c-::herrr.e Refc.1·1-:10::r i~ .Sci-:1·1tt (;:1) ;:1e: eii-:em Druck vo~ rr.ii-:c~es-::ens 30 bai· ;:10::t1·1eben, bev,:11·zug-:: r.-:indo::s-::er.s 35 bar cd-21· p-:1ndesto::Ps 40 ;:1ur, 

bt:>11e:·l.:_;gtt:>: m:nde:~tt:>:1s -~!:", bf.l:" ode:· :11:r:des1e:i:~ so bclr, ned: bevcri!:Jg-:et· t::i:1dt:>s'~ens ss bf!:· \.KiH rr:i::deB:.H1s nc1 br:1:, ;::;:r~; be\.·ori!ug·:este;; rr:i::deB:.H1s ns br:1: 

,:11Jer m:r.d-2stens 70 bar, und in::,bescndere mindo::ste~s 75 bar cd-21· p-:1ndest-2Ps 80 ;:1m; t..:nd/oder 
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12/9/22, 2:33 PM DE102014209635A 1 - Synthesis of synthesis gas with two autothermal reformers - Google Patents 

- der zweit-2 a~.r::o-::herr.-:e R-2foi·rn-21· 111 Schi·itt ( e) ;:1ei eii-:em Druck van h,J,:hs-::er:s 60 bar bo::ti·ieber:, bevoi·zugt hCch::tens 55 bar cdei· ;-:dchsten::, 50 bi3i~ 

bl':'11n:·l.:_;gtl':'r h(Jd1B:.H1s -~s br:1r ode:· hi)chs'~enB t~D bci;_ ::c:ch bev;._1;zugt8r h{~cf;stf:::s :?,8 b;!t" c:de; f;(:ehste;;s ::c b;::;:r, fc:·n bl':'11nrl.:_;gtl':'s'~er: f;<)chste:i:~ '.3!..:- be1; G(for 

~;rjGhste;;s J'2. ~J;;r, u:1d insbesonder·e hdGhste;;s JU ~J;;r, h(1,:.:Ji~;-ter:s 2B bar; hOch~:ter1s 2(, bar, ~;rjGhste;;s 24 ~J;;r, h<..x·Ji~;-ter:s 22 bar <..xio:-r hdchsteris 20 ~Jar. 

:1: the :nf~tt:(!t! ac-:-;01·dfng --::c thf~ in'lf~1:tlan i:, p:,eter:,ed 

- ·rne fos~ r:1ut,:-;thet·::1;!! ;ef;._1;:·ner in step (b) Gp8rr:i'~ed ;::;::_ r:1 pt·esBurf: 1,,vf;i,:-;h ::~ ;!'~ !e;::;:s-: s bcl;, t::e:re p;~fHr:1b!y ;,t !em~:.·! D bf!:; rfl!)re p:·efo;clb!y cl:. !e;!8115 b;!t·, r~;Gs-: 

pro:-ferab:y at :ec1~:t 20 b.F c1rid ir: p;::;:rt:•:u!ar a1 least 2ti bar hiff10:-r than 1ha1 pr·e.ss:Jre c1t ·,,vhic~; the so:-Gor:d c1:)tGt~;erma: refcrrr:er· :~: oper·ated ir: step (e}: a:1d Gr 

- The fi:-:;t autother:---:10! :"!"~f•'.""J:":n!"~1· In ste~-J (~J) C!pe:-a-::ed t:t a pres:,Li:·e cf at k:as-:: 30 ~Ja:: (J:"!"~fo1·t:b!y t:t !ea:;t 35 bar C:" t~t :eost <0Q bar, 1·:-:(!1·e preferably at k:as-:: 45 ~Jar o:· 

31 !ea~;-t 50 ~Jar, tr:-:.F·e preferab!y at :ec1st 55 bc1r •Jr at !ea.st 60 bar, rnos1 pr·efer;::;:b!y ;::;:t !e3st ;:.;:, b3r er a1 least ?Cl ba~. ;::;:rid in part:c:J:ar c1t least ;'-':, bar or a1 !o:-ast BO 

bar; end er 

- ·rhe .st:>eor:d ;::;:utGtherrnf.l: :·efe:n~e; :r: step (e) Gperf.l·:ed cl~ r:1 pre8.surt:> of 81 rn;._1.s:. 6D bf!:; prefornbly 81 rn;._1.s:. ss bf!:· ;._1:· cl:. r~;Gs-: so b;::;:r, rne:·e pr~ft:>rr:1b:y r:11 ::1081 -~.:. 

;:1ur or a-:: rr:cst 40 b3r, rnore preferao:y at i-:1,:1::,t 38 b;y ,:11· ut rnos-:: 36 bu:-, rno::,t p:-eternb!y 3-:: mcst 34 bar er i3t i-:1c,st 32 bi:31·, and 1n par-::ic:.ila:- 3-:: rr:cst 30 b3r, at 

:-n(!St 2B ~Jt~1·, at rn•'.""J:;t 7.C, ba:-, a-:: ~c:;t ?..1~ bor, at :---:1ost 2?.. bar or at rr.•:Y,t 7.0 ba:-. 

:=::•efer;::;:b!y, ·:he fo.s:. r:1:J:!J:hen::8! r~for;~1H ir1 s~ep (b) is ;JpHr:ltt:>d 81 cl prt:>s8u;e wh:ch :s :.?D ·:o 1~5 br:1r higher :_f;;,n H:e pr~ssL:re ;::;:t wh:ch ·:he :~e!";e:nd r:1ut!";thet·::1;!! ;ef;._1;:11er Is 

,:1pe:-a-::ed ii-: s-::ep ( e). !11 -::his case, -::he fvst uu-::other:-n3! 1·-2foi·rn-21· 1n ste::1 (b) 1s prefei-~l:,ly ,:1::1e:-ated at ::,uch i3 high p1·-2sst.:re th~t after dedu,:tic,11 of aH furtho::r 1xess:.i1·0:: losses 

de:wr:s'~re;!tr: ;Jf ~h~ fjrs'~ 8u~;..11h~r;~1;::;:! reforrnet: the t·e8:_;!tfr1g gcl:~ rn:x1u;e ef.lr: .sr:1ft:>!y be fed t;J :_f;t:> sub:~eq::e:1~ :~tr:1ge ef cl r~;u!":i-81cigt:> syr:thesi.s fJf.l8 cGrr:pressor s:Jb8equer:'~ 

3tr:tr:c:1:a syrithesi~:. s;::;:1d Cornpres.s1on rati-:.-1, for exc1:71p!e, pro:-ferab:y 2.5. 

:i-:e pres::,u:-e at vvhich ti-:e first i3:.it•:1ti-:errnal refcrrr:er ;::, operated is w-2fo1-~l:,ly 111 -::he rai-:i::;e cf 30 to 30 bar. A ::11·0::ssure be:cvv 30 bar is :---:ct prefoi·red beca:.ise this v\fc:.J:c~ 

;!dverse!y ;!ffect the di::1en.s!Gr1:r:9 of :_f;t:> secGnd 8ut;..11h~r;~1;::;:! reforrnet· L:p.s:_;e;,rr: cernp:·e:~sot·. A p;e:~s::re ;::;:bG1re BC: b;!t" i.s wJ: pt·efon-ed :~ir1ce :_f;is wGu:d cldverse:y ciffo,::~ 

·the o:-qui:itv::)rr; posit:•Jri of-the r·e;::;:ctior: 1a:,;_1ng p!;::;:ce i:1 the ftrs1 c1:)totherma: refcrrr:er· (steam reformir:g). 

:i-:e pres::,u:-e at vvhich ti-:e se,:ond autotho::1T:-:ul reformer is operated 1s prefei-i3!:1!y ii-: the rang-:: ot 30 tc ::.o b3r .. 4 w-2sst.:re ;:1elow 30 bar i::, b3sica:!y possible, lxi-:: has an 

:mfovGrr:1b:e ~ffect !"Jr: the dirner:s!Gnir:g of :_f;t:> se;..-:Gnd 8ut;..11her;~1;::;:! refr;rrnet·. A p;essL:re ;::;:bG11e 60 b;!r i.s no-: pt·efo:red bW;;!UBt:> ·:hen fo:· cl giver: !";e:rnp:·e.ss:e:r: ;cl~:G !";f the 

·f:rst c1:)tGt~;erma! refcrrr:er· vvo:J:d ~;ave t•J be cper;::;:to:-d 3t su•:h hig~; press:)ro:-s at vvhic~1 t~;e equdibriutr: positicn •A t;::;:kir:9 place :n ·the fF.st a:J·to·therma! ro:-f•Jr:110:-r ro:-acticn 

(s-::earn 1·f:f•.x:-n:1:g} \fiJ-'."J:J:d be •.Y: the :;ich:: cf-::he :·!"~ae-::ar.ts. 

-- w:rd be\.•o;zug·: dfcs Oxldf.l'~ie:n.sr~;fttt:>! i:1 i=Grrr: ,1e:1 r~ir:ern S;::;:uers'~off !";der i;; i=!";rrn v;..1;; rr:i·: ~);!L:e;.s:.off ;::;:r:gereic:f;t:>r:.H L::f: ::iit e:r:e::i Gehcih. r:1n Sfcuer:~tGff it!"J:'": 

mindo:-s·ter:s SG Vo!.-%, bevorzugter rr;1ndesteris 92 \.r•JL-%, noc~1 bev-:.F'ZUfJter rnir:destens 94 VG!.-%, a:11 ~Je'-,cr·:z.:)gtesten 17i;r1des1e:;s '::6 VcL-:!'t u:;d ir:stiescr:dero:­

:---:1indf:s-::e:---:s 98 VoL-% bereit9f:s-::eHt, w-:-J~Jf:i de:- ~Jf:1:Dtig-::e Sa:ierstnff vcrz:J•~~:;\rim:se 3:Js einf:r l.:...:ftzwk~gungst~:-dage :;tan:n:t; und/cde:· 

- ·,,verde:1 bev-:.F'D.ifJt derr: G3S'.::JHPisc~; die K-:.1~1lenw;::;:sser·st-:.1ffe :n :-=err:-: von ~ ... 1ethc1:; Gder Erd9c1~: 2.u90:-set2.1, wcbe: d3s E.rdgas ~mt be'-,cr·z:)gt 2.uvor er:tsc~;wefeh 

w:...:rde; und/oder 

-- w~ls'~ beimr1-L:91 ;__fas be:·e::_gt:>s'~e!he G;::;:sgerni.seh e:r: rn!";;fc:·e.s Wf.lSSH(farnpf/:<;..1f;!er:81eff-Verh8h:1:s \.'or: h(Jc:h:~tt:>r1s 3,6. hi)chste:i:~ '.3,-~ Gder h{~c:h:~tt:>r1s 3) 8Uf, 

bevo:-z:...:gt h,J,:hs-::ens 3,0, hdchsto::ns 2,B oder h•'.:1•:hs-::ens 2,6; bev,:11·zug-::er hC:ci-:ste:---:s 2,4, hDchst-21-:s 2,2 oder hC-:hs-::er.s 2,C:; Poch bo::vorzugt-21· h6chst-2Ps ~ ,8, 

:...:r.te:- Urr.:;tt~1:de:---: [.!9f. auch ~1,:Jchsten:; 1.6, hOc~1:;tens ·1,.~_ ~1,:Jchsten:; 1,2, hC:c~1:;tens ·1,a. t:0chsten:; 0.8, hC:c~1:;tens o,c,_ t:0chsten:; OA (!de:- hC:c~1stens G;?: 

:)rid/•Jder 

-- ·,,vei:,t be'HJ:"ZLigt dos ~Je:·e:-::ge:,tf:!l-::e Gos9f:n:isc~1 e:r.e:-: G!"~hal-:: an st:ck:;t-:-Jff \h!ll hC:c~1:;tens ·i G Vnl · % a:...:f_ ~Jevcrz:J•~~tf:r hbch:,tf:ns 8 \/-:-JL-%, noch bevc:-z:igte:· 

h{~c:f;ster:8 6 VG!.-':•;, fctr: bt:>11erl.:_;g:.t:>s-:er: h<)chste:i:~ t~ Ve:!.-%, :_;r:d :n.sbese:nd~r~ h(Jc:h:~tt:>r1s ~·- VG!.-% 

:-:: is p:-ete:-:-ed that tho:: oxidizing uger.t b-2 i:---: the foi·rn c,f pure cxygen 01· 1n -::he form ,:if ,:i:<ygo::P-er.rici-:ed air ,:c,ntair.ing a-:: :ei3::t 90% by vol:...:rr:e c,f oxygen, rn,:11·-2 

pr~ferr:1b:y r:11 :ecl:~t 9✓-% byvGbt::e, e\.·~r: ::iot·e p:·efer;::;:b!y ;::;::_ !efcs~ 94% by \.'olurne, r~;Gs-: pt·efornb:y p:·evlded cl~ !e;!81 96 ,1rd .-% ;::;:r:d :n pr:1r~:c:J:8r cl~ :ef.l81 9B ire:! -%, 

·,,vher·e:ri the req:)1red cxygen pro:-ferab:y Gr1gir:a1e~: from ar: c1:r separc1t:ori p!a:1t; ar:d -:.v 

- ~.:·f: p:·eterob!y odrk~d tn -::he ~F:S :---:1i>:t:il"f:, -::he hydrcct~1tJ01:s in tt:e ton1: ot :---:1eth1v:e or :---:atwa! gas, 1Nh!"~l-f:ln -::he :-:atu:·al [.p:;, if t:ppn.1p:·ia-::e, prefe:·ably p:·e•,.ti(!Lis:y 

deBulfurized; 3nd ;_;r 

The gus mixture provic~ed prefei-i3!:1!y h~s a rno:u:- s-::earn / ,:mbc-11 :-3-::ic of i-:ot rno:-e -::han 3.6, n,:1t p-:ore -::h3r. 3.4 or :---:ct more ti-:un 3.2, preferably r.ct rnoi·-2 than 3.0, 

;;Gt rr:f;re '~hfc:1 :.?.13 e:t· iw1 ;~1o;e thf.lr: ~'..6; r:K:t·e p;ef~rnb!y ;,t rr:f;s'~ ~: .. ~. ;!'~ rne.s:. :.?. ✓- e:t· c11 :·no:~t ✓-.D; r~;Gr~ prefornbly 81 :1w.s:. ·! _g, pGssib:y e-,.ter: cl~ r~;Gst ·i .C, a: ::1081 

1 A"' ;·,1,:,st 1.2, m "lost 1.G, at m-:,st 0.3, et most OJ',, at mos, 0.4 er at ;·,1,:,st O, 2; 3nd ,:,1· 

Tt:e go:; mixture ~xov:ded preferably hos a ccntent (!f 1:i-:::·nger. -:-Jf :-:(!t n:txe -::hon 1 o,:,::, ~JY vo!un1e, 1:-:(!re prefera~J:y n-:-Jt :-no:·!"~ tha:---: S?;: by vc!:vnf:, ever. :n-:-J:"!"~ 

prefera~Jly tw1 :7vJro:- thar: 6~-C., by vc!~F7le, nx1.st preferab!y not rr:cre t~1;::;:ri 4% by volume and i:1 part:f...::...:!ar· :1ot mGre ·than 2''.'0 ~Jyv-:.1lume .-~-0. 

:i-:e :-nc!i3i- v,rn-::er vupo:-; c3rbcr. ri3tic, i:---: th-2 co:---:-::ext c,f ti-:e inve:---:-::icn is -::he i-:1,:1!a:- :-a-::ic of rno:ect.:!-2s of wute:- vap,:11· t•:1 atoms -:~rbc-11 in tho:: g3s p-:1:c::...:re, lxi-:: or.!y-::hos-2 

ca:-bo:---: at-:-J:n:; ot ccrr.p-:-J:J1:ds which ~-JLire hy,:froca:-bo:---:s, :_ t~:·!"~ frfa: of cxygen. Ct:1tJ01: a-::o~s of a!cch-:-J!s, t~:c:ehydes, etc. a:-e 1:nt ::---:c!Lided tffx:o:·d:r.r.i!:t 

J\hhGugh 8 ;~1o!r:1r Wcl~~r V;!p;..1:·; c:cl;bor: ra::o ef g:·e;::;::_H thr:1r: J .? is ted:nic:clny possibl~. i1 :s r:et p;efer;ed bec:cl:_;se i1 i.-\1!";::!d r~s:J:t i;; rr:Gre e:xygen bt:>ir:9 cGnsL:tr:ed thr:1r: i.s 

i-:ecessa:-y i3i-:c~ the yield ,:if hydrcgei-: wcu:c~ decre~se. :i-:erefore, i3•:co:-ding t•:1 the inve:---:-::icn, 3 tr:d~r s-::eatr: / c~1-;:1,:1P :-a-::ic cf 3.2 p:-eternb!y :-epreso::nts the upper !ii-:11t of the 

f:eor.crr.y. A ~cit~:· :;tea~/ ca:-b-:-J:-: ratio cf k~:;s than 0.3 i:, no-:: preferred, sin-:-;e o-::her'N[se -:-;arbnn b!t~ck W(!Uld fcr:---:1, whid: W-'."J:J:d dea-:-;tivate t~1f: cata!ys-::c 

-· ~ir1 t::e!;::;:r~s W8.ssers'~e:ff/K;..1h:er1steffrnor:e:xld-\terh~!1n:s v;..1;; kjch.s:.~r:s •~,5 f.lL:f, bt:>11e:·l.:_;gt kjd1.s:.H1s •~,:,?. hlK'.hs'~en.s 3.9 o:.for h(Jd1.s:.er1s 3,6. bevot·1..u9~er 

;-:dchstei-:s 3,3, hC:ci-:ste:---:s 3,Q cd-21· hDchst-21-:s 2,7; :---:cci-: bev,:1i·zug-::er hC:ci-:ste:---:s 2,4, hDchstei-:s 2,1 oder hC-:hs-::er.s :,B; cllT: bevorzLlg-::est-2P hOch::tens 1,5, 

h{~c:f;ster:8 1,/.. eder hdeh81e;;s-: ,o: ::r:d lnsbe:~<rndere f;<)chste:i:~ D,B. h{~c:h:~tt:>r1s Cl,6 e:de; f;<)eh81e:i:~ D,-~: ::r:d/f;der 

- ei:10:-n Geh3!1 c1ri ~;letha:1 var: :1i:rideste:E: 0,3 \.'•JL-% auf, bevor2.u91 :7i:r1des1e:;s Ll,(, \/o!.-%, rr:indo:-s·ter:s G,9 VcL-% -:.1do:-r mir:de.sto:-ns 1,2 VoL-%. bevorzugter 

:---:1indf:s-::e:---:s 1,5 Ve!.-'}'.., 1:-:1nde:;t!"~1:s ·!,8 VnL-% oder rr.::-:c:esten:, ·z_·! \/oL-%, noch bevc:-z:igte:· n1:r.rk~:;tens 2,.~ VoL-%. :-n:ndeste:-:s 2,7 V(!L ·% nder ~indes-::er.:; 3,0 

\.r•JL-%; am be·,.tor2.u91e~:ten rr:i:1des·ter:s :3,3 VcL-%, mir:de.sto:-ns ~i,6 VoL-% oder· :1i:rideste:E: J,9 \.'•JL-%; :...:r:d :risbe.soridere 11,::;deste:E: 4,2 \.'•JL-%, mir:dester:s i!.,5 

V•:1:.-% c,c~e:- rnir.d-2ste:---:s 4,B VcL-%; :.iPd/,:1de:-

-- ei:1~n Geh;!!1 clr: Wf.l8BHSl!";ff 1re:r: ;~1:r:de8te;;s ::o v·ei -% cl:_;f, bev<;r1-::9t rni;;des'~en.s '.3✓- Ve:!.-%, ;~1lnde8te;;s :11~ \h1t-% o:.for rn:r:de:~tt:>r1s 36 VG!.-%: bevGr1-::9te: 

rnindo::s-::e:---:s 33 Vo!.-~;;., mii-:c~esten::, 40 VcL-% cd-21· p-:1ndest-2Ps 42 V•:1:.-%; noch l:,evcr:z:.iqte:- rnir.de::tens 44 \/oL-%, rr:indes-::er.s 46 VoL-?;;. cdei· i-:11Pdestei-:s 48 VcL­

%; o~ ~Jf:vcrz:J•~nf:ste:---: rr.::-:c:esten:, 50 VcL-%, 1:-:lnde:;t!"~1:s 52 \/-:-JL-% oc:e:· n1:r.rk~:;tens 51..:- VnL-%; und lnsbe:;nndere :-n:ndeste:-:s 56 V-:-JL-%, n:i:---:de:,tf:llS 58 'v\!L -% 

•Jder rnir:destens t,G VG!.-%: und/cder 

-- f:inen Ge~1t:!t ar. Kc~1:enstcffn10:---:cxld :rr. Be:·!"~[eh \h!ll 20 :t 19 VoL-% auf, bevo:7.:ug-::e:- 20 :t 1 c, VoL-%. :-:(!eh bf~vo:-zu~ne:· ?..Gt ·! 3 'v'oL-%, o~ ~J!"Norzu~n!"~ste:---: 20 :t: ·~ 

VoL-%. u;;d :r:sbt:>sor:de;e :-?D :t: -':, VG!.-%: L:nd/ode: 

- eino::11 Geh3!t i3P Koh:en::,toffdioxid 11T: 8erei,:i-: vcn : 2 ± 11 'v'c,L -'Yu aLlt, b-2vorzugt-21·: 2 ± 1 O \/c,L -%, r.cci-: bev,:11·zug-::er ~ 2 : B VoL-?;;., ~P-: bev,:11·zug-::estei-: 12 ± f.. 

\..'o:.-%, :Jr:d :r:sbesor:dere 1~'- t f..:. Ve!-%; und,toder 

- o:-inen Ge~1;::;:!t ar: Sti•:kstcff v-:.1:; hdch.sto:-ns 1 Cl \.'•JL-% auf, bevor2.u91er ~;dGhste:;s U VcL-%, rifJch t.10:-vcr2.u9to:-r hdchsteris 6 V-:.1L-%, am be·,.torzu91e.ster1 h<.":c~;ster:s..::. 

\/oL-%, u:---:d :1:sbe:;01:de:-e h,:J,.-.hs-::en:, 7. VoL-?;:: :v:c!/cdf:1· 
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- eino::11 Geh3!t i3P \Nasserdarnpf v,:11-1 30 ± 29 "<./oL- ~~ at.:f, ;:1evcrz~qter 30 ± 25 "<./oL- ~~, no,:h bevorz:..;gter 30 :.t 20 Vd. _:it, am bevorz:..;gtesto::11 30 i 15 VoL-%, ~Pd 

:nsbeBGndet·e 30 :t-: O \.-';..1:.-%: 

·,,vobe: die Gehc1!tsar:ga~Jo:-n je-..vei!~: t=eu,:.:Jitkor::z.o:-ritrat1onen ~::r:d. rho:- ~ir~;-t synthes:~: gas obta:r:ed 1n step (b) of the precess a-:..;cordir:g t-:..-1 t~;e :nver:t:cn pro:-ferab:y has 

A molar i?/drogen / ,:rnt,on rT:cnoxide ri3tic, of er:: rT:cst 4.5, prefoi-~l:,ly ~t mos-:: 4.2, a:: rT:cst 3.9 or at rr.ost 3.6; i-n,:11·0:: preternb!y a-:: rr.cst 3.3, ~t p-ios-:: 3.0 ,:11· utmost 

?. "'l, e·,.rer: :1KJ;;_-, prefor;!b!y ;!'~ t::ns~:.?. 4. e1~ r~;Gs-: /...1 o; ;,t rr:!)::/~ 1 .B: most p;efer;::;:b!y ;::;:t rr:G::/~ -: .s. ;!'~ t::ns~ ·:.:.? c:t· 81 :11;._1:~t ·!.D; ;::;:rid in pr:1r:.:c:J:8:· :iot r~;Gn':' ·:h;!n o 8, ii;..1t 

;71oro:- than Cl_(:. ar net mere t~;;:_rn Ll.4; ar:d .;.F 

.4 -:.nnte:n:-:: cf rr.et~1:":11e cf at :east Q.3':·'.. ~JY 'l-'.'"J:Lin:e. ~Xf:forably at lea:,t 0,6% by ·v·nh . .:r.:e, a--:: le:":s-t 0.11% by volurnf: o:, a--:: le:":s-t ! .2% by volurnf:; r.:cre ~-J:"f~forably at le;F,t 

1.5 \raL%, c11 least 1 _B vc:I.';.; er c1t least 2_1 ,_,cl_':,;; eve;1 rr;fJre prefern~Jly c11 !east 2 . ..::. vc!~'C.,. c1t !e3s1 2.1 y,:.1!%, or at !ea.st :3.Ll vol%; at fr1e ;11-x:.:t prefernb!y 3t !ea~;-t ~L~i 

vo;':-;, at !ea::,t 3.6 vol% ,:11· ut !east 3.9 v,:fit; and ii-: pari:ict.:!i:31· ut !east 4.2% byvol:...:r.-:e, a--:: :e~st 4.5~~ by vo:urn-2 or a--:: :ei3st 4.8~~ by vo:urn-2; 3r,d 01· 

J\ f;ydt·o9e:1 G!"Jr:'~en1 ;Jf ;::;::_ !e8st :?,C:% by\.•o:urne, prt:>ft:>rr:1b:y a: :ec-r~t '.3/..% by vGh:t::e, f.{~ !e;::;:st ::in-; by \f!"J:L:n:e Gr a: :ec-r~t '.3hC:•; by vGhm:e; rfl!"Jre p:·efo;e1bly e1:. !e;!s-1 :?,8% 

i?/ voh..Jme, at :ei3::t 4iJ':Yu by vol:...:r.-:e ,:11· ut !east 42% i?/ voh.Jme; evei-: mare preferi3!:1ly i3t ;east 44':-; by v-:du1T:e, ~t least 46:!t tty v,:1;ume er i3t ;e3st 48':-; by v-:du1T:e; 

:-:l(!S-t preferably at k:as-:: 50?;: by vd:V:lt\ at ;east 5?..% by vchi1:-:e er at k:as-:: 5<0?;: by vc!:vne; and i:n: p:~:-tiuilar at k:as-:: 56?;: by vd:V:lf:, at !east 58% by vcb1:-:e or at 

:ec1st 6Ll% by \ra!ume; ar.d •Ji 

A ccntf~:-:t nf e3rbcr. :-:101:nxidf~ i:n: the 1·t:11ge -:-Jf 2Q t. : 11% by volurnf:, r.:cre ~Xf:ferab:y 7.0 "!' ·10% by ',m!Lin:e. :-:101·(: p:,eternb!y 20 :t 13% by ·v(!l:..J:n:1e, 11:0s-:: prefo:-:~~J!y 2Q 

"!' q% by vGbt::e, f.lr:d espec::r:1!!y 2D::: S% by ,1rd:_;r~;t:>, c1:1d !"Jr 

.4 ,:onte:n:-:: cf c~1·;:o:,p dicx1de ii-: the rang-:: af 12. ± : 1 % i?/ voh.ime, more preferao;y 12 :.t 1 0% by va:t.:rr.e, more pi·-2fo1·~bly 12 ± 81~ by vch.v:10::, rr.cst preforab!y 12 ± 

h% by \'!'J:L:n:e, ;!nd ~spe,:::r:1!!y ·! ✓- ± ~~% by v;Jlurr:e, e1r:d or 

/.\_ ccn1,e;;t Gf nitragen •A at mast 1 Cl~'C., by vc!~F7l!:", mcr·e preferab!y at mcs18% by ,_,c!:_:rr;e_ even i7VJro:- prefernb!y 31 me.st r:.:i't ~JY v•J!ume, rr;c;~_;-t prefer·a~Jly c11 ;7vx:.:t 4% 

by vc!:vnf:, and espf~,:.i3Hy 3-:: rr.c:,t 7.,:,::, ~JY vo;un1e; :":nd er 

!':.. -..v3ter vapar ccnte;;t of :30 ± 29% LY{ v,:.1lume, i7VJro:- prefernb!y JU i 25% by VfJ!:...:r.-:e, mare prefe;c1ti!y 30 ± '2.U% by vo!u;11.e, r.-:c.st pro:-ferab:y :30 ± 1 -':,% LY{ v,:.1lume, 

~nd es::1eciaHy 30 :.t 1 C:~~ by vo:urn-2 . -%; 

- o:-inen Ge~1~!t ar. Wc1ssersk1ff i;11 Bo:-reich \rar: ~18 bis 69 \.'ed.-% aLlf: u;v.Vcd.er 

- o::inen Geh~lt ar. Kch;enstcffmo:n:cx1d :rr. 8ei·-21ch vc-11 7 bis 3~ Vd_-:it i3:.if; :...:r.d/ader 

-- ei:1~n Geh;!!1 e1r: !<Gh:e:i:~tGffd:Gxid irr: :3et·ei,::f; ,1n:1 :3 bis·; 9 \t!';L-% ;!L:f. 

A ccnt-2i-:t of hydrcgo::P :r. tho:: range frcrr. 33 to 69~~ by vo:urn-2; 3nd 01· 

A ccntf~:-:t nf e3rbcr. :-:101:nxidf~ i:n: the 1·t:nge -:-Jf 7 t(! 31 % by ·v·nl:...:r.:e, a:n:d -:-Jr 

!':.. •:Gnter:t cf c~rtiori dicx1de i;; the rang-:- af 3 tc 19% by ,_,c!:_:rr;e_ 

The ,:on-::er.t cf rn-2ti-:u11e in the ftrst syr.the::,is gi3:: can basi,:ully ulsc ;:1e more thai-: 4.8% by vol:...:rr.e, :r. p~1·ti,:ul3r if i3 law p-:olar stei3i-:1 / ,:arban ratio 1s so::t and a 

cc:n(J:":1·atlve!y srn:~!I arr.G:J:-:t (!f nxygen i:, fed -::o the first 3utcthe:·rn:~; :'etnn1:e:: :;n -::h3-:: the Te:n:1perat:J:"f~ in the POX Z(!l:e cf the 1·f:ac-::or i:; c:o:n:1parati·v·e:y low. Howe-..,1e:: 

;71ethar:e •:Gnter:ts •A i7VJro:- thar. .-1._3% LY{ y,:.1lume ar·e rifJt preferred .since t~10:-y h~ve 1c ~Je separated cff in ~:tep (c) cf the proces.s acc.;.vd:rirJ ·to the 1n'-'e;;t:fJn . .so that 

:;:..Jbse-:;Lien-:::y a :aruf~:· :":n:n:..J:n:-:: cf r.i,1:; n1:..Jst ~Jf: :'eccrr.pre:,sed t-:-J tt:e pres:,Lire of -::he :;eccnd au-::other:n:13! :·f:fo:·:nf~1·. Thi:, incre:~:;es thf: nperati:(~ easts. 

S:...:ita~J;e r.:ea:;u:,es tc :":c!j:...:st thf~ relati\,1e cc:1tf~1:t nfthe indlvid'.ial ga:, eo:n:1pcnf~1:ts- :n :":Litnthern1aHy produfx:d f:rst and sec•.Y:c: sy1:thesi:, gas :":l"f: kr.cvvn in tt:e 3rt, i:-: 

part:r.:Ll:ar· m(yg,e;;, s1.e~rr\ hydrfJG3rbcn, temperntur·e and pre.ssLlre. If ;;ece.s~:ary, the i;1f:uence of these parameters •Jri the c•Jrr;pGsitic;1 of the synthes:~: gas car: L10:- ver'ifio:-d 

The f:1·:;t sy:-:tt:esi:; gas o:·-:-Jd'.ic:ed i:-: the fir:;t :":Litnthern1al reforrr.e:· :speer -'.'"J:· f:ven Linsuita~J;e for 3 :,Libseq:ff:llt CO ,:.nn'H~:":,lon beca:..Jse (!fits C-'.'"J:-:i~-Jarative;y hi·~~h CO pa:'tial 

pro:-ssur·e and the camp3rative!y bv,1 •:rJn·ter:1 cf i.-1;ater vc1por. With t~l':" he!p of a pre.s~:ure svvir:g c1dsarptior: (P5A} bLl·t the ~;ydroge;1 car. L10:- sepc1r~to:-d 3t c1 ~;1gh pr·e~:s:...:re 

;e•H~; a:n:d fod d:rect!y-::o -::he :;~;nthf~s-:s ~F:S- c-:-J:no:·f~s-scr. The pre:;:;u:,e in tt:e f:rst :"~'.itott:en1:al refcrr.:in9 Is the:·f~frJ:"f~ p:,eterab!y se!ee-::ed :;:(! tha-:: -::he t:ydrogen c:ar. ~Jf: fed 

di:·e,:::.:y tn th~ sy;;:_f;t:>sis gf.ls ;__-:Grr:press-;__1;_ pt·efornb:ythe sec:;__1:1d s-:f.lge of r:1 rn::!tiB:.;::;:ge s-ynthes-:s (ms C!';mpt·es-BGr. 

:i-, pressure swing adsocptioc, t:·,e gas mixture ,:ompcising H c, CQ, CC;, 3nd CH 4 is physically sepacmed irons e,;ch cthw ;;i-,dec pressure by adso 0ptio;·,. Prefocably 

pc:rc:uB rr:r:1teri8!B (t:>g l.~G!:'~es, ;!C:1iva:ed ;__-:;::;:rbGn} f.lre UBt:>d 8S wJsc:rbe:it According :.o the i:wer:'~inn, ·:he :·elt:>f.lse t:>ff~et cc1:1 be bc1Bt:>d c:n tW!'J different pr:r:eip!~s: eq:_;i!:briu;~, 

3dsc,1·::1tic,11 or r.-:c!-2c:J:ar s1ev-2 ac-:::cn. The ga::, mi>:tui·-2 is prefoi-~l:,ly iPt1-c,c~uced :.iPder e!o::vated press:y-2 in-::o a f::<ed ;:10::d reactoi·, \~1i-:1ch i::, ti:!-2c~ v'fith the adsc,1·;:1en-::, so tha-:: 

:t i:; tlowf:d -::hro:...:gh. CO, CC 2 ar.d CH 4 frcrn tt:e g3:; 1:-:lx-:::...:re :":l"f: now adscrbed and at t~1f: o:..J-::let -:-Jf t~1f: bed H 2 ear. ~Jf: :'enlO'lf:CL Aftf:r a 'Nt:lle, the ad:;:(!ltJe:, bed is 

redu.;.-:t:on. /-\t ·the lower· ~v.e~:s:...:re, the ad.sorbed CG, CC 2 ~rid CH .::- -:•i~ ;;c;w d.esarbed c19air: c1;1d G3r. ~Je reccvered at t~l':" a:...:t:et Twc ,:.v i7VJro:- ads.;.F'be;.s a:terr.c11ely k1~ded 

~nd t.:nk1uded pr-2fo1·~1:,ly ~now co:n:-::imK1:.iS cpei·i3tion. 

:r. i3 preterred vm1a:n:-:: cf the p-:ethad a-:i:ordi:n:g to ti-:e :r.ven-:::cr., i:n: st-2p {c) the fvst synth-2s:s gus is tirs-:: ted tc ~ mer.-:bran-2 sepi3i·i3tion p!i3i-:t foi· separatii-:i:; carbcn 

;~1Gr:Gxid~ f.lr:d ;__-:r:1rbGr1 di;__wide by s-e!ectivt:> men:b:·ci;;t:> pen::ee1t:Gr:. -n:e r~;t:>rnbrf.lne hr:1s the prGperty th cit :1 !e'~s cr:1rbGr1 t::nii;..wide ;::;:r:d cc1:'b;__1:1 diox:dt:> ·:hro::gh ;~iueh foster 

ti-:un hyc~roqe:n:. Tho:: driviPg torce fer thi::, sep~1-~t1on prcc-2ss i::, the differ-2i-:ce in the par-:::ai press~.vo::s cf -::he ,:ompo:n:ent t•:1 be s-2para-::ed on the higi-: a:n:d k1w press~.ire side 

of tt:e :n:1err.br1v:e. r.e:,e. t~1f: pres:::>'.il'f~ o:n: thf~ low p1·f:ssure s-:de of tt:e :n:1err.br1v:e :s :;e-:: s-:-J tt:at i-:: ::; (!Illy s-l:uht!y hi9t:e:, tha:n: thf~ p:,ess:J:"f~ nf the hyrkncarbcn:, (1:a-:::..Jra: ~F:s-} 

31 the p!3r.1 b,:.1:_:ridary. in ·the ;110:-rr;brane .sep3rntic;1 p!ar:t, t~;e ·f:rst .syn·the.s:s ga.s is .sep3rnted :ntfJ 3 ~wdragen ~nd r.-:e1hc1;;e-er.ric~;ed retemc1te s·tre3r.-: c1;;d a c~rti•Jri 

:n:1cr.cxide :"~:-:c: carbcn c:ioxide-e:n:r:ct:ed perrr.e:":tf: s-::rearr.. The retent:~tf~ s-:::,e3r,: i:; -::her. fod tn -::he :,eparn-:::cn (!f c:arbo:n: :n-:-J:-:(!:<:de, carb-:-Jn dioxide 3r,d 1:-:etha:n:e :":c:ccrdin•~~ 

to s-:ep (c:}, whe;ein '~he :~ep;!rntk1:1 Gf G;!t·bc:n ;~ior:Gxide, c:e1;bo;; dic:x:de 8:1d rr:e-:h;!ne :_f;t:>r1 prefo:·e1bly e1:s!'; '~;!k~s p!e1ce by presBurt:> swir1g c1d:~Grpti!';r1. n,~ resuh:r:g exf;r:1:Jst 

gils c,:,;-,tilins ;:,;·eciom:cantly noeth,v,e, pcev:cus:y not deposited c3rbcn ;·,1,:,i-,oxide acd cml:,,:,11 dioxide ,v,ci :n s1-,-,ill: quilntit:es illsc :·,ydrogen. It can be tucthec useci as fuel 

g8B, e.g ir: c1:1 r:1:Jxi:if.lry bo:!et· for stee1;~1 ger:e:·e1t:or:. 

-· ~ir1en c:eh;::;:!t f.ln We1ssers-1;__1ffvGr: mindester:s- 90 VG!.-%, bevor1..u91e; ;~iindeste;;s 9~'. \h1:.-%, r1od1 bt:>11n:·l.:_;gtt:>r rninde:~tt:>r1s 9~~ VG!.-%, 8n: bt:>1rc:rl.ug:.~s-:en 

i-:1111dest-2i-:s 96 V-:d.-:it, u:n:d ii-:sbes,:ii-:c~ere rr.indes-::ens 9B VoL-%; : . .v:d/odo::r 

-- ei:1~n Geh;!!1 e1r: Stick:~tGff \'!'J:'": h(K'.hs'~enB ·! D Vo!.-% 8Uf, be\.•o;zugter hi."\c:f;ster:s- B VG!.-%, nnd: bevGri!:Jg'~et· hlK-:hs-:ens 6 \t!';L-%, c1;~1 be-v;__1:·zugtes'~en hdehs-te;;s f..:. 

VoL-~-0. u;;d ir..stiesor.d.e;.e hcich.sto:-ns 2 \/•JL-%. 
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.4 t:ydrogen eo:n:-::ent -:-Jf :":t !ea:;t 90,:,::, ~JY vo:un1e, 1·T:(!l'f~ preferably at k:as-:: 112?;: by vc!:V:lt\ ever. :n-:-J:"f~ p:,eferab!y er:: k~:":S-t ·~4% by vo:u:nf~, :---:1cst ~Xf:forably at letF,t 

qc% by vo:u:·ne, crnd t:>spe,::lf.l:!y r:f: !e;:;:st qgr-:-; by ·,.r!):L:rne: ;!nd or 

A ccnt-21-:t of 11:-!:rogen ,:if ut mos-:: 1 O'J~ by vc!ui-ne, rr.cre preforab!y er:: :-nest 8% by vch1P-:e, rri-:11·-2 preter3b!y 3-:: r.":Cst 6':-; tty vo:u1T:e, i-nc,st preferably at rno::t 4% i?/ 

·,.r!):L:rne, ;!nd r~;Gs-: pt·efon~b:y 81 :11;._1:~t ✓-% by vc!:J::1e. 

-n-:e ;71oin pi:l~t cf the hydr·cgo:-ri is •:Grrtain.ed after the so:-par3ticn •A t~;e gas rr;ixture :ri fr1e fF.st synt~v:s:s gas. ~•J~ :ts part t~v: sepi:lr;;to:-d gas rr;ixture •:Gmprise.s CO fcrn"':ed 

toe ,he moot pact ic the refo1T,-,111~. ;;i-,reacted CH,, and fur,her, conop3c3,;·,f81y snoal: a01ounts ,:.f CC 2 and H 2 . I, h,E surpris;n~iy been fo,F,cl th 3, ,he f,Fthe;· 

irnplerr.ei-it~t1on cf -::his s-::re3rr. is most i3dV3ntago::ous!y carried out :r: i:3 second a: .. .:-::o-::herrr.a! refori-n111g st-2::1 ir: crdei· t•:1 IT:ac-:: both ti-ie residual rr.eth~Pe and avcid 

pt·ob!er~;s w:th the cc !";c:nvf:rs:nn by the !f.lrge p;::;:rti;::;:! pres-Burt:> of H:e cr:1rb!";r1 rnnii;..wide. Po:~sibly. e1f1e; ;::;:ddi·::c:n ;Jf f u;the; f;ydt·oc:ci; b;._1;;s, p;efer;::;:b!y of r~;t:>thf.l::e or r:r:1turf.l: 

gas, -::he ::eparated qas mixture, wh:ci-i preterab!y origin~to::s from -::he ::11·0::ssure sv'fii-iq adsoi·pti•:11\ fed to cl se,:ond autoth-21·1-n~! reformer and here also autcth-21·1-n~ny 

reforn1ed vvi-::h c•.Y:l~Xf:ssed a:r, pnssi~J!y a:sa r.:cdf~:":":tf:!y oxy[.!f~1:-er:r:c~1f:d oi: :~:; the -'."JXido--:::cn 1·T:ed:urr.. :):ff: tn --::he k!wer o:e:;s:...:re :1: th:s :"!"~frJ:":ni:":g or.d :": spedfica!:y 

gro:-ater 3dd:t:on of stec1;71 to the pr·c,:..;1::ss gas res:Ats in t~;1s so:-r.:or:d c1:)tGt~;erma! refcrrr:er; a res1d:J3! •:Gnter:t cf tr:et~1;;rie, ·,,vhic~; is ,:.::omparab!.e to that cf a •:fJn'-'e;;t:fJna! 

,,lac~ 

The ~xoces:; acc-:-J:di:":g--::o --::he :1:venti(!I"': --::h:...:s '.itn:zf:s--::he :":c!vant39f:s cf 3 :":ighe: (J:"!"~:;s:...:re !eve! in the first autcthe:rr.:~: :'efori:":ing, but avoids 3 :a:,ger r.:eth:~:":e :no:Jt Into 

t~;e preferably sutiseque;;t ammor:ia syntho:-s:s ;;rid greate; ~:tro:-ss ,:..-i;; the subsequ,e;;t prGGes~: st3ge~: for the pu;:f;r.:a-t:cr. •A t~10:- sy;;thesi.s fJas ;;rid 3!.so a:k1vvs a sigr.if;r.:ar:t 

:"f:Hef cf the sy:1t~1f:s:s 9as co:":l~Xf:sscr. 

"· w:1·d bevo:7.:ug--:: derr. G1F,gen1:sd: l.uf:: erk~:" :"nit d:..1:--ch S:":Lie:--s--::otf a:n:ge:"!"~icher::e Llift l"':":lt ein!"~I"':": Gf:hah 3:1 Sa:..1erstcff VO:": hOch:,tf:llS fJQ 'v\!L %, be·v·nr?.:...:gter 

~;rjGhste;;s UU VcL-%, noch tievcr:z.ugto:-r "10 Vo!.-':\. ;;rr; bev•Jrz.ug·teste;; hdch.sto:-ns 6Cl \.'•JL-% und i:E:besc:1dere hCc~;ster:s -':,G VG!.-% zugo:-setzt; und/oder 

·" vverden be'HJ:"7-Ligt der.: Go:;•~~ern:sc:": Knhlenvvas:;f:rstnffo :r. f=•.X:":I var. Mf:t:":an cde:· E1·dgas 7-Ligesetzt, 'Nobe: rfo:; Erdga:; ggf. be-..h!r?.:..1g--:: Z'.NOr ent:,chwf~fo!t 

w:_;rdl':'. u:1d/eder 

- wo::1s--:: bevorzt.:gt d~s bereitges--::e!!t-2 G~sgetr:isch eiP mo:ares \Nasso::rc~ampt/Koi-de:n:stcff.\Jerh3!tnis v,:1P m:r.d-2::,tens 3,2 auf, bev,:1i·zugt m:nd-2ste:n:s 3,4, 

;~iindes~;_-,;;s :i,6 Gdet· t::i:1:.fos'~er.s 3.E; bev;._1;zugte:- mindester:s ~~.D, r~;indes~er:s 1~,? !)!for 11:i:1:.fos'~en.s 4.t~; n,:-;,:-;h b~1rc:rl.ug:.H rr:ir:de.s:.H1s 1~_6. :·n:;;des1e:i:~ t~,B ode:­

;711ndest,e;;s 5,0; am t.10:-vcrzugto:-s·ter. :1i:rideste:E: 5,2, mir.d.ester:s \4 cde; rr;1ndesteris 5,t,; und 1nsbe~:fJndere ;7i:r1deste;;s 5,B, mindo:-s·ter:s 6,Ll <.xio:-r rr;inde.sto:-ris 

0,2; '.i1:d/ode:, 

- wo:-1st be\rorzugt d;;s ber·e:tgeste!he G;;sgerr:i.sGh e:rier: Gehah an Stic:,;_s·toff vcn ~;rjGhste:E: "iU VcL-':,; c1:)f, bevorz:Jgter h(1•:hsten.s 60 Vo!.-':\. ;;c;r_:h be\rorzugte; 

hCci-iste:n:s 50 "<./o!.-1;;., 3m bevcrz;_jqtes-::en ;-idchstei-is 40 Vd_",.!'f., und in::,besoi-ic~ere hC-:i-is--::e:n:s 30 \'oL-1;;.; und/cd-21· 

"· i.-\1ei.s:. bev;._1:·zugt d;!s bl':'rei'~ge.s:.~IH~ (;;!SQHr:isc:h e:ne;; Gehr:1!'~ fc:1 s:.:cks~;_1ff vGn m:ndester:s 1 G \t,:-;L-% f.lL:f, bl':'11e:·l.:_;gtl':'r rn:r:de:~tl':'r1s ~·.o VG!.-':•;, ntK-:f; be\.·ori!U~J:~t· 

i-n111dest-2i-is 30 VoL-,.!'f., am bevorzt.:gte::,ten rr:indo::s--::er.s 40 \'oL 1;;., ;,Fie~ :r.sl:10::sor.d-21·-2 mi:n:desto::11s 50 'v'c,L -'Yu_ 

:s prefernt·--;:y the gas rr.ixtu:,e ai:· o:· o:<'/9f:11-er.ric:":ed ai: vv:--::h 3:1 nxygen C-'."J:":tf:llt ot o--:: r.:c:;t 9G v-:-J! . %, n10:--e p:efo:·t:b!y :":t l"':":ns--:: 80 vol .-?;:_ :no:·!"~ p:,ete:--ob!y 70 ·v·n! .­

%, mcst pro:-fo:-rab!y at most 6Cl vo! ."% a;;rJ :r: pc1rti-:.-:u!3r at :11-:.1~:t 50% byvGk:rr:e ;;dded; and er 

:--iydroc:~:t°JO:":S :n t~1f: ftx1:": ot n1e--::h3:1f: o:, :n:atura! gas:~:·!"~ p:,ete:--ob!y odded h! the [.p:; :n:1:xt:J:"f~, --::he :":atu:,al [.p:; pos:,lbly hffli:":g been previo'.isly c!esukJhu:'i'zed; or.d 

or 

:i-ie gas mixtt.:re ::11·,:1v:ded preforab!y h3s cl mo:ar sto::am / carbcn ;-~tic, ot 3-:: !-2cls--:: 3.2, preternb!y 3t !-2cls--:: 3.4, a-:: !e~st 3.6 ,:11· ~t !east 3.B; rn-:Y-2 preforab!y a-:: !e~st 

1..u1, f.l·: :e;:;:st t~. ✓-, Gr a: :ee1st t~.1~; r~;Grl':' pt·efornbly 81 l~r:1s'~ 1t6. ;!1 !er:1s-: 1tB, !"J:" ;!'~ !er:1s-: 5.0: rn,:-;s'~ p:·efe;e1bly e1:. !e;!s1 t,.:-?, e1~ :1':'f.lS1 s 4, c:r e11 :1':'f.lS1 S.6: fend in pe1:·'~:c:~dr:1r f.l·: 

:ec1st 5.B, at !ea~:t 6.Ll er c1t least 6_2; a:vJ Gr 

The 9as rr.iJ..1Lire prov:c:ed prefe:·:~~J!y ~1:":s 3 :1:t1·o•~~en C-'."J:":tf:llt ot o--:: r.:c:;t 70,:,::, ~JY vo!un1e, l"':":(!l'f~ prefera~J!y at :n-:-J:;t 6:J% by ·v·n!:...:r.:e, e'H:1: :n:1ore o:efo1·t:b!y :":t 11:ns--:: 

-:,rY!'t LY{'!•Jiume, rr;c;s·t preferat.1ly at :1vJ~:t 40% by VfJ!:..;rr:e, ar:d :ri p3rticul;;r not more thc1;; 30% by VfJ!:..;rr:e _-%; and er 

:i-ie gas mixtt.:re ::11·,:1v:ded preforab!y h3s cl n:trogen co:n:-::ent of ~t !e3st 1 O vcL :it, more preferi3!:1!y i3t ;east 20':-; by volume, o::ven P"ic-1·0:: preferably at !-::as-:: 301;;. by 

v;._1:urr:~, ;~1Gst p:-efornbly 81 l~r:1s'~ 1~ 0% by 1rc:!u;~11':', e1:1d rn,:-;s'~ p:·efe;e1bly e1:. !e;!s1 t,G% by v;._1:urr:~. 

/\fter the reactic:1 1n the ~:eccnd autotherm3! ;,ef,J;:11.er 1s c;;r;:o;:-d o:..;t ao.:ordir:g t-:.1 t~;e :r.ven·t:cr. pro:-fo:-rab!y a hiffHo:-mper3t:..;re o_;r1,_,er·s:fJn of cc1;t_1,_'l;; monox:de '.o\llth stea;71 

,,:, c3rben d;oKide and hydco~en. :heceiace, ,:-,e se,:,:.nd autoth~1·;-,1,;I ceiocmer is pcefocably operated so that ,;fJe;· otea01 refcrnoing there is s,ill enocgh W3,er vupoc in ,h~ 

secGr1d syrf:hes:s 98.s tG ~ne1b:I':' ·:he f;igh '~ernper;:;::.t_;rl':' cenve:-sie:1 Gf Gf.lt·bon :1w;;Gxide tG be eff:c:ent!y ce1:ried G:J:. 

r~;e mdc1; ~:team/ car'b-:.1:1 ratio in t~1e autcthe;:11c1l reforrr;ing j;; the second a:_:t•Jt~;errr;a! reformer:;; s·tep (e) •A t~l':" proce.ss 30:ording tc t~l':" :r:vo:-ntior: i~: preferably great.::; 

tl"iclll --::he i-n,:1;ar s-::e3rn / ,:mbon rn-:::c ;p the i3;_jt,:1ti-ierma! refcrrr:ing in -::he fo·::,t a:...:-::c-::hertr:3! refc,rP-ier ::n: sto::p (b). Preterab!y, tho:: relative differen,:e cf-::he i-nc,!ar stei3i-n / 

ce1;b;_1;; rr:1ti,:-; i:1 step (e) 1e th~ rn,:-;!f!r s~~r:1rr: / G;!t·bc:n ;e1~:G :r: .s:.~p (b} :s ;:;::_ !~fcs~ O.'! ot· 81 !~r:1s'~ o.~·-. mot·e p:·efer;:;:b!y ;:;::_ !~fcs~ G 3 ot· 81 l~r:1s'~ o .. ~ r~;r;rl':' pt·efernb:y e11 ll':'r:1s1 O.t, Gr 

31 l~us, 0.6, 010s1 p;-efe1·,;bly ,;t leas, G. 7 er at l~as, 0.8 and in pact1ccl,F ,;, leas, G. 9 er at l~as, 1.0. 

·" f:in r.:Glt:1·f:s \il/a:,se:--s--::cft/K-:-J~1:enstcffn10:n:cxld-Ve:--h3!tnis 'HJ:": hbch:,tf:1:s 4,5 auf. ~JeVG:"7-'.igt hbch:,tf:ns 4,7., h-'."j,:,hs--::en:, 3,11 ode:, hOch:,tens 3,6: b!"Norzu~f!"~1· 

h{-\c:f;ster:s :?.,::, f;(:ehste;;s ::,o Gd~t· h{-\c:f;st~r:s :-? }; ;;Geh bevo:-1..ug~er hdehste;;s ✓-/~. h{-\c:f;ster:s :-? ,·i eder hdd:s~er:s -: ,B: L:nte; Urn.s:.i::r:d~r: ggf. r:1ud: f;(:chs1e:i:~ ·i ,s. 

hCci-iste:n:s 1,2, ;-idchstei-is 1,0, hC:ci-iste:n:s O,B, ;-iOchstei-is Q,6 oder hC-:i-ime:n:s 0,4; u11d/,:11Jer 

"· ~ir1en c:eh;:;:!t f.lt: Me:.f;r:1r1 \.'or: h(Jc:h.s:.H1s 1 CJ VG!.-%. h{-\c:f;ster:s i,S Ve:!.-%, hdehste;;s s,o VG!.-% Gdet· h{khs-:~ns 4,E \h.1l -% e1:_;f_ bevGr1-:J9'~ h(K-:hs-:ens 4,5 .. /el-%, 

~;rjGhste;;s 4,2 Vo!.-% Gder h(x-:~;s·ter:s :3,':: VcL-%; be,_,o·z:)fJter hcic~E:tens 3,6 Vo!.-~-0, ~;rjr.:hste:E: 3,3 \.'•JL-% oder hCo;ster:s 3,0 VcL"':\: ;;c;Gh bFlorzugte; ~;rjGhste;;s 

?..,7 Ve!."':·'.., hbchst!"~:":S 2 ,/..:. VnL -% nder h-'."jd:s--::er.:; 7.,; '/GI."%; an1 be·v·nr?.:...:gte:;tf:1: hCc~1:;tens ·1,B VoL-%. :":0chsten:; ! .5 'v\!L -% (!de:-- ht.":c:":ste:n:s ·1,2 Ve!."%; '.il:d 

:n.sbescndo:-ro:- hcic~E:tens Cl,9 Vo!.-%, ~;rjr.:hste:E: 0,6 \.'•JL-% oder hCo;ster:s O,J VcL"':\: :)rid/•Jder 

- eino::11 Geh3!t i3P \Nasserstoff vcr. i-niPdestei-is 50 Vd_",.!'f. i3;_jf, bevorz:...:gt tr:il"i1Jes-::ens 52 VcL"%, i-n111dest-2i-is 54 VoL-,.!'f. ,:1der m::n:de::,tens 56 Vc-L-%; bevorz:...:gter 

;~iindes~;_-,;;s 5E \h1l.-%, rr:ir:de:~tH1s 60 Ve!.-% Gd~t· t::i:1d~s-:~ns 6:-? VoL-%. :1och bevGr1-::91e:· :11:r:des1e:i:~ 61..:- Ve!-%, r~;ir1des~er:s 66 \/o:.-% cde:- m:ndester:s 68 VG!.­

%; ~P-i bevc,1·z:Jg--::estei-1 m::n:de::tens 70 Vc-L-%, rr:indo::s--::er.s 72 VoL-1;;. oder rniPdesten::, 74 Ve!."':-;; und insbescndo::re m:nd-2ste:n:s 76 "<./o!.-1;;., tr:ii-11Jes-::ens 7B VcL"% 

oc!e:, n1:r.rk~stens 8G VnL-%; und/cde:· 

- ei:10:-n Geh3!t c1ri KfJh:e:E:tfJff:1i,J;;c;xid :m i3ereio; vcn 2.G :t 19 \.'•J!.-% auf, b.evorzugt.e; 2.G :t 16 \.'•J!.-%, r:cc~1 bev-:.vzugter 2.U i 13 Vo!.-':\. ;;rr; bev•Jrz.uqteste;; 20 ± 9 

VoL-?;:_ :J:":c: :r.:;~Jesor.rk~:·!"~ 7.:J t 5 VnL-%; und/ode: 

"· ~ir1en c:eh;:;:!t f.lt: Keh:l':'r1s1effdiexid irn tler~i,:-;h VGr1 -: ~: ~ ·1 ·1 Ve:!.-% e1uf, b~\.·ori!U~J:~t·-: ~: ~ ·1 D Ve:!.-%, r:Geh bevot·1..u9~er ·; :-? ::: B Vol.-%. ;!t"':: bevot·1..u9~ester: 1 ~·- t h 

V•:1;.-%, :J:n:d ;psbes,:1Pdere 12 :.t 4 Ve!."':-;; u11d/,:11Jer 

·" ei:1~n Geh;!!1 e1r: Stick:~tcff it!"J:'": h(K'.hs'~en.s ·! D Vo!.-% 8Uf, b~\.•o;zugt~:" h{-\c:f;ster:s B VG!.-%, ned: bevGri!:Jg'~et· h(K-:hs-:~ns 6 \t!";L-%, e1;~1 bHv;._1:·zugtes'~en hdehste;;s f..:. 

VoL-%. u;;rJ :r.s~Jesor.de;e hcich.sto:-ns 2 \.r•JL-%: :Jr:ci/Gder 

"· einf:11 Geho!t :~1: lNas:,erda:n:1pf 'lO:": ,~:J t 3G Vnl -% auf. ~Jevcrz'.igte:, ,~:J :t ?..5 Vo!.-%, n-:-Jch be·v·nr?.:...:gter 40 :t: 20 '/GI."%, an1 be-v·txz:...:ute:,tf:11 ~~o :t 15 VoL-%. '.il:d 

:nsbe.sondere .-1.0 :t 1 o \/-:.1L-%: 
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.4 :":IO!cl:' hy,:fro•~~en / carbcn l"T:(!llOXi•:k: n:r:::c cf :~t l"T:(!St ~~c5, p:,ete:--ob!y o--:: rr.c:;t 1L?, rf l"T:(!S-:: 3c9 01" at 11:0s--:: 3.6; :---:1ore o:efr~l":":b!y :":t 11:ns--:: :3.3, o--:: r.:c:;t 3.0 or at :fl-'."J:;"t 

/...?: Hver: rno:e p:·efr,;;::;:b!y ;::;::_ r~;Gs-: ✓-.1~, r:f: t::c:s:: ?:! o: 81 rn;JB:. ·! .13, possibly fc!:~G ::c:'~ rnn:·e :_f;;,n ·i,!:,, net :1i;._1;e thr:1:1 -:,1-·, n;Jt ;~ior~ thf.l:: 1,D. :10:: r~;Gn':' ·:h;!n CJ,13, ;;<;:_ 

"1Cre thCJP 0,6 ,:,1· Pot more tha•·, DA; and cc 

J\ cGnte::'~ nf rne::iv::ne nf ii;._1;: ;~ior~ thf.l:: 10% by ,1n!:_;r~;8, :10:. r~;r;rl':' ·:h;!n i/5% by vGh:t::e, :K/~ t::nre ::iv::n S,Cl% by ,1n!:_;r~;8 c:t· net :1KJ;;_-, thr:1:: 1~_8% by \.'olurne, 

pro:-ferab:y not more th~;; 4.5~{, by vckF7l':" at rr:c.s:: ..::..2% ~JY v•J!ume .;.F· i:lt rr;c;~;-t J.9~{, by vc!~F7v:: rr:cre pro:-ferab:y at most 3_(,''.'0 LY{ v-:Jlume, ;;t mfJst 3.3';.; by vck:rr;e 

01· at :i1ost 3.Q'}'.. by vd'.~11:e: !'Nen :-:101·(: p:--eterob!y o--:: mc:,t 7..7% by-v-nk:r.:e, a--:: :---:1cst 7.J~':'c, ~JY vo!u:i1e c: :~t 1:-:(!S--:: 2 .·i % by volurnf:; r.:c:;t ~Xf:ferab:y at :i1ost ·1 .8 vc!%. 

31 me.st : .5 v•J!% •J~ ;;t mGst 1.2 vo!%: cF1d ir: pi:l~ti-:.::u!ar at tr:-:J.st 0.9 v•JL %, at rr:cst 0.6 v-:JL % •J~ ;;t mGst U.3 voU0. i:l;;rJ or 

A ccnt-21-:t of hydrcgo::P ot 3t !-2us--:: 50~~ by vo!urno::, preferi3!:1!y i3t ;e3st 52''.•; by vo!urne, ~t least 54:it by v,:1;ume er i3t !e3st 56':-; by vo!u1T:e; rn,:11·-2 preter3b!y 3--:: !-2us--:: 

t,8% by\.•o:ume, ;,t !ec1.s:. 60% byvGhJme ;._1; ;::;::_ !efcst 62% by\.·o!ume; t:'lfe:1 r~;r_;rt:> pt·efornb:y c11 !t:>f.lst (v~% by ,1rd:_;r~;t:', clt :e;!S1 66% byv;Jh;rr:e c:r c11 :t:>f.lst 68% by 

vo:t..:m-2; most p1·-2fombly ut least 70% i?/ vo!:...1me, ut lei3::t 72'Yu by vol:...:rr:e ,:11· ut least 74% i?/ vo!:...1me; u:id in purt1c:...:!i31· ~t least 76:!'c, i?/ v,:1!ume, ut least 78% by 

vo:umf~ nr m :e:~:;t 30% by-v-nh.:me, a:---:d -'."J:" 

/.\_ ccnt,e;;t Gf G3rbcr: i7VJrifJxid.e ir: the r;;nge .;Jf 20 :.t 19% by vo!u:110:-, rr:cre pro:-ferab:y 20:::: 1 t,% by v-:..-dume, i7VJro:- prefernb!y 2.U i 13% by vo!:...Jme, most prefe~i:l~J!y 20 

"'!" 0% by vcb1:-:e. :~:-:c: es(Jf:c:a!!y 20 :!.: 5% by-v-nl:..:r.:e, and -'."J:' 

J\ cGnter:'~ ef c;::;:rbGr: diexkfo i;; the rnng~ !"Jf ·1 /.. t. ·: r¼ by \.'GhJme, rr:r;rt:> pt·efornb:y 1 ~·- t ·i (t;-; by it!"J:L:n:e, mot·e p;efer;::;:b!y 12 :t H% by 1rc:!u;~1~. n:e.s:. prt:>ferf.lb!y ·1 ✓- t. 

::.':-; by vo;u1T:e, ~Pd es::1ec:aay 12 :.t 4% by volt..:tr:e; ar:d ,:11· 

/., cente;;:_ Gf ni'~r!"Jgen of ;,t rr:!)::/~ 1 CJ% by 1rc:!u;~1t:>, n:e:·e prt:>ferf.lb!y f.l·: ::R:st B% by ,1e!:_;r~;e, even ;~1or~ prefot·d:ly ;!1 n:e.s:. 6% by \.'olume, r~;Gs-: pt·efe:·c1b:y c11 ;~10:~t t~% 

by vc!~F7l':", cF1d espe•:i3!!y 3t rr:c.st 2% LY{ v•Jlume; ;;nd er 

A ccntf~:-:t nf 1Nate:- vapcr cf 40 :t: 30% by vo:u:nf~, r.:cre (J:"f~fo1·ably 1~0 "i" 2 5% by vch~1:-:e. :n-:-J:"f~ p:,efe:--ably •~Cl :t 7.0% ~JY Vl:h...1:---:1e, 11:ns--:: prefe:a~J:y 40 :t: ! 5% by vo:u:nf~, 

;;nd especially .-1.ci :.t 1 U% by vo:u:11.e .-%; 

- o::inen Geh~lt ar: V'/i3sserstoff irn Bo::reich vo:---: 38 bis 69 'v'oL % clLlt; und/cd-21· 

-- ei:1~n Geh;!!t e1r: !<Gh:e:i:~tGff:11o;;Gxid :rr: Bereicf; 1({:n ibis :r: VG!.-% f.l'.l, :_;r:d/;__1:.for 

- eino::n Geh3!t i3P Koh:en::toffdioxid 11T: 8erei,:i-: vcn 3 b:s: 9 "<./oL-~~ 3t..:f. 

A ccntf~:-:t nf hyd:c9f:1: :r: t~1f: :,a:ige frcm 38 tn 69% by vo:u:nf~; ond l:1· 

!':.. ,_·fJnter:t cf c;;rtiori mor:cx1de j;; the rnn~w of "l tc ~11% by ,_,c!:_:rr;e_ c1;;1; or 

.4 ,:ontec, cf c,;1·::,c,i-, dicx1de i•·, the range of 3 ,c 19% by vcl;;1-c,e. 

:r: (Jt:rticular, it--::he :,Libseq:ff:nt p:..:r:fict:tln:i cf the s-eccnd sy:1t~1f:s:s gas i:; :io--:: c:~:-:ifa! o:..:--:: by CO 2 sc:":J~Jbl:ig and 11:e--::hon:~til:1:, b:Jt by p:e:,s:..:re :,w:n9 adscrp--:::cn l:1· !"; 2 

:;c:--Llbbi:(t --::here~Jy--::he :"f~s-:dua: 11:e--::hanf~ eor: ~Jf: seot:1·t:ted t:\111: --::he :,eccr:d :;~;n~ns- w:tt: sy:-:(!11ymc:E. The :;eparated 1:-:ethor:e ca:---: thf~:-: be ined --::oget~1f:1· 1Nith t~1f: al:;o 

separated c;;rti•Jri mor:cx1de, ,_·arbor: d:•Jxide and exces.s nitrogen as f:...:e! gas. j;; this vari3r:1 ;__1fthe mefr:cd i:l•-·Gording t•J the i:wer:tic:1, it i.s perfect!y tG!eraL1le if the •3Jn·ter:t 

of r.:eth:~:-:e :n t~1f: se-:-;(!1:d synthesi:; go:; Is mere tt:an 5% by vo:ume. !f the :;d)seqiH~1:t pLl:--:fic:fi(!ll of --::he :;eccnd s-ynthf~s-:s ·~~as. t:(!1.,ve-v-e:--. ~JY CG 2 :,c:l1bbin9 and 

;71ethar:atk1:1, sc t~1e ccnte;;t of mefr13r:e 1n the ~:eccnd sy:1t~10:-sis gas i.s prefer3b!y bel•Y•,V 5 VfJ! .-%. 

/.\_ cc:11p;;r;;t1ve!y hig~; cor:te:1t •Jf w3ter vapor in t~l':" se;__;orid synthes:~: g3s 1s prefe~red so that .sufflcie;;t ste3rr: :s 3y;;i!ab!o:- for the prefe~i:l~J!y .subsequo:-nt hiff1-t.err;perat:...:re 

ccnversi-:-Jn nf eorbcn :-:101:nxidf~. A ccr:tent (!f water -v-apor before t:lgh- --::empf~1·t:tLire ccn-v-e:--sicn c{ to:, ext:1:-:ple, 35 --::o 40?;: by vchvnf: :s ~Xf:folTfa!. A ccntf~:-:t nf wate:" vapcr 

•A rr;ore ·th3r: i!.0% LY{ y;._1lume rr:ay 3!s•J be re!o:-van1, b:.Jt is not preferred. ;:Gr a c;._1rre.spGndir:9!y hig~; re:ative rr:c!i:l~ \V3ter vapor/ G3rbcn ~i:lt:o at the o:-ntrance •A t~;e se•_·ond 

,;utother"131 •·efo·me•· end ,hus a high coc,ent ,:,f W3,er vu par in the sec,:,1·,d sy1·,thesis g3s ,;t the cutlet ,:.f the second 3;;t,:,t:·,e1T,-,ul refcr"7er mcce rnygen w,:,uld be 

requ:;ed, which i:\10'.:!d ;,d,1e;s~!y ;::;:ffect the yie:d of f;ydt·o9e:1, 

r~;e res:dua: c•Jriten·t of rr:eH1i:l;;e ir: t~l':" first syn·thes:s gas, w~;1ch :~: obt3i:10:-d d:...:ring t~;e 3L:1cthe~:11i:ll reforming:;; the fir·s1 ;;utfJtherma: r·ekFlr:e~ :ri step (L1), is p~.efo:-rab!y 

g1·eater ,h3n the cesidcul co•·,tent at me,hane ic the seco•·,,J sy;-,thesis gas, wh••:h in the autcthe;-me3: cefoc1-c,ing i•·, the second 3;;t,:,t:·,ec1-c,al refcr"7er i•·, s,ep (e ). P•·efernbly, 

·:he ;e:r:1nve difft:>rer:c:e Gf the t·es:d1B: ;__;<;nter(~ {:f t::eth;::;:r:e {:f'~he r:r:~t sy;;:_f;t:>sis gf.ls ;__1b:_;::;:ined :r: s'~ep (b) e1r:d ·:he :·e.sid'.:8! C!"Jrf:ent ef :11e:.f;;,ne efthe seco;;d sy;;:_hesi.s gf.ls 

obtaii-:ed :n ::tep (e:i is a--:: :ei3::t 0.4 vol% or at lei3::t O.B vol% p-:01·0:: preferably at !-::as-:: ~ .2 vo!3~ er at !-::as-:: 1.6 vcL 1~, i-:1,:11·-2 preternb!y 3-:: !-2us--:: 2.0 voL~~ or 3t !-2us--:: 2.4 voL ~~, 

:---:1cst ~Xf:forably at le;F,t 7.,3 -v(!L % (!rat lea:;t 3,2% by volume and in pa:,t:e:..:la: t:t !eo:;t 3.6% ~JY V(!!u:---:1e -:-J: :f !eo:;t 1..:-.0% ~JY vo!u:i1e. 

-:-he cGrf:ent ef ;__;;::;:rbGn monexide :;; the fi:·st :~ynthe:~is g;::;:s, whic:h is eb1e1:r:ed i:1 the 8u1;__1ther;~1;::;:! reforming :r: ·:he fi:.s:. ;,ut!";thet·m;!! ;efo;:11er ir1 step (b), is prt:>ft:>rr:1b:y 

greatei· th~n --::he ,:onte:---:-:: cf ci31·b•:1P mo:---:cxide in ti-:e s-2,:ond syn--::hesis gas, wi-:1ch ;p the aut•:1the1T:-:cll refcrm:ng 111-::he ::eccnd uutotherm3! 1·-2foi·rn-21· 111 ste::1 (-:: ). Preter3b!y, 

tf;t:> re:c11iire diffe:·e;;ce i:1 :.he c:e:1ter:t Gf !";f!rben ;~1Gr:Gxid~ !";f the fi:·st synthesis g;,s d:1c1:;;wJ i:1 step (b) fc:1d the e;;._1:1ter:t !";f !";f!rben r~;Gr:!";xid~ !";f the .st:>cond :~ynthe:~is 9e1s 

•Jbtair:ed :n step(-:-) 1s at least Cl_.:!.% LY{ y;._1lume er c11 least CLB% LY{ y;._1lume. rr:cr·e preferab!y at :ei:lst l .'2 VG!.% Gr at !e;;st 1.6 VG!.%, rr:cre pro:-ferab:y at !ec1~:t 2.Ll vol.% or at 

:eost 2.1~ vc!.'}'.., 1:-:(!S--:: prefe:a~J!y at :east 2.8 vc!.% er at :east 3.7.'}'.. ~JY 'HJ!Lin:e and i:i pa:-tic'.~!a:-- o--:: k~as--:: :3.6?;: by vc!:V:lf: or o--:: k~as--:: 4.0?;: by vc!:V:lf:. 

n;t:> ce:1ter:t Gf s'~efc:11 :n ·:he fi:.s:. sy:1th~sis g;,s, '✓,thid: is ob:_;::;:ir1ed :r: ·:he e1:_;:_o:.f;t:>rrr:r:1! ref{:n::ing ir1 '~he r:r:~t f.l'.:'~(/~he:n:c1! rt:>fGrr~;t:>r ir: .s:.~p (b}, i.s preford:!y sn:c1Her ·:h;!n th~ 

•3Jn·ter:1 cf vvater v;;pGr ir: the sec;._1:1d sy;;t~;esis gas, whi•-·h ir: t~l':" a:...:tcther·rr:a! reforrr;1ng i:1 the se•_·fJnd c1ut•Jt~10:-rrr;a! reformer i:1 s·tep ( e ). P~.efo:-rab!y, the ~e!ative differer:c.e 

:11 --::he ,:-;(!llte:---:--:: cf wate:, 'l!'~~-J(!I" (!f the sfa:ond :;yn--::he:;:s g;F, ob--::a:nf~d i:---: :;tf~P {e) or:d t~1f: ccr:tent (!f water -v-apor cf --::he f:1·:;t sy:-:tt:esi:; gas -'."J~Jtt:lned i1: s--::ep JJ} is o--:: k~as--:: 5 

v•JL% c:r at !east 6 \roL%, f\1cr·e preferab!y at :ei:lst "l v•J! % or at !ec1~:t B% tiyvo!:...Jme, mGre prefer·c1L1ly c11 least 9% by vc!:_:rr;e or 31 !o:-ast 10% by vc!~F7l':", rr:cst preferab:y at 

:e~st 11 % by volt..:tr:e or at :ei3::t 12% by vol:...:rr:e ~Pd in ::1rn"ticLl:ar i3t !e3st 13':-; by vo;u1T:e er at ;east 14% by vd:.iP-:e. 

(f) ei:-:- oder zwei:;tLifiges Ko1:ver:::ere:-: vcr: K-:-Jt:!e:---:stcff:---:1or:cxld. ·,,velct:es i:-: de:---:1 in Sehr:--::--:: 

(e) erhaho:-ner: zwe:t.eri Syn1~10:-segc1.s er:thaheri ist, z:...: Kc~1lenstcffdicx1d. 

(g) A.btrencen van Kch:enstcfidicxid. v;elc:·,es in de,,-, in Sch rice (f) echa:,enei-, zwei,en Syn,heseqas e•·,thal,en •st; und 

(h) ;::;:bsd1Heriendes :~ein:ger1 de:~ in Sd:rit:. (g) t:>rhf.l:tener: 1..wei'~en Syrf:hes~gr:1se.s ,1erl_:_;gsweise d:_;rch ~ ... 1ethe1;;isie:·u:1g !";der ~itid•:H:offw8sche. 

(f) cn-2 ortwc sto::p ccnversion of c3rbcr: i-:1,:11-:oxid-2, wi-:1ch ;::; :r: tho:: s-::ep 

(f~) (!btai:---:ed s-eccnd sy:1t~1f:s:s gas i:; ::---:c!Lided, to eorbcr: d:nxidf~; 

(g) sep;;rat1ng c;;r~Jori dicx1de c•Jritained :n ·the .seccr:d ~:ynthesis g;;s cbta:;;ed in ~:tep (f); and 

(h) f:r:a!!y (J'.~1·ify::---:g thf~ seco1:d sy1:tl:esi:, gas obtained :1: steo (9}, p:--eterob!y by 11:ethor:ati•.Y: o:, nitrogen scr:..:bbi:-:g. 
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(e) erha!to::ner: zweit-2P Syntho::segas er:-::ha!t-2P :st, z:..; Kch;enstcftd:cx1d; ~.vie~ 

(g'} Abtr~nr1en ~ir1e.s Gcv~get::i.schs u;~ifcv~send Koh!er:.s~;Jffr::c:tKwid, :<of;k:!::s~;Jffr:i;..wid u:1d Me·:h;!n ',.'!)::l l.i:\1ei1e:1 Syr:the:~eg;!-S dureh Dr:Jcki.\1ec:h:~e:-/},ds;._1;ptio;;_ 

1\l,er"at1ve:y, tbe rnetlwd accod"''J ta t~e :r,ve:1;:r_,r, ccrnp:iBes the add:tic:101 stepB 

(f) one crtvvc, s-::ep ,:onv-21·s1on cf c~1-;:o:,p mor:cx1de, whi,:h :s iP-::he sto::p 

(e) Gbtr:1i::ed secn:1d sy:i~h~s:s gr:1s i:~ :::c:h;rfod, :.o G;!t·bc:r: d:Gxide: crnd 

(9 ') separating c1 gas m:x:ture c.;..1:11p~:s:r:g .;_;arbfJn rr:cn-:..1xide, G3rbcr: d:fJxide ar:d :1v..=it~;;:_rne from the sec.;..1:1d sr1t~;es:s gas LY{ pres~:ure svvir:g c1dsorptior:. 

:f-::he ::11·,:,cess acccrdii-:i::; to -::he ;pvent;c,p ccrr.prises th-2 pressui·-2 s\~!iPg 3dsc,1·::1tic,11 3c,:orc~1ng tc sto::p (g '), carbcn p-:c-Poxido::, ci31·;:1,:1P dicx1de and rne-::h3n-2 are corn::1;e-::e:y 

:~epcH·cited Gff fre:·n :.f;t:> se,::Gnd s-ynthes-:s gcis- by the pr8ss-ur~ s1,,v:ng cidBGrp:.:Gn. !'~i·:rGgen :sonly p;!t":i;!ny t·ernev8d, :~G ·:h;!'~ s-:_;ff:cie:1~ ;;ftrGg8:: re:11c1lns i;; the s-ec!'J::C: 

::,ynth-2s:s g~s in c,1·der to 3dj~st the req~1red H 2 / f·~ 2 ;·~tic, for the arnrn•:1i-i1a synthesis can. Hydrogen is practi,:al!y no-:: s-2::1urated by the pre::,s:..;re swing adscrpticn. The 

exha:Jst sti·-2u1T: at -::he w-2sst..:re ::wing adscrption c3r. tto:: b:..;rr:ed foi· o:::<3r.-:p!o:: as i3 f~el gi:3:: :r. i:31-: a:..;>:di3rf ;:o:,iler. !f ti-:e proc-2::,s a-:i:ord:r:g to ti-:e :r.ven-:::cr. ~!so c,:1P-:pr1ses 

Sf~~-Jaratior: by pres:,Li:'e svvir:g :~dso:r1tior: ::-: s-::ep (cl. the prcfx:ss :~ccord:n9 to the inver:-::icn con1pr:sf~:; 3 tcta! (!ftwc pre:;s:..;re :,win9 adscrpticn:;. 

-:-he ;~1t:>r:1su:·eB r1ec:essf!ry fo; cr:1rryin9 Gut these s-:eps r:1rt:> k.tK1i:\1:: h: th~ pet·snn ski!:wJ in :.f;t:> ;!t·t. !n ~h:s t·e9c1:d, fr_;r excl;~1p!e, ;ef~rH1!';e ;~1;::;:y be rr:r:1de t;J J\ Nielsen,!. 

:Jybr.:Jaer, Ai-:1P-:C-Pi3 Catalysis and Mi3i-:ufoc-:::Jre, s::11·111ger Bedii-: 1995, ch3pter 6, pag-2::, 202-326, 

,:·,e steps (a) ta ih) oi ,he :·nethod ac-:orcling tc ,he :cventioc ,i:-e pcefocably carr:ed ,:,ut :n success:cn, a:,hcug:·, the prcv1sicn 111 step(,;) ut least pact1a:ly cci:1,:ides with 

·:he r:r:~t r:1:J:(Y:hen::8! r~fGr;~1:ng in st8p (b) fend/ o; ;::;:c!';{:rdi:1g tG the p:·nvisi;..1:1 ir1 s~ep (r:1} d) ;!'~ !er:1s-: p8:·'~iflny s:r~;uHf.lne;.,1:_;s!y '✓,tith th~ fjrs'~ 8ut;Jther;~1;::;:! reforming :r: step (e) 

ca:·, be pe:·fcrrned. 

-- f:inen Ge~1t:!t ar. \.V:~sserst•:"Jff irn Rf:reich var: 40 :t: 35 '✓-cl.-'}'.. :~'.if, be-..h!r?.:Jg-::er 40 :t: 30 '✓-d.-'}'.., noch ~Jf:vcr:z:J•~~tf:r ,~at ?..5 Vn! · %, arn ~Jevcr:z'.igtes-::er. f..:.G t 20 '•./oL-%, 

::nd :nsbeBGndere ~~o :t-: 5 \.-';..1:.-%: :J::d/Gdet· 

- eino::11 Geh3!t i3P Stick::,tc,ff 11T: Sereici-: vcn 60 ± S5 'v',:iL % uuf, b-2vorzugt-21· 60 ± SO 'v',:iL-%, r:cch bev-:y:;::ugter 60 i 45 VoL-%, ~P-: bev,:11·zug-::estei-: 60 ± 40 "<./ol_.%, 

:_;r:d inBb8SlrndHt:> hD t. :35 \'!';L-%. 

,t\f:.H convt:>r:.:r:g cc1;b;.,1;; rr:Gr1ox:dt:> in :~tt:>p (f), s-epr:1rr:1ti::9 ;.,-:r:1rbrrn C:kwide :r: s'~ep (g) clr:d ·f:nc1Hy pu;:fyi::9 :;; s'~ep (h) ;.,1; ;::;:f~er sep8:·c1ti;;g !';f!rbnn r~;Gr:Gxid~. Gclrbor: !'h:xlde 

3nd 1·,-,ethace :11 step (g '\, ,he sec,:,1·,d sy1·,thesis g3s :xefers 

.4 ,:.nnter:-:: cf hyd:\1ger. :1: -::he ra:(K~ of 40 :!.: 35% by-v-n!:..;r.-:e, n1ore prefe:·:~~J!y <0Q :t: 30% by volurnf:, r.-:cre ~Xf:ferab:y ,~ O t 25'}'.. by 'l-'."J!Lin:e. :-nost preferably 40 :!.: 7.0% 

by 1rdu;~1~. c1:1d 8speci;!!!y 1..:.0 t ·! 5% by vG!:Jme; r:1r1d n: 

A ccnt-21-:t of 11:-::rogen 111 -::he ri3i-:i::;e cf 60 : 55% by vol:..;r.-:e, more prefoi-~l:,ly 60 ± 501~ by vc!ui-:10::, rr.cre p1·eforab:y 60 ± 45':•; tty vo;u1T:e, i-:1c,st preferably 60 : 40% by 

im:L:n:e. ;!tKi t:>spedr:1!!y 6D t. :?,5% by\.·o!urne. 

-:he process w;c:;.,1:·d:;;g ·:!'; '~he :r:1re:1~:Gr: is pr~ft:>rr:1b:y Gpet·;!ted cGrf:i::L:;..1~r~!y ·rhe p;;.,1;..-:t:>ss- of :.f;t:> pt·es-er:t i::\.'H1ti!';:: p:·efe;;::;:b!y p;o·,.rideB r:1 '~(/~;!! produc·:i{:n of ;~1or~ thf.l:: :?,:?,OC: 

-::pd cf syr:-::hes1s gi:3:: {totul ever the first ::,yr.th-2::is g~s and ti-:e se,:ond syn-::hesis gas, preferao;y after separ3-::icn 111 step(•:) and fin~! pt..:rifi,:ut1on in s-::ep (h}), i-:1,:11·-2 

pr~ft:>rr:1b:y r:11 :ecl:~t '.3SDO tpd synth~sis- gr:1s t::nre pr~ft:>rr:1b:y r:11 !eci:~t :rnrn: t ;.,1f :~ynthe:~is gels ;!nd :n p8rh":u:r:1r f.l·: :eclst t~DOO ~ of synthesis g;::;:s. 

-:he f;r~:t a~tothern":a! reforrr;er prefernb!y haB a cap;::;:city of at !eaBt 1 !JQLl tpd ,A ~:yng;::;:s bas-:d or. the immedi;::;:t-:, u11pur1~ied r·eactior: pr·cdu•:t of the fir·st aututherm3! 

reformer cf st-2p {b), r.-:cre ::11·0::fornbly ut least 1500 tpd, more prefei-i3!:1!y i3t le3st 2000 -::pd, p-:os-:: preferao;y at !east 2500 tpd, i:31-:d espo::c:aBy A-:: !e~st 3000 tpd of synqus. 

Tt:e secnnd a:Jt-:-Jt~1f:ri:-:a! reforr:1er prefe:·:~~J!y ~1:":s 3 -:-;apacity at 3-;: k~as-:: ! OOQ t~x·! of sy1:gas ~J:":sed -'."Jn the in:,tant, un~-JLirlfied ret:ctior: prcd:Jct of the ;;f:cor:d :~Lih!thern:a: 

reformir.9 :n step(-:), more w·efer;::;:b!y ;::;:t !east: '.:,!JO tpd, eve1; more prefe~ati!y at !e3st 20GO ·tpd, rr;ost prefera~J!y at !east 2tiOO tpd. a1;d esp-:cia!;y /-\t :east 3LlUO tpd uf 

syng3s. 

n;t:> hydrGcf.lrbo:: ~r~8d i:1 step (8) ci;;d !'JfJ:i{:nciHy cldditio::8!:y i:1 s-:ep (C:) nf the prGces-B f.lcco;d:r:g '~o the ln,1e;;:,:Gn is prt:>f8rf.lb!y r1;!'~::rn! gr:1s, whid: is op:.IGr1;!!!y ·f:t·st 

desL:lfu:ized. n1~ total c;_;r,scrnptic:1 ;_,f natuc3l 9os is pcefecably acav:ded as a catL:ral fJoS B,,eam. wh:c,1 1s prefe:c1,.1ly d:v:ded in'to t,v;_, pactia: B,,earrn: 1,1~ tics·t natu:c1: g3s 

~-Ja:'tial stre:~1:-: is :~dc:ed in step (a) tc thf~ gas :-n::<::::Jre, whid: :s t~1f:n reforn1ed ::-: s-::ep (b} :1: the fir:;t t:utnthern13I :·f~fo:·rr.f~:", ar:d thf~ sec•.Y:c: p3r:::3! 9as :;tre:~1:-: is :~dc:ed in 

step (d) t•J the gaB mixtur·e, w~;1ch i~: sub0eq:Jent!y reformed :1; step (e) :ri the BH..:or.d ;::;:ututherma: r·efcr·me~_ In a pr-:f-:rr-:d er.-:bcd:rr;en't. the re!3tive w-:ight rati.;J •A t~;e ·f:rst 

par-::ia! qas sti·-2u1T: to -::he ::,eccnd partial gi:3:: s-::rearr. is !e::,s -::han : : ~, p-:ore preferao;y !-2ss thai-: 1: 1. 5. In an,:1tho::r preterred ernl:1,:11Jimer.t, ti-:e re!i3tive vveight i·i3tic, of the 

r:r:~t p;!t"ti;!! g;::;:s s-trecl;~1 tG the s~co::C: p;::;:r~:;::;:! gf!s s-:r8;!t":: i:~ gref!te:·thcl;; ·1. 1, rrJ!';re p:·efo;clb!y 9;er:1tt:>r thf.ln 1 5: "L j;; r:1rK/~he:· p;efer;ed emb{:d:;~1~nt, the r~!;!'~i\.'~ welg~f: r;!'~in 

,:if ti-:e first pi31·tii3! g3s stream -::c th-2 sec-:F:1J p3rti3! gus strei:31-:1 is ii-: the rang-:: at 70:30 to 30:70, more prefoi-~l:,ly 60:40 tc 40:60, i3Pd most w-2fombly 55:45 tc 45:55. 

A t:Jrther 3S(Jf:c-:: of -::he :1:vent:01: :,e:ate:; tn 3 (J:"-'."J-'.";ess for t~1f: p:\1d:..;cti-:-J:": nf ar:1r:1or.i:~ cor:1pr::;:1:g -::he t:bnve-•:k:scribf~d p:\1ce:;:; 3C-'.";(!1·dfng tc thf~ ir:'H:1:tior: for-::he 

prodw/~i{:n of synthesis g;::;:s, i.-\1here:;; the fi:·s-~ :~ynthe:~is g;::;:s ;!tKi :.f;t:> secGnd s-ynthes-:s gf!s r:1r8 fed t;..19~th8r ·:!'; fin r:1rr:rr:Gr1i8 ;er:1c·:!';r. 

Prefernb!y, t~1-: first syn·thes:s gaB ubta:r.ed in step (c} :s •:umpacted with-:Jut fu~the~ puritkati.;_11; with t~;e 3id of a syrithesiB g3s •:umpress•Jr t•J a pres~:ure at vvh:c~1 the 

3rr.rr.cn:a react-:-J:" :s cpe:·:~tfat P:,eter3b!y, t~1f: ar:1r:1cr.it: reactcr i:; operated at a pre:,s:Jre cf :~t ;e3st ·15G b3r, 11:nre prefera~J;y at ;east '!7Q bar, even 1:-:nre prefera~J;y at !east 

19!) bfct: rrl!'JS1 p:·efe;clb!y cl:. !e;!S~ ?·: !) bfcr c1:1d 8Speci;!!!y ;!1 !er:1s-: ✓-JO br:1r. 

-:he ~:eccnd sr1t~1-:s:s gas cbta:ried i11 s·tep (e) :~: preferably pur'ifi-:d 3c-:.-:ord1ng tc the additi-:.11m! step~: (0, (rJ} ar:d (h) -:.F· according to the add:t1un3! ~:teps (f) 3r.d (g l the1; 

prec•.Ynp1·essed 1Nith tt:e 3id (!fa sy1:thesi:, gas ,:.nn:p:,es:;,.x 111:-:::a!;y tc :~ p:,ess:J:"f~ 1Nhich i:; !owf~1· tt:an -::he ~Xf:sswe at 1Nhich -::he t:1:-:11:nn:a ret:cto:, :s ope:,med; and -::hen 

cGrnpres-BHJ by rr:8;!ns Gf r:1rK/~he:· By::'~heBls gel:~ !';{:n:p:·eBS!';r ·:!'; 8 pr~ssu:·e r:1t wh:ch '~he ;::;:r~;r~;rrnifl :·e;::;:ct!';r is opt:>ra:ed. Frefo;clb!y, the s~co::C: ByntheBis gel:~ is r:r:~t f.l·: 8 

:xessuce 111 ,he :·,;i-,ge using a syng,is ccrnpcessoc prec,:,:-:1p1·essed fr,:,:-:1100 ± 50 b3r, more prefe,ao:y 1 QQ ± 40 o,;1; evec mo:·e prefocably 100 i 30 ba0, mast pcefe:·,;l:,ly 

·wo ~ :.w bcl; ;::;:r:d espw;ic1Hy 1 CJO :t-: o br:1r: ;!tKi :.f;t:>r1 c:;..1:·np;essed using r:1 fur:.f;t:>r sy;;:.f;t:>siB gf.ls ;..-:Grr:pr8ss-o; ~o r:1 pt·es:~ur8 81 whic:h :.f;t:> ;!t::n:nn:r:1 r8;!ct;.,1:· :s ope:·ci~ed, whid: 

is preferab!y at :e;::;:st 15U ~J;::;:r, r.-:cre pr-:ferab:y at !ea~:t 1"/Ll ba~, mere ~vef-:rab!y at !eaBt 190 bar; most ~vefer;::;:b!y ;::;:t !east 21 Obar· a1;d :r. p;::;:rti•:u!3r at !east 230 bar. 

:i-:e proc-2::,s cf the present ;pvent;c,p preferatt!y prcv1des ~ total prcdu,:t1on cf rr.cre ti-:un 3300 t::o: ot 3rr.rr.cniu, rr.ore preforab!y a-:: :ei3st 3500 tpd, even r.-:cre ::11·0::forab:y at 

:e;::;:st :r;oo ~pd, ::R:s-t pr~fHr:1b!y r:1t !eciB:. JqDD tpd ;::;:rid espt:>dc1Hy cl~ :8f.ls-t -~OC:D ·:pd nf c1:·n;~1o;;if.l. 

- -:inen -:r~:ten aut-:.1t~1-:rrr;en Reformer zum H-:r~:te!!e1; e:r.e~: erste11 Syr:the0eg3se~: ~r.-:fas0end Wa0serstcff. Kc~1lenstcffrnor:cx1d. Kc~1lenstcffdicx1d und Methar: 

~us eiPem Gasg-21~:-:1sch LllT:fossei-:1J Koh:enwasserstoffo, V1ji3::,serdarnpf ~Pd ein Ox1d3-::icnsP-:1tte!, vorzt..:gswei::,e Sau-21·stc,ff ,:11Jer m:-:: Sau-21·::,tc,ff ~ngerei,:herte 

Luft; 

- eino:: fa.Pl3ge Z:Jm Ab-::rer.n-2P ein-2s Gasgei-:11schs umfoss-21-:d Koh!ei-:stoffr:1,:1Poxid, Koh:en::,toffd1oxid und Methi3P vcn 1Jem erst-21-: Synth-2segas; 

-· einf:11 zvve:-::en t:utnthern1er. Rf~frJ:":"nf~1· ?.:Jr:1 Hers-::e!!en e::-:es zweite:-: Synthf~sega:;f:S urr.fa:,ser:d \.Vt:sser:;t-:-Jff, Koh!er.:;t-:-Jffr.-:cnm::id und K(!h!en:,t(!ffdi(!X:d :":Lis 

~inern GaBgem:sd, umfass~nd Kohler,s·toffrr,onax:d, Kohler,s·taffdiox:;J und Me,"an. 
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- Mit::e! ZLlm OberfLlhren 1Jes von dern erster: SyPthesegus aotrerF:ten Gasgei-nischs umfoss-2Pd Koh!ei-:stoffrn,:1Poxid, Koh!ei-:stoffd1oxid und Meth~P zu dem 

i!we:tl':'n 8u1;J1her;~i~n :~eformet·, 

·,,vobe: der ers1e autotherme Ref.:..F·tr:e~ f(1~ o:-inen Drue~ 3us9e!e91 :~:t, de~ ~;c~her ist a!s der Dr11.;:k for· do:-ri der zweite a:.Jtofr1errr:e Ref-:..v:1v2r ausgeleqt ist./~n-:..1t~v:r aspe,:.::t Gf 

tt:e :r.-ven-:::cr. :e:ates tc :": dev:ee fer the pl\!c!uc--:::cn of synthf~s:s 9as c-:-J:-n~x:s:r.u 

J\ r:r:~t r:1::'~o'd':en::cd rl':'fGr;~1H fGr prGd:Jci:1g r:1 first By::'~heBls gcv~ cc:rnp:·iBl:1g hyd:Gget\ G;!t·bc:n ;~ior:Gxide, c:e1;bo;; dic:x:rfo fend rr:8th;!ne f;;._1:·n r:1 g;!s r~;fx .. ~::t·e 

•:Gmp:isi;;g hyd~-:..H::arbGns, wate~ \raper c1:1d an cx1d:2.::;fJ 3ge:1t, prefernb!y cxygen or GX'J'.Jen-etF"idied a:~; 

.4 ~"J!an--:: for se~"Jarating a gas rr.ixtu:,e C-'."J:fl~"J:"is-:r:g -:-;arbnn r.:cnm::ide, corbcr. d:nxidf~ and :nf~tt:ane fror:1 the first sy1:thesi:, gas; 

/.\_ se•:ond c1ut.;_-1t~v:r:71;;! reformer for produ-:..;1ng c1 ~:eccnd synthesis gas c.;_-1:71pr:sir:g ~;ydroge:1, cc1:'b.;_1:1 rr;fJnox:de 3r,d •:arbon d:•Jxide f:·c:11;; g3s 1711xt:..;re .;_;c;rr;prising 

ea 0bo;·, mo110>:;,Je, cml:-011 dioxide CJPd ,,-,ethane; 

- Me;!r.S for :_;;::;:r:sfot·rir:9 the sepe1;e1~~d fror~; the fo·s~ synthesis g;::;:s 9c1B rr:ixtu:·e C!"Jrnpris-:;;g -:-;cirbnn r~;c;n,:-;xid~. c;::;:rbor: dinxide c1:1d rr:e·:f:cine to the s~eor:d 

,;utotherm31 ;·do;·rr,e;·; 

Tt:e de·v·ice :":cccrdin•~~ h! the i:":Venti-:-J:": is :,Liitable fo:- -:.any:r.u (!Lit the p:-ccf:ss :"~-:.cord:n9 to the inver.ticn fo:- tt:e product:01: ot sy1:thesi:, gas. A f:J:"thf~:" :":spect of tt:e 

:nver:t:cn t~10:-refore re!ate~: ·to the :_:se cf the apparntu.s acc-:..vd:rirJ ·to the :n'-'e:;t:on for the p:lxi:_:ctior: cf .syr:the.s1s gc1~: :r: the prGGes~: acc•Jrd1ng tc the inverit1Gn for the 

produ-:-;ti(!ll of synthesi:; go:; . 

. 4!: preferred f~:"nb(!d:r:1ent:;, wt:lch vvere rk~:;cr:bed abo'H~ in C-'."J:":1:ecticn with t~1f: n1e--::hcd :":ccordin9 t(! the inver.ti-:-Jn, opp!y an:~!ngo:..;s!y ab.1 witt: regord tc thf: des:91: or.d 

cc:E:tr:_:ctior: cf the dev:ce ao.:ordir:g 1-:..1 t~;e :r.ven·t:cr. ;;rid 3re tho:-ro:-foro:- not repe;;ted :n t~1:s respH...:"t. 

Prefo1·~l:,ly, --::he p:an--:: tor sep~1·ut1ng the qas mixture corn::1i·is:r:g ,:mbon r.-:cnoxide, c3rbcr. dioxid-2 and rn-2ti-:u11e from the first syPthesis gas ,:ornprises a press~.ire sw:r.g 

:":dscrp--:::cn ~"J!ar:--::_ !n a preferred f~l"':":bnd:r.:ent the p:-e:;s:..,:re :,w:n9 adscrp--:::cn plar:--:: i:, p:,ece•:k:d by a r:1err.b:-1v:e se(J:":1·atlon p!:":1:t, in whid: :r.iti:":!ly :": lorge ~"Ja:'t (!fthe C:"~:t°J•.Y: 

mcr.cxide c1:;d cc1rbc:1 dioxide ccntc1:ried i:1 the first .syr:the.s1s gc1~: :s ~:eparnted off ;;s pe:n:e;;to:- strec1:11. ·r he rete:1tc1to:- stre3m 0A1tair.i:19 hyd:·cgo:-ri 3s -..ven as :11et~;ane c1:vJ 

:..;n-:-;'.it corbcr. :"n•.Y:nxirk~ and C:":ltA!ll dicxide i:; ther. fod tn the (J:"f~:;s:..,:re :,wi:(~ adscrpticn Lin:--:: 

-- ei:1~ Er:'~scf;•✓,.iefel:_;r:gscinh,ge ::.:_;r~; Er:'~for:1en imr: ~;cf;wefehret·bind:_;r:ger: e1:_;s Koh!er:wc1Bse:s'~c:ffor: u;;d ~Ai'c:e! zu:n (foet·fiJht·en dt:>r 8r:'~scf;wefeh~r: 

Koh!e:;was~:erstoffe :z.:_:rr; ersten ;;utfJthermer. Refo~:11er oder ei:10:-r dem c1ut-:..1t~10:-rrr;en Reformer vorgesc~1;;!teter: M:~:chc1:1iafJe; :_:nd/•Jder 

-· einf: l.uf::zf~:·k:gur:g:;:":1:loge Lind Mitte! ?.:Jr.: Obe:ffJh:e:": vcr. :·!'~Iner.: Sa:Jers-tnff nder VO:": n1:-:: S3!H~1·:,h!ff :":1:gereid:e:1er l.uf:: r.:it !'~Iner.: Geh:~:t an Sauf:1·:;h!ff var: 

1711ndeste:;s 9U \/.;_1L-:!'t z.um e:·ste:; a:..;tothe:n:e:; Reforrr;er oder e:rier den: ;;utfJthermer. Refo:n:e~ \rorgesdia:tete:1 M1sc~1;;ri!age; :Jr:ci/Gder 

- o::ine -2111- cdei· zv\feistufige K•:11-:ver--:::ert..:ng::an!ago:: zur Kcnvertier:..;r.g var: Kch!o::11s--::oft1T:ono>:ic~, vvekh-2s :n dern zvve:--::en Syr:--::hesegas o::Pthahen is--::, zu 

:<oh!e;;s·:-:-;ffdi-:-;x:d; ::nd/ode: 

- eino:: fa.Pl3ge z~K Ab--::rer:r.ung vcn Koi-der:stoffdioxid, wekhes ii-: der.-: zweit-2P Syntho::segas er:--::ha!t-2P :st; und/oder 

-· einf: A.1:loge ?.ur:1 Ab--::rer.nf~I: einf~S- Gasge:"nis-ch:; un1fassf~:":d Kohle:":S-tnff:"no1:nxid, Koh:en:;tnffd[nxid Lind Meth:~1: vcn c:en1 zvveiten Syr:the:,egos, vc:z'.igswf:lse 

durch Druckwec~1~:e:-Ads-:..1:pti-:..1:;; und/ode: 

-- f:ine .4r.!:":ge z:J:" absc~1:le:"!,endf~1: Re:ni9Ling de:; zwe:-::er. Syn-::he:;f:gase:,, vo17.:ugswe:sf~ du:,ch Mf~tt:an:sif:rLing cde:· Stickstcffwt~s-che. 

- /), de:~u!f:J:il.e1~:Gn p!c1:1:. fo; ;er~;G1rin9 s::!fL:r co;~1pGu:1ds- f:·nn: f;ydt·oc:ci;b;J;;s ;!tKi r~;t:>f.lr:s- f;..1:· ~:·ci:i:~ft:>:ring '~he dt:>sL:!fu:·iz8d hyd:Ge;!rbc:nB tG the fo s~ ;,ut-:-;thet·::1;!! 

ceiocmer er upot1·eam oi ,he eLltothecmal cefocme;- ;·,i;K:ng pl act; ,;nd er 

· Ar: :~:r sepa::~til!I"': p:ant and r.:e:"~:":S- for -:::,ar:sfo:rin9 pu:,e c>~/gen l!I" llX'/9en -en:id:ed a:1· con-::aini1:g o--:: k~as-:: ·~C: ·v·nl .-?;: of cxygen to the first :"~'.ih!then1:a: refcrr.:e: 

•Jr upstream •A t~10:- autcthe:n:c1l reforrr;er m:x:rirJ p!c1:;t; 3r,d •J~ 

.4 01:e- er t'✓,.'\!-s-::age -:.rnwe:":,lnn p!:~1:t fo1· cor:'H:rti:":g ca:bcn l"':":l!lloxide ccnta:1:ed in tt:e Sf~-:.nnd :;yn-::he:;is- go:, ir:--::o c:":ltJ01: d:cxlde; :":nd er 

- /},r: e1pp;,:a::Js fer the sepc1:·e1~:Gr: of cc1:b;..1:1 diox:dt:>. whic:h is co;;t;,i:1ed :n ·:he BW;c:nd :~ynthe:~is g;::;:s, e1;;d -:-;: 

A system for s-2puratir:g i3 gas rni:<ture c-:F:1::11·1s:r.g ,:arbon r.-:cnox:de, c3rbcn d1oxido:: ar:d rn-2ti-:une fror.-: th-2 sec-:F:C~ syi-:ti-:esis gas, preforab!y by p1·essure swii-:g 

;::;:dsot·rf~ic:n; ;,r:d ;J: 

- /\:; :r:stc1na-t:cr. fc:· the ~in3! pun ~icc1ti-:..1:1 Gf the second syr:the.s1s gc1~:. prefe~c1~J!y LY{ methc1:;at1on er n:t~-:..190:-n sc~utibing. 

The ,;ic sep,;1·,;t1011 plCJPt is p;-efo1·,;bly d1mecs;,:,1·,ed s,:, thm :, pccd,Kes ei-,ou~h p,Fe oxyqec, ilS req,Hed :n ,he me,hed ,;,:cording,,:, the invention. Foe ernmple, the 

prodw/~ic:n of synthesis g;::;:s fo: ;!t: ;::;:r~;r~;rrnici p:;,:f: w::_f; f.l c:e1pw;ity Gf 36DD tpd ;equi:es- i:3 t / h of pL:re oxyg~n. 

·rhe ~:u!f:..;r c-:..1:11p•Junds .;_;an be ~:eparnted by O)rive:1t:oria! tr:et~K'lds k:K'lW:": tc t~vJse s~i:!ed ir: the art. For ex;;rr;p!e, the suif:_:r compound~: can be 3ds•JnJed or. !\cti\ra-ted 

cai·b-:F: or be separ3--::ed ,:11-: mo:e,::.ilar sio::ves or by ,:ata!yti,: hyd1·,:1gen3--:::cn of ti-:e organic sum.v ,:ornpo:..;r.ds and subsequo::Pt adsoi·pti•:11-: of the hydrogen ::u!fide foi·rn-2c~ or: 

i!it:G Gxide 

- ei:10:-n metF"stuf;ger: Ve:1i:•:hter :..;r.-:fas.send e:rie e:·ste Verdichtu:19sst:..;fe u:;d eine nach90:-schc1ltete :z.vve:te '/erd1cht:..;r.g.sstufe.: 

- M:t--::e! z:Jm OberfLlhren 1Jes -21·sto::11 Synti-:esegi:3::es i:3:.iS der .4nl~qe Z:.iP-: Abt1·0::p11er. do::s Gasg-21~:-:1schs :Jmtasso::Pd Koh!-2Ps--::otfr:-:011oxid, Koh!-2i-:stoff1Jioxid und 

Mt:>thf.lr: VGn de:·n HSt8:1 ~;yr:th8seg;::;:s l.:Jr 1-weitt:>:1 Verdi-:..;htu:1gss:.:_;f~: L:nd 

- o::ine .4r.!~qe zui· ubsch:1ef~end-2P Re:nigung de:: zwe:--::er. Syn--::heso::i::;ases, v,:11·zugswe:s-2 durch M-2ti-:u11:sio::ru11g, Ort..:c~we,:hse!-.4dsc,1·::1tio11 cder Sti,:kstcfh"J~::che, 

'.i1:d Mit--::e! ?.:Jr.: Obe:fLlhren des :~bs-ch!:e:?:er:d 9f:re:r:iute:": zwei-::er. Synthesf~gase:; z:..,:r e::;tf~1: Verd:c~1t'.i1:gsstufo. 

- A mu!t:-s·tage •:Gmpress•Jr compr:s::;g a fi:·st •:Gmpress:fJn stc190:- ar:d c1 dfJY11:E:tro:-am se•:Gnd <x1:71pro:-ssi-:..1:; s·tage; 

M-2~Ps for--::r3r.sfo1·rii-:i::; the first ::ynth-2s:s g~s from --::he ::1:an--:: for se::1~rnt1ng the qas mixture coi-:1::11·1s:r:g ,:urbon r.-:cnoxide, c3rbcn d1oxido:: ar:d rn-2ti-:u11e fror.-: the 

r:r:~t sy;;:_f;t:>sis g;,s tn ~ht:> se;_;Gnd c:n:·np;essin:1 st;,ge; ;,:1d 

.4 ::1!an--:: for --::he fv:a! purifo:m:or. of tho:: se,:,:1Pd sy-r:thesi::; g3s, prefernb!y by rne--::h3r.ati•:11\ press:Jre sw:ng udscrp--:::cn 01· Pi--::roger. scrubbing, 3r,d i-:1ear:s for 

t::"~:":S-fer:'[ng the fmaHy purififa! seco1:d sy1:thesi:; gos to the first -'.";l!l"':":pn::ssil!I"': st3[.!f~. 

A:1o~f;H ;,spect -:-;f the i;;venti-:..1;; rt:>!;!'~es :.G f.lr: cipp;,r;,tus fr:r the prGdw/~itrn Gf ;,rr::n-:-;:1ic1 fre:·n :~ynthesis g;::;:s c:;_1:·np;::~ir:9 the ir:\1~r:ti,1e ;,pp;!t·c11L:s (fosc; ibt:>d d1ev8 fo: ·:he 

::11·,:11Juc--:::cn ,:if synth-2s:s g~s and un arr.rr.onia reactoi·. 

The devi-:-;e oc-:-;l!l\![ng tc thf~ ir:'H:lltior: i:, suit:"~~J!e for ca:rf1:g cut thf~ p:\1ce:;:; acco1·d:ng --::o the [n'H~1:tlnn for -::he ~"J:--:-JdLic-:::or. -:-Jf :":l"':":l"':":l!ll:o .. 4 fu:--::he: :"~s-pect -:-Jf t~1f: :r:-../entior: 

~f;t:>rt:>fort:> :e!ci~es ·:-:-; '~he :_;se nf the ;,ppcirntuB ;,u';;_1;d:r:g ·:o '~he in,1e;;:_:Gn fo: ·:he p;;_1d:_;ctior: nf e1;~1;~1Gr:i;! i;; th8 prc:c~ss e1ce-:-;:din9 ~o th8 inv8r:'~inn f ;_1; ~h~ p:-:-;d::c:tio;; -:-;f 

elT,mon:a. 
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The invei-:tic-11 :s based c,p -::he 1 exernp;1tied .. 4 ::1ersor. s~:n-2c~ :r: th-2 art wm reccgnize thi3t, :r: tho:: caso:: of a d-2v:c-2 acccrdii-:i::; to -::he iPventic-1\ it is r:ct i:31:isa:t..:te!y r:e,:essi31·y 

f;._1; ;:;:H H:e :rr:r:1ged fe;:;:turt:>s tn b~ :e;!!:i!ed sirr:u!'~;!r:eo:_;s:y. 

·i Bchet::fltk-:r:1!:y i!!uB:_;;::;::.~s 8 d~1rk-:~ f.lc:c:ording '~c: the i:1ver:tk";:1 er the i:1ver:n1re ;~1t:>th!";d for ·:he p;odue·::or: ;Jf ;::;:r~;r~;cn:;! frc:t:: :1;::;::_:_;r;,! 9c1B (C ,1 H /..r, + /.. ). n;t:> r.81L:rcd gr:1s ::~ 

pr-:ferab:y ~ir~;-t freed frctr: the C /..+ f~;::;:r.:tior. a;;rJ ap·t:cr:aBy :;; a de~:u!f~Kizc1t:•Jri p:cF1t ( -':,) desulf:)r:zes_ !3ubseq:)er.,-dy, a fFBt na-t~K3! gas fk-:i.-1; '-'i;::;: !ir:e (;::;:) to a c-:.1:11p~esscr ( 

·i 7. }, whz:--zin tt:e r.atu:a! gas t-:-J tt:e ope:at::-:g pres:,Lire of -::he f:1·:;t a:..1-::0-::herr.-:al 1·efr!1·:-:1f:r ( 1 ) :s cnn1pres:,ed, Behi1:d -::he ,:-;(!1:-:p:,ess-:-J:" ( ·i 7.} the n:~t:J:":":! ga:; strea:---:1 i:, 

pt·efo:·cib:y n:iY.ed with 1,,v;::;:tt:>r ,1c1po; r:1nd H:e ;~1:x·:::t·e ;..-:Gr~;prfsing r:r:1t:Jrf.l: g;::;:s ;!nd '✓,t;!tervr:1por is :_f;e fo·st cl:_;:_G:.f;t:>rrr:r:1l refr1tT::e:· ( 1 ). A;; r:1it· s-epr:1rr:1tio:: p:r:1nt ( h) p:·efo;clb!y 

provic~es p~1·0:: oxyge:---: or o:i0,rg-2p-e:---:r:cho::d 3ir, which is also ti-:e first aut,:iti-:e:T:-:al reformer ( 1 J is su::1pl:ed. The r.-:ixing cf n~t~1·ul gas and vvater v~por c3r. ~!ternm:vo::ly ;p 

tf;t:> fo·st ciutotf;Hr~;;,l t·efr:t·mer ( 1 ) or <.,a;tside :_f;t:> fo·st c1uto:.f;t:>rr~;r:1l refr:t·mer ( 1 ) :n :i:1~ (e} !"Jr in;::;: rirs-: cwt;..1ther;~1;::;:! refr;rrnet· (-: ) upstrt:>r:1m t::ixir1g p!;::;:nt do::e Ace!"Jrding 

,;_; 1 eirst, tbe mixing cftlie nrs·t natu:a: 9as c:trf'arn ,v:tb "''"'er vapc: '" l:ne (;:) and the" the add1t1an cf cxyge:1 in the :"rrst actcthe:rna: reforr,,er ( 1 ). 

The ~utotherm3! 1·-2foi-rr.ii-:i:; :r. th-2 tirs-:: autcth-21·1-:1~! reformer ( ~ ) prcvides cl first syn-::hesis gas, which is preferao;y in the he~t exci-:unger ( ~3 J ~Pd-::hen v:a ;1ne (d} cf a 

p!f.l::'~ ( 1~) :s suppVied t;..1 sepc1:·c1te CG, CO 2 ;!nd C:H,:, wherein th~ sep;::;:rr:1t!Gr1 c:f CD. C:C 2 ;::;:rid CH:: ;s p;efer;::;:b!y cr:1rrled eut by p:·eBs:Jre Bwing r:1dsc:t·rf~ien. ·n1e thuB p:Jrified 

-~rst By::H:eBls gel:~. which f;;,s c1:1 ir1crecl:~ed co;;:_H1t of hydroger1, i.ric1 Hne (e), prt:>ferf.lb!y without furthH tr~r:1trr:e::'~, opt!Gr1;!!!y c1Het· t::ixir1g with '~he ;equired fr:r the 

3tr:tr:c:1;a syrithesi~: amount •A •:Gmpres.so:-d ::itrcge:;, di:·e•:t compre.s~:io:: .st;::;:ge ( 11 ), wh;•:h prefe:·a~Jiy forms t~10:- sec•Jrid staff: Gf a r.-:uh;-stage -:.-:ompres.s•J~, w~;1ch 

cc:no:"i:;es th!"~ upstre,vn first ccrr.pre:;s:cn :;tage ( ·! Q) and -::he d(!l.,vr.:;t:·!"~:":11: se-:-;(!l"':d cc:n(J:"!"~ssicn stage ( ·1 ·i }. Fra:---:1 -::he seccnd eo:---:1pre:;:;ia:n: k:ve! ( 11 ), th!"~ fi:'St 

:.:ynthes:s g;::;:s is added t•J the atr:mc:1;a react-:.v ( 3) 

":"he /~:v;ex tc..::.) sepa:·~ted g3.s ;711xt~re -:.-:orr;prising cc:, CO~ 3r:d C:H 4 1s via !j;;es (f) a::d (9) the campre.s~:fJr ( 14 ), whic~; is the sec•J;;rJ autcthe~m~; refrxrr;er ( 2) i.s 

cc:1:-:ec-::ed :J~-Jstrea:---:1" lt :s prefera~J;y fir:;t 1:-:lxed w:th :~ sec•.Y:c: n3-::ura! gas :,t:·!"~an:, wh:ch :s intrcd:Jo:.ed \/[a H:-:e (b}. The :-n[x:::..,:re -:-Jf t~1f: seco1:d :n:atural gas :,t:·!"~arn 3r,d t~1e 

gas mixture cc:11p~;~:i::g CC, C:O 2 and CH 4 ;~: ·ther: ;ri ·the O)rr;pres.s-:.v ( 1..::.) tfJ ·the -:.1po:-rating p:·e~:s~re -:.1f t~l':" sec•Jrid 3L:tcthe~:11~! reformer ( 2) c•Ji7lpacted. S;)bsequo:-rit!y, 

w;::;:ter vap•J~ ;s addo:-d ta the ;71;x-t:.Ke. H•Ji7l the c-:.1;71pro:-sscr ( 1.-1. ), the g~s mixtu~-:-, pc.ssib!y after prehe;::;:t;ng, t~10:- seoJrid 3utcthe~:11~! reformer ( 2 ). Air -:.F· -:.1xy9eri er:r:c~;ed 

3ir is :n_:(:e-::ed i:-:to the c-:-J:-n~xf:sscr ( ·! 5) to the cp!"~1·t:t:11g pre:,s:..1re cf the sec-:-Jnd a:..,:-::o-::he:rr.al reh!ri:-:e:, { ·z) and alsc t~1f: se-:-;01:d 3utcth!"~:·rn:~! :'etan1:er ( 2 )- Pure (!'.<'/9f:11 

f:·c:11 t~1e air .so:-parat:cn p!a::t ( 6) via !;rie (s) di~er.:t!y t-:.1 t~;e se•:Gnd aut-:.1t~1-:-r;71a! reformer ( '2) ~;;rJ / or the a;~ ;n frGnt of-the -:.-:ompres.s•J~ ( 1 '.:,).":"he ;711xin9 of na-t:.K3! 9;::;:s, 

gos mixture ccmp:-:sing CO, CO 2 end c;s ,: , and ,;mer v,;por can ,;lterna,:vely :11 ,he seccnd ,;utotherrnal :·do:·rne:· ( 2) or aurnide the second CJctc,therma: cefcrrnec ( 2) 111 

:in-:: {IT:) or ::n: i:3 second a~-::o-::herrr.al refc•IT:-:er { 2) ~psti·-2~1T: m:>:iPg p!ai-:t c~one . .4c,:c-rc~ing tc 1 F:rs-::, tho:: m:>:iPg of-::he ::eccnd Patura: g~s streai-:1, gas p-:ixtt..:re ,:ornprising 

C:O, CG 2 f.l::d C:H 11 , ;!tKi s:.~r:1rn in :ir1e (9) cl;;d then the r:1dditk1;; Gf r:1it· i:1t;..1 :_f;e secGr1d c1ut;..1th~rr~;r:1! t·efot·mer ( ✓- ). :f :_f;t:> sep;::;:rr:1tl!"Jr1 iB i:: /},nneY. ( f..:.) by pres-Burt:> swir19 

~dscrp-:::cn, th:s is in .4p::10::11d:>: ( 4} sep~1-~ted gas IT:ixtt..:re ,:ompr:sii-:i:; CO, CO 2 and c;-:,:;. a-:: 3 w-2::st..:re wh:ci-: is u::ua:!y :r.s~mc:ent t•:1 bring it to ti-:e su,:t1on side of-::he 

ccrnw-2sscr ( ~4 J. !11 -::h:s case, 3r, i:3cWi-:::or.al cyde c-:F:1::11·0::sscr i:: preferably inst~lled (ii-: 1 :n:ct si-:own), whi,:h ccrr.pre::ses ti-:e se::1urnted ga:: m:>:tur-2 back t•:1 the pressLlre 

of :_f;t:> ::c1tu:·c1! gf.ls cl:. :_f;t:> p!cl;;:_ bG:J::dci:y. 

":"he ;::;:utGthet·rn;!! ;efo;n::;;g in the seco;;rj f.lL:h:the;:118: refr;rrr:er ( ✓-) pr{:vldes-;::;: secor:d syr:thesiB g;!s-, wh:ch iB preford:!y in th~ hec1t exd1cl;;ger ( ·i h) c1:1d the:: vlf.l !:;;t:' (h) 

of a ,:11-:e· cr-::w,:1"stage ,:c,nvei·sion pli:3i-:t ( 7) :s ::Llpp!io::d tor the c,:1Pvers;c,p ot CO. The CO is co:n:vo::rt-2c~ to CO 2 and H 1 with the addition cf H 2 0 ~Pd :r. this w~y th-2 

cGrf:ent ef H 2 r:1r1d CD;,_ :r: the .s~eo::d Bynthe:~is gel:~ is fu;the; ln!";t·ec1Bt:>d c1nd :_f;t:> GO <.x;::'~ent ::~ redL:c~d. /"\ftt:>r prefot·enticl: !";{:d:r:g in th~ hecit ~xd1cl;;ger ( ·i? ), :_f;t:> 

ce:r,.ret·ted .s~c!";::d By::'~heBls gel:~ is pr:1ssed 1ric1 li::e (i) of ;::;:r: in.stcl!!f.l'~i{:n ( :?,:_f;) fGr the t·en:{wr:1! ef CD;,_, prefornbly L:.s:ng s-u::.r:1b!e d:emic:cl: !"Jr physicci! so!vt:>rf:s (c:cl;bor: 

di!";xid~ sc::·ubblng). ":"f:e sec:;..1:1d sy:1:.f;t:>si.s gr:1s, whid: :'!{:w eontc1i;;s o::!y residur:1! c1:1w:_;r:ts of CO r:1r1d ether lrr:p:Jri'~ieB i:: c1ddlti!";r1 h: H 2 r:1nd !°"~;,_,is In ;!!1 '..Wer !:r:e (k) p!;::;:r:t 

( 9} s~bjo::cted tc ~ tin3! ::1ur1ticati-:F:, preferao;y by me-::han~tion, ::11·-2sst..:re ::wing adsorpti-:F: or N 2 su~bb::n:g. S~bsequ-2Pt!y, the fin~lly puritied ::eccnd syntho::s:s gus cf the 

first ,:c,p-:press;c,p s-::ag-2 ( 1 O) :n whici-: :-:: :s preccr.-:pressed 00::foi·-2 i-:: :s combin-2c~ with ti-:e first sy:n:-::hes1s gi:3:: s-::rearn ~nd -::he ::eccnd compression sti:3ge ( 11 :i is st..:ppl1ed 

f:·e:11 i.-\1hicf; i·: c1Het· c:;..1;~1pr~ssk1;; tG the ci;~,;~,or:if.l reclctGr ( 3) is s:Jpp!:~d. 

2 .sd1er.-:ati-:.-:a!:y il!u.st~;::;:to:-s a fu:the:· p~o:-fo:-rro:-d ,_,a~;;::;:rit acc•J~d;rirJ to the 1nve;;t1Gn cf the de'-'i-:.-:e or the ;710:-thfJd ac•:Grdi::g tc t~10:- :r:verrt:or: fer the prodLlctic:1 of amma::ia 

trom :n:atural gas. un;1ke ti-:e :r. 1 il:usti·i:3to::c~ er.-:bcdiP-:en-::, th-2 cor.verto::c~ se-:i:,pd synthesi:: g3s ufto::r preforer.tia; coc!ii-:i:; :r. th-2 heat -2xchai-:i:;er { 17 :i via :in-:: {i} at 3 pl~nt { 

1 C:} is :~upp!i~d t!"J s-epr:1rr:1te CD, CC;,_ ;::;:r:d GH 4, whe:·e:n ·:he Bt:'fJ;!t";!tie:1 Gf CG, CO 2 ;!nd C:H,: :s prefot·d:!y cci:ried G:J: by r;rt:>ss-u;e sw:r:g c1tiBGrp:_:Gn. rhe sec:;..1;;d sy;;:_f;t:>si.s 

gus pui·if;ed in ti-:1s Viel;/ is pt..:rif1-2c~ vii:3 l:r.e (:), preferably w1th0Ll-:: tLlrther-::re3-::r.-:ent, :t 3pprcpri~to:: atter m:xing with the i:31-:1,:1u11t at ccrr.pre::sed i-:1t1-c,qe:n: required for-::he 

;!t1:n:e:1:r:1 syr:thesi:~. tfoect!y :r: the fo·.st C!";rnpres-Bl!°;r1 s-tclgt:> ( ·1 D ). 

3 scho:-rr;atica!;y rnustr3te.s a further preferred vari3r:t ~•:cordir:9 t•J the i:we::tic:1 of t~;e device •Jr t~;e methcd aGccrdi;;g tfJ ·the ;rivem;•Jri for the prcdu•:t1Gn cf a:1v1w;;1a 

frcrn i-:utural gi:3::. Un:ir.:e-::he ;p 1 and 2 :!l~strated ernl:1,:11Jimer.ts, the fvst synth-2s:s gus is preter3b!y :r. tho:: heat -2:<chi:31-:i:;er ( 13 :i and the:n: via !ii-:e (d) ot 3 rn-2p-:l:,rn11e 

sepr:1rr:1ti!"J:'! plr:1nt ( ·1 ·i ) fot· s-epr:1rf.l·:i::9 C:O c1nd CO?. !nth~ rnet::brn:1~ sepcl;;::;::_:rrn p!cl;;:_ ( ·: ·! ). the eoo!ed rirs-: synthes-::~ g;!s- ls .s~pr:1rf.l·:ed :;;tG f.l hydmgen cl;;rj rne'~hc1:1~-

~nrid:ed rt:>te::'~;!'~e B:_;~;,rr: ;!nd;::;: co ;::;:r:d GO 2 -e;;r:ched pt:>rr~;ef.l·:e B:_;e;,rr:. ":"f:e pt:>rrr:e;!'~e B:_;~;,rn is sent vlr:1 !i;;t:> (f) :.o the s-ucti!";r1 .s:de {:f 'd:e cGrnpres-BGr ( ·: 4 ). ":"f:e 

pres::ure svv::n:g ~1Jsorp-:::or.. The exhaLlst g~s \~._1i-:1ch ;::; :r. .4r.age { 4) is sepi:3i-i:3to::1J, c,:11-:tuins ::11·0::1Jom::n:antly r.-:ethi:3i-:e, w-2v:cus!y n,:1t 1Jeposit-21J co ~Pd co 2 and in si-:1~n 

,::uan-:::-:::es a:so ~ 2 . 
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Urea Prod11ct Expansion by Newly 
l)eveloped CO2 Recovery .Process from 

Primary Reformer Flue G-as 

Urea production of 11()% lws been e::....:panded by the newly developed CO2 recove1:;• process from 
Primt1ry Reformer flue gas in ammonia pltmt. 

Kml.mi E'lectric Pmver Co. INC aml 1'Pvlitsubishi Heavy Industries, Ltd. have been collaborating on the 
development of the flue gas recoveJ'}' technology since l 990, The first commercial plant for flue gas 
CO2 recovery wdng the new(v developed solvent (f{S-1) has been operating commercially in j'jifalay,,;ia 
since October 1999. KS-1 solvent has been developed.for low partial pressure of carbon diadde such 
as the.flue gas <?.ftheprim,iry N,:{ormer, auxiliary boiler, gas tm·bine and so on. 

In the 11-Jalay,;ian ammonia and urea comp/et: plant, 11.mmonia production was not balancer! with CO2 

production due to tile natural gas source with the rich m,etlume. Therefore, the urea production was 
Hmited hy the slwnage of C(h production and the exce.\'s amnwnia was accunrulated in the storage 
tank or purge ga.,; and t!te i::xcess syn-ga_ri wtts fired 11s reformer fuel. Petronai fertilizer (KEDAH) 
SThV. BHD. Company lwd decided to install the newly developed C(h recovery syste,m Ji·om the 
n:former flue ga,\' to increm,e the urea production and to bal,mce the amnwnia production li)ith the C(h 
production, increasing urea capt1city from 1 lWO MTPD to over 2000 j.JTPJJ. 

JJy applying titls new technology, it is possible to match the ammonia production with CO2 production 
for the full conversion to the granule urea product with recovery of the carbon dioxide front the flue 
gas independent <?{ the natural gus smu·ce that is supplied. As d result, the heavier comptments of 
ethane, prop,me, butane will be extracted from the natural gas source at the upstream plant ruul the 
extracted gas will be used separately for the ethyle11e plants and propane supp(v, with the remaining 
natural gas containing the rich methane being supplied to tltefertiliztir dnd methdmJl plants. 

This new technology will reduce the ejjluent CO2 in tlwjlue gas from the prirnary nformer and help 
the Kyoto Protocol for reducing CO2 t:ffluent gas. 

Ryota Shimura 
Mitsubishi Heavy Industries, LTD 

Co-Author. Petronas Fertilizer (Kedah) Sdn Bhd 

Introduction foed. It is expected that the trend of using natural 
gas for the ammonia and methanol plants will 
steadily increase. 

2006 

atural gas has been the pnmary feed 
source of the synthesis gas in ammonia 
and methanol plants opposed to naphtha 

237 

Usually ammonia produced in an ammonia plant is 
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converted to i•ranular urea with the carbon dioxide . Q ... 

which is also produced in the ammonia plant 

In case of using the natural gas feed source in the 
ammonia and urea comp1ex plant, an excess of 
ammoma 1s normally produced smce more 
ammonia is produced than carbon dioxide. 

Therefore, the reformed hydrogen gas from the 
ammonia plant is used for the primary reforrner 
fuel to prevent the excess ammonia production in 
natural gas feed plant. The excess ammoma can be 
converted to urea prnduct if CO2 gas is imported 
from the outside. 

In this paper, it is mentioned thai the urea 
production can be enhanced by the recovered C01 

from the pnmary reformer flue gas of the ammonia 
plant usi 11g natural gas as feed source. 

The new developed CO2 recovery solvent (KS- l) 
is suitable for recovering the CO2 gas from the 
reformer flue gas. 

Conventional Ammonia Plant 

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

Reforn1ing 
(Prinmry/2ndary) 

AMMONIA TECHNICAL MANUAL 

C01 
Removal 

However, it is not feasible to install ammonia 
export facilities such as the ammonia loading or 
the ammonia storage bottling because of the small 
quantity of the excess an1monia productjon. 

Therefore, the purge gas extracted from the 
synthesis loop is sent to the ammonia recovery 
unit and only ammonia is recovered from the 
purge gas and the remaining purge gas including 
methane, nitrogen and extensive quan tiiies of 
hydrogen is used for the reformer fuel in order to 
treat the excess hydrogen. 

In case that excess ammonia is still being 
produced evt.'.!l when the purge gas including 
hydrogen is used for the reforrner fuel, the excess 
synthesis gas is withdrawn from the outlet of 
methanator and then fired in the reformer ·vvith the 
purge gas until the CO2 product is matched \x;ith 
the ammonia product for the urea pbnt 

This results in the front end facilities such as 
primary, secondary reformer, reactors, waste heat 
facilities and CO2 removal facilities increasing in 
capacity compared to the synthesis loop facilities 
and also the higher energy corrnumption due to 
firing the hydrogen reformed from natural gas. 

Me,hanator Co1npr,e-s5io11 
Synthe~is 

Refrigerntjan 

Purge Gas i-.h/CH,.rN; 

ARU • Ammonia Recovery Unit 
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1n addition, the product ammonia 1s stored in 
ammonia storage tank during stoppage of urea 
plant. It is difficult to convert the stored ammonia 
in the tank to urea product in normal operating 
condition because of the lack of CO2, 

In order to convert the ammonia in the ammonia 
storage tmk to urea product, it is required to 
reduce the synthesis loop load with the normal 
front end operation and vent the excess syn-gas to 
flare upstream of the synthesis loop in order to 
produce the necessary CO2 gas, (See Figure- l) 

Advanced Ammonia and Urea Complex 
Plant with Flue Gas CO2 Recovery 

The excess ammonia can be converted to urea 
product by importing CO2 gas from the outside of 
plant and the hydrogen gas from the synthesis 
purge gas can be recycled to the suction of the 
syn-gas compressor. However, it is very rare to 
have a CO2 gas supply plant near the ammonia and 
urea complex plnnt. 

It is considered that CO2 gas is extracted from the 
flue gas of the pnmary reformer in ammonia 

Refoimer 
Flue G2s 

CO2 Recovery 
(KS-1) 

co, 

co, 

plant by the chemical absorption and the recovered 
CO2 gas and excess ammonia is converted to un.,a 
product. 

However, the conventional solvent is not suitable 
for absorbing the CO2 gas from the flue gas m the 
primmy reformer due to the low partial pressure of 
CO2 in flue gas and the high energy consumption 
for the CO2 regeneration. 

Also, the degradation of amine m the CO2 

recoveiy system. higher amine consumption and 
conosio:n trouble have been reported using 
conventional solvent like mono-ethanolamine, 

Therefore, it is necessary to develop the new 
solvent for recovering the CO2 gas in the ref()nrier 
flue gas It is found that the new C01 recovery 
solvent (KS-1) developed by Kansai Electric 
Power Company and Mitsubishi Heavy Industries, 
Ltd, is suitable for recovering CO2 gas from the 
reformer flue gas. 

The flow scheme of the advanced ammonia and 
urea complex plant with the CO2 recovery process 
from the flue gas in the primary reformer is shown 
in figure-2, This nevv developed scheme solves 
the problem of rhe shortfall of CO2 gas and the 
excess ammonia production 

__ Corn_prcssiofl 

Recycle J-h 

co, 

~TI; 
Synthesis 

R:::frigerarion 

.ARU: .Arnmonia Recovery Unit 
HGRU Hydrogen Recovery Unit 

F'igu,e 2. Advanced Ammonia & Urea Complex Plant with _Flue Gas CO2 Recovery 
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New CO2 Recovery System 

CO2 absorption from the bmlcr flue gas or the gas 
turbine exhausl gas in the po"ver plants by the 
chemical absorption methods requires the high 
enerov for the rel!eneration of the absorbents 
cont~ining CO2 b,ecau::;e of foe lmv partial 
pressure of CO2 in the flue gas. 

Kansai ElecLric Pm,ver Company and J\,fasubishi 
Heavy Industries, Ltd. have been collaborating on 
the development of flue gas CO2 recovery 
technology since 1990 which is named Kansai 
.Mitsubishi Carbon Dioxide Recovery (KMCDR) 
process. 

A cornprehens ive range of available amines were 
examined and tested, with the ne,v advanced 
KS-1 solvent developed without toxic, 
dran1atically irnproving C~()2 absorbency, 
regerieratton and low degradabili1y 

This CO, recovery system is suitable for 
absorbing the low partial pressure of CO2 gas 
such as the boiler flue gas and the gas turbine 

Flm:G...1s 
Co(•ler 

Flue Gas 

exhaust gas. This new developed solvent is being 
named KS-1 solvent 

The ]\.{UI advanced CO2 removal system offers 
comprehensive advancements m process 
configuration and energy efficiencies OVf.'.r 

conventional systems. 

Extracted flue gas is cooled down from 200 degC 
to 40-50 degC through the 11ue gas cooler and the 
exhaust cooled gas flows to the CO2 absorber and 
tbe CO2 gas in the flue gas is absorbed by KS-1 
solvent in the CO2 absorber wlule the re.maining 
gas is exhausted from the top of the CO2 absorber 
to atmosphere. 

KS-1 solution absorbing CO2 is pumped up to the 
C(h regenerator and C()] is regenerated by the 
steam reboiJer at the bottom of the regenerator, 
The regenerated CO, product gas is cooled down 
at the overhead cooler at the top of regenerator 
flmving to the user such as urea plant, methanol 
plant and CO, gas plant (See Figure -31 

co, 
Purity: '99,9 •;;;) 

Pigun, 3. Plue Gas CO2 Recovery System 
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Application of CO2 Recovery Process 
from Flue Gas to Ammonia & Urea 
Complex Plant 

Recently, it is requested to study that the source of 
the ammonia and urea complex plant is changed 
from naphtha to natural gas feed to improve the 
energy consumption by the m,v:ner of the fe1iilizer 
plant and a few projects have reached engmeering 
stage. 

In this study using the natural gas feed, the 
excess ammonia \viii be produced because of the 
lack of CO2 production. 

A conventional counter measure of CO 2 gas 
shortfall is that excess natural gas is reformed in 
the primary reformer in order to produce CO2 gas 
matched with the urea production as described 
the above. 

Alternative way is that the necessary CO2 gas for 
urea production is recovered from the flue gas of 

NG 
RdotFling 

(Prin,ary/2ndary) 
co, 

R~mGvo.l 

i 

primary reformer. 

Tbe study result of both cases is shown as follows. 

The natural gas condition is similar to the gas 
source supplied from the liquid natural gas plant. 

Natural gas source: 
CHi: 98%, C2H6: 1'%, C\Hs: (\S~o, N2: 0.5% 

Production. 
Ammonia 1350 MTPD, Urea 2380 J\HPD 

CO2 gas is needed to 1750 MTPD for the full 
conversion of the ammonia product to urea plant 
ioclud ing the CO2 gas Joss in urea plant. 

The above natural gas leads the lack of CO: 
because of methane rich m the natural gas. Wluch 
means excess hydrogen is produced from the 
natural gas for the necessity of CO2 gas and is used 
as the primary reformer fuel. (See Figure-4). 

CO,.1770Y'vITPD 

Capacity IncF;;'ase . F1ont-End rHDS to I\1ethauatorl 1490 IviTPD J\11, =-- 110~,;) of 1350 I\1TPD 

Back-End (Con;_µr~ssJon to NH3 Synthc:sis & R~ftig;;;:1:0ti_on) 1350 JvfTPD 

ARU Ammonia R.-;covery Unit 

I?i.gure 4. Larger I'rona-Eml Capacity Case 

Alternatively in case of ins!21llation of ihe nevi 
CO2 recovery system at the reformer stack, the 
necessary CO2 gas of 160 1\;1TFD is extracted from 
the flue gas in ihe primary rnformer. 

The CO: gas is mixed with the other CO2 ga:,. from 
ammonia plant and the mixed CO2 gas is used as 
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Lhe source of ibe urea prnduct. As a result, it is not 
necessary to fire the excess syn-gas in the reformer 
and the hydrogen in the purge gas is recovered by 
the additional hydrogen recovery unit at the omlet 
of the ammonia recovery unit and the recovered 
hydrogen is recycled by the suct;on of the syn-gas 
compressor. (See Figure-5) 
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The new flue gas CO2 recovery system reduces the 
consumption of the process natural gas by 10 '%. It 
means that the front-end facilities such as primary 
and secondary reformer, 1eaciors, the waste heat 
facilities and CO2 removal facilities can be 
reduced to 90~o or the ammonia and urea 
production can increase to 11 Qt:,;_, if the ammonia 
synthesis system and urea & granulation plant 
have enough margin. 

Considering the utility consumption in the flue gas 
C(h recovery plant such as the electricity of the 
flue gas blower, additional cooling water and 1.he 
regeneration steam, the total unit energy 
consumption of ammonia plant reduces by -0. l l 

t 
CO; R,;(;('V!~t'Y 

(KS-ll 
CQ, 160I\,1TPD 

Gcal/MT -1\il-h (LHV Base) because of reducing the 
consumption of process natural gas dramatically. 
(See Table-1) 

ln addition, if this CO2 recovery plant is installed 
m a methanol plaot, the extracted C(h from the 
fiue gas in the steam reformer is mixed to p10cess 
natural gas or the synthesis gas and then methanol 
productt0n can increases to 110 -- l 20% because 
CO and CO;, gas is ihe source of the methanol. 
The unit operations energy consumption is the 
same as tbe onginal methanol plant eve□ thougb 
the utility consumption of CO2 recovery system 
and the CO2 booster compressor is considered. 

R:::fci_,_Ynet I 
:Flm: Cas CO, l6!0JVHPD 

RefomJing 
(Pri1rnuy/2ndary i 

CD) 
Hemcvnl 

Mcthanator 

Additional CO; Recovery U,,,, (1601\HPD) &. HGRU 
(P,ugc Ga, Recovery L ttil) foi l 350 ,\1TPD NH-, 

Corr-pre ~siort 

ARU: Ammonia RecO\et;, Unit 
HGRU: Hydrogen Recovery Unit 

Table L Comparison of Energy Commrn1Jtion 

[ Gcal/MT-Nl-I3] 

Larger Front-End CO2 Recovery 

Process NG Base -- 0.549 

Fuel NG Base + 0.316 

E 
., 

Base + 0.124 xport ~team 
---

Total Base - 0.109 

AMMONIA TECHNICAL MANUAL 242 2006 

490 Topsoe, Inc. – EX1003 
Page 490 of 1210



First Commercial CO2 Recovery Plant 

The first commercial flue gas CO2 recovery plant 
using KS-1 solvent for the ammonia and urea 
compiex plam has been constructed in Petronas 
Fertilizer (Kedah) Sdn Bhd in Malaysia. 

Petronas Fertilizer (Kedah) Sdn Bhd (PFK) has a 
complex for ammonia (1350 MTPD), urea (1750 
MTPD), methanol (200 J'vfTPD) and urea 
formaldehyde (17 MTPD) at Kedah in Malaysia. 
This plant has urea bagging and hancllmg 
facilities and also ammonia export facilities 
including ammonia bottling, truck loading and 
rail loadmg. Therefore, the excess ammonia can 
be treated through these export facilities. 

At first, PFK de:-.igned larger front~end facility in 
the ammonia plant in order to produce CO2 gas 
matched with the ammonia production in case of 
supplying methane rich gas. 

,1\Joreover, considering the risk of stopping the 
ammonia export facilities by the unexpected plant 
stoppages in future, PFK continued to study the 
way of the treatment of the excess ammonia in the 
unexpected accrdental conditions and finally 
decided not only to increase the front-end 
capacity but also to mstall the nevv CO 1 removal 
system which extracts 160 MTPD (Max. 200 
MTPD) CO2 gas from the prtmary reformer flue 
gas in ammonia plant. 

ln addition, PFK also made the decision of 
designing enough margm of the urea and 
granulation capacity considering the additional 
facility of CO2 recovery system. This CO2 
recovery system leads to the full conversion of 
ammonia product to urea product and can treat the 
stored ammonia in the ammonia storage tank in 
any operating case. As a result. operating 
flexibility increases significantly in this plant. 

In the PFK plant, CO2. gas recovered from the flue 
gas of the steam reformer in the ammonia plant is 
nuxcd \vith ihe other C(h product from the 
Benfield systern in the arnmonia plant and delivered 
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by suction of the CO2 Compressor in the urea plant 
and then it is used for the source of the granule urea. 

This CO:, recovery plant leads the urea product 
expansion from 1800 MTPD to 2000 MTPD. The 
~1 r'O l • 2"rt, t ue gas ~- 2 recovery p ant stmted on \/ 
October, 1999 and has operated continuously. 
Excellent performance of the process in terms of 
low steam consumption, very low solvent Joss has 
been confirmed comparing the conventional 
solvent. 

]\.,fain operation parameters of the flue gas CO2 
recovery plant are as follows: 

- CO2 Puri1y ................... .l:VIore than 99 9 vol% (D1y 
ba5e). Impurities are nitrogen and oxygen 

- CO2 Recovery Ratio ..... 90 % ;it nonnal operation, 
howeYer more than 97 %CO2 recmery was 
auained by iucreasrng s1eam consumption 

- Steam Consumption ....... LS ton low pn,ssure steam 
(@1.5KiG) I ion CO2 recm.ered 

- Amine Loss .................... 0.35 kgiton CO2 Recovered 
(See figure -6, Table-2 and Table-:\) 

Table 2. Design Cm:uHHons of Flue Gas 
CCh Recovery Plant 

- Flue Cras Source Steam Reformer Flue Gas 
- Flue Gas Flow Rate 47,000 Nm3/H 
- Flue Gas Temperature l 68·0c 
- Flue Gas Composition 

N1 

CO2 
02 
Ar 
!:LO 
SOx 
NOx: 

Total 
- CO2 Recovery 010 

(vol.%:i) 
67.79 

8.08 
0.85 
1.00 

22.28 
2.44(ppm) 

200 (ppm) 
100.00 
90'% 
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Table 3, Product CO2 Condition 

- CO2 Flow Rate 3,400Km3/H 
(l60MTPD) 
Max. 200 MTPD 

- Recovered CO2 Pressure 0.55Bar Gnuge 
- CO2 Punty 1\fore than 99.9 vol.~o 

(Dry Base) 

_Figure 6. CO2 llecovery Plant 
in Petronas FerWizer (Keda) Sun. mu:t 

This advanced developed CO2 recovery system 
helps to a balance of the ammonia production and 

AMMONiA TECHNICAL MANUAL 244 

the urea product1011 with natural gas as source. 

Tb is system can also recover the necessary CO2 
gas for treating the stored ammonia in the storage 
tank from the reformer flue gas. Which means the 
excess urea product can be produced from the 
stored ammonia in normal operating condi!ion if 
the urea and granulation plant has excess margin. 

This advanced system has been operating al 
Petro nus Fertilizer in Malaysia since 1999 and in 
Japan for CO2 product from 2005. 

Two expansion urea projects are at construction 
stage in lndta and one expansion urea proJect is at 
engineering stage m Middle East with another at 
feasibility study stage with results highlighting 
considerable expansion potential for methanol 
gross. 

The application of the new r'.02 recovery system 
to the EOR (enhanced oil recovery) are also being 
studied, where the recovered CO2 gas from the 
power plant is injected in the oil 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 arc 
supplied to the ethylene plant, chemical plant, and 
propane gas plant with remaining natural gas 
containing nch methane 1s supplied to the 
fertilizer and methanol plant At this tirne, this 
newly developed CO2 recovery system helps the 
fertilizer and methanol plants (See Figure-7) 

Tn addition, this advanced technology can reduce 
ef11uent CO2 gas to 90% in the flue gas from. the 
primary reformer in ammonia and methanol plant 
and helps the Kyoto Protocol for reducmg C(h 
effluent gas. 
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ABSTRACT 

The autotherrnal 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 multitude of tubes the autothermal 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 H2:CO 
ratios. 

Numerous A TRs are in operation worldwide. However, most of them operate as sec­
ondary reformers in ammonia and methanol plants in collaboration with steam re­
formers. Only a few true stand alone ATRs !1ave 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 ttm ATR is the best choice, have not been 
built in large numbers as yet. 

A compre!1ensive 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 waste heat than the SMR for process rnedia preheating 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-to­
capacity relationships of SMRs and air separation plants. 

Uhde established an ATR development pro~Jramme some years ago. A pilot plant has 
been built and is in operation since June 2009. There the applicability and robustness 
or the Uhde ATR concept is being validated. 

The paper describes the pilot plant concept, its main design features, experiences 
rnade during erection and commissioning and outlines the extensive test program. 
Also, an ATR based ammonia process flowsheet is presented. Finally, an economic 
comparison between a conventional SMR-based ammonia plant with an ATR-based 
plant for a large capacity is discussed. 

page 2 of 20 496 Topsoe, Inc. – EX1003 
Page 496 of 1210



Uhde 

INTRODUCTION 

Gas mixtures composed mainly of hydrogen and carbon monoxide are commonly 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 syngas composition. 

Table 1: Synthesis gas composition requirements of downstream processes 

ammonia 

methanol 

hydrogen 

gas-to-liquids 

(H2 + CO) / N2 ~ 3.0 

(H2 - CO2)/ (CO+ CO2)~ 2.0 

max. H2 content 

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 to force the desired reactions 
can be effected via heat transfer through surrounding walls or by internal (autother­
mal) heat generation through partial combustion of the process gas. 

A number of syngas generators are available, competing with each other for the dif­
ferent downstream processes. Table 2 names the most important syngas generator 
concepts and differentiates between externally and autotherrnally heated devices. 

As Table 2 illustrates, most of tile syngas generators operate on ilydrocarbons as 
feedstocks. The coke oven basically extracts the volatile hydrocarbon components 
from tile charged coal (dry distillation). It delivers a syngas composition not too differ­
ent from the steam reformer, albeit with a significantly higher hydrocarbon content. 
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Table 2: Synthesis gas generator types 

external heating 

stearn reformer 

coke oven 

autothermal (internal) heating 

autothermal reformer 

partial oxidation reactor 

gasifier 

natural gas, naphtha 

coal 

natural gas 

natural gas 

coal, petrol coke 

By nature, the syngas generators operating with autothermal heating have signifi­
cantly higher CO and CO2 contents in their syngases than the generators with exter­
nal heating, Le. much smaller H2: CO ratios. In syngas generators with external heat­
ing the carbon oxides are to be found in the tlue gases of the external heating. 

11 possibie gas compositions via 
CO conversion of the syn~ias 

1) 

steam reformer 

combined reforming 

ATR 

POX reactor ---------------- ----------------

1) gasifier 

0 1.0 2.0 3.0 4.0 

[H2] :[CO] 

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 feedstock. The hydrogen has to come entirely from cracked water mole-
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cules, which requires more energy compared to the cracking of hydrocarbons and 
hence is associated with higher CO and CO2 production. This is illustrated by the 
graph shown in Figure 1. The figure shows the individual ranges of H2: CO ratios in 
the syngases which can be provided by the various syngas generators. 

In general, matching 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 its own. 

• Ammonia synthesis 

The ammonia synthesis requires an H2: N2 ratio in the order of 3"0. Obviously, this 
could not be realized by a steam reforrner on its own. However, it can be met eas­
ily by combined reforming using an air blown secondary reformer. The version 
where the secondary reformer provides .iust the stoichiometric amount of nitrogen 
required in the synthesis has been the dominant syngas generation concept in 
ammonia plants for the last fifty years. 

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 capable of feeding an 
ammonia synthesis. It has to be operated with oxygen-enriched air or pure oxygen 
combined with a subsequent process step to introduce tile required amount of ni­
trogen. 

e Methanol synthesis 
Steam refonn1ng alone can not provide the syngas composition according to Table 
1 best suited to the requirements of the methanol synthesis" A quite substantial 
purge from the synthesis or other means, e.g. a pressure s1,•,.1ing absorption (PSA), 
are required to remove the surplus hydrogen. Pure autothermal reforming gener­
ates a syngas too low on hydrogen. requiring CO conversion and subsequent CO2 
removaL 

Again, combined reforming can generate the optimum gas composition for the 
methanol synthesis straight away, leading to a significantly better consumption 
figure tor the plant. Other advantages such as a smaller steam reformer size and a 
higher operating pressure in the syngas generation section are also associated 
with combined reforming. Hence, although requiring pure oxygen, combined re­
forming appears to be the superior alternative for larger plant capacities" 

111 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 partial 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 capacities in excess of 100,000 
Nm3/h, e.g. for heavy oil upgrader plants. remains to be seen. 
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e Gas-to-liquids 

As illustrated by Fig. i the ATR is the syngas generator best suited to Fischer­
Tropsch (FT-) syntheses as it provides the required gas composition straight 
away. Besides using pure oxygen it is technically feasible to operate the ATR on 
plain air and feed the nitrogen containin~J syn~Jas to the FT-synthesis. However, 
tl1is obviously increases the flowrates in the entire process considerably and does 
not seem to be the most economic solution. 

This brief excursion into the basics of syngas production shows that autothermal re-· 
forming has already been an established element of synthesis gas production for 
quite some time. it nevertl1eless wants to draw attention to the fact that - with the ex­
ception of the stand-alone ATR in GTL plants - all other autothermal reformers so tar 
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 tor these secondary 
reformers are also quite high. 

Both the presence of considerable amounts of t1ydrogen 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, operating experience gained with secondary 
reformers can not really be considered as a reliable basis for the design of "pure" ATR 
applications. 

Recent years have brought a renewed interest in ATR based synthesis gas genera­
tion for ammonia plants. This is closely linked to further increases in plant capacity 
well beyond today's maximum of 3,300 mtpd realized by Uhde in the SAFCO IV and 
fv1a'aden ammonia plants. As mentioned above in context with methanol plants, 
steam reformers are coming closer to their technical limits in this capacity range. The 
ATR technology appears to 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 

Flowsheet options 

An autothermal reformer can be operated with the entire range of oxidator composi­
tions between plain air and pure oxygen. The arnount of oxygen 1Nhict1 has to be pro­
vided by the oxidator is defined by the required reforming heat duty. It does not de­
pend significantly on the overall oxidator composition. The process steps required 
downstream of the ATR for syngas preparation are however closely linked to the oxi­
dator composition. Below, the consequences of the three most important oxidator 
compositions plain air, oxygen-enriched air with stoichiometric nitrogen content and 
pure oxygen on the process configurations as well as on equiprnent sizes are dis­
cussed briefly. 

Fig. 2 contains simplified block flow diagrams of the process variations. Obviously, the 
numbers of process units are not significantly different between the three concepts. 
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Option i - plain air as oxidator 

natura! gas 

Option 2 - oxygen enriched air as oxidator 

stearn 

naturai gas CO con-
• ven,,ion. 

oxygen -'- r,itrorJen 

Option i - pure oxygen as oxidator 

steam 

natural gas co,. 
removal 

waste gas 

steam 

purgaga~ 
~-------< trBatmMt 

steam 

t i i oxygen 

: >------------------~ liquid nitrogen 
air __ ___,~,., a~;:~f· 1 _ 

Fig. 2: Flowsheet options of ATR~based ammonia plants 

arnrnonia 

arnmonia 

arnrnonia 
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• Option 1 - plain air 

Using plain air results in a large nitrogen surplus in the syngas. Hence, a cryo­
~Jenic unit is required to extract the excessive nitrogen upstrearn of the syngas 
compressor or a very large purge stream from the ammonia synthesis. Obviously, 
this concept is associated with the largest flowrates and equipment sizes at least 
in the synthesis gas generation section. 

• Option 2 - oxygen enriched air 

The option requires an air separation unit. The air flowrate is specifically selected 
to provide the correct amount of nitrogen for the ammonia synthesis. The oxygen 
coming in with the air and the added amount together meet the required reforming 
heat duty. Thus, the capacity of the air separation is minimized. 

e Option 3 - pure oxygen 

In this process concept only marginal amounts of nitrogen depending on H1e oxy­
gen purity are introduced into the A TR. Hence, flowrates in the synthesis gas gen­
eration section take on H1eir smallest values. The nitrogen required in the ammo­
nia synthesis is introduced into the syngas just upstream of the syngas compres­
sor for example via a liquid nitrogen wash unit. 

A natural advantage of the process concepts using final cryogenic units in the syngas 
preparation is the practically inert-free synthesis gas. Without accumulation of inerts 
the size of the equipment in the ammonia synthesis can be reduced in the order of 1 O 

Option 1 operates 1Nith significantly larger Howrates than option 2 in the syngas gen­
eration section. This may be compensated by a somewhat simpler cryogenic unit 
compared to the air separation, smaller Howrates in the synthesis and the missing 
purge gas treatment. Hence, tt1e two options may have fairly similar investment costs. 

Comparing option 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 
rnore complicated than a rnethanation section. Whether this is fully compensated by 
the somewl1at larger equipment of the versions 1 and 2 remains doubtful 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 plants 

The economics of ATR based ammonia plants compared to plants using conventional 
tubular steam reformers has been addressed 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 to 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 compared. 
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Uhde's assessment outlined below leads to the conclusion, that any definite figure is 
misleading since plant capacity is the decisive parameter. The break even point in­
deed appears to be in the area of 4000 mtpd 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 mtpd, should be expected. 

An economic comparison bet1Neen the two plant concepts must look at both operating 
and investment costs. 

Operating cost 

About 65 °/o of the specific energy consumption of a modern ammonia plant is trans­
ferred to the ammonia product as chemical energy. The remaining 35 %, are needed 
to enforce the required process steps, i.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 affected by the quite significant changes in the process, the consumption 
side as well as the available waste heat have to be looked at. 

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 A TR-based plant. It has to be pointed 
out however that the individual energy consumptions of the consumers listed in the 
table differ significantly. By far the most important consurners are the reformer, the 
waste heat section/fired heater and the air separation. 

The feed flowrate in the A TR-based plant is about 25 % larger compared to a steam 
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 tt1e heat for the reforming 
reactions. Due to the resulting 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 f!owrate in tile syngas generation section of the ATR­
based plant more heat is available from this process stream. 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 preheating addressed in Table 3 as well as steam su­
per heating. In the ATR-based plant this has to be supplied by a fired heater. Due to 
the increased steam production more heat for steam superheating has to be supplied 
by the fired heater in addition to the increased heat demand for feed and feed/steam 
preheating. 

The heater operates with a smaller specific flue gas flowrate than the waste gas duct 
of t!1e steam reformer, Hence, stack loss as well as heat duty for burner air preheating 
are reduced compared to the steam reformer. 
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in sun,rnary, our calcu!abons carried out so far shO\N an additional enerny consun1p­
tion tor the ATR--based arnrnonia plant in ti1e order of 6 %, ior the process V(Hsion op .. 
erating on enriched air (option;~). For the version operating on pure oxy{Jen (option 3) 
a somE:what hi{Jher additional consumption in th€! ordei- of 10 % ha.s to be exp~::cted. 

Table 3: Comparison of primary ammonia plant energy consumers 

reformer (feed + related fuel) reformer feed 0 

waste heat section (reiated fuel) fired preheater + 15 

feed compression feed compression + 25 

feed prei1eating feed preheating + 25 

feed/steam preheating feed/steam prei1eating +7 

process air compression air separation + 150 / + 1881
) 

process air preheating process air preheating 

synti1esis gas compression synthesis gas compression 0 

ammonia vapour compress. ammonia vapour compress. 0 

1) enriched air/ pure oxygen 

2) reduced pre~1eating ternperature witt1 regard to t1igher oxygen content 

Investment cost 

No ATR-based ammonia plant has been built as yet Hence, a comprehensive cost 
data base, comparable to that available for conventional plants, does not exist. There­
fore, the qualitative analysis presented below is used to derive a cost relation bet­
ween the two plant concepts" 

Table 4 lists the main process steps in an ammonia plant and the respective units in 
the conventional plant based on steam reforming as well as in the ATR-based plant. 
The right hand side column of the table indicates whether the respective unit in an 
ATR based plant is expected to have lower(+), equal(~) or higher (1') 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 expected tor each other process step as 
equipment numbers, sizes and complexities 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 all be in 
favour of one plant concept and hence equal each other out. 

Table 4: Investment cost comparison per process step 

oxidator preparation compressor 

desulphurization preheater / reactor 

process gas pret1eating flue gas duct fired heater 

reforming steam reformer "" 
secondary retormer ATR 

process gas cooling steam generator/ superheater 

CO conversion 2 converter I 2 BFW preheater 

CO2 removal afvlDEA, alternatively pr1ysical solvent 

methanation preheater / reactor 

syngas compression 2-casing turbo compressor 

ammonia synthesis 3 converter dual-pressure synthesis 

refrigeration compression type 

purge gas treatment hydrogen recovery 

1) option 2 "enriched air"/ option 3 - "pure oxygen" wit~1 inert free syngas 

The cost structure for a stearn reformer has a fairly linear relationship between capac­
ity and unit cost With few exceptions material and construction costs are directly pro­
portional to the number of tubes, i.e. unit capacity. 

The cryogenic air separation is by nature a single train unit. Hence, contrary to the 
steam reformer, a considerable reduction of the specific investment cost with growing 
capacity can be expected. This characteristic is illustrated in Fig. 3. Tile steam re­
former cost curve is derived from Uhde's respective database. The figures for air 
separation plants are derived from proposals provided by plant vendors. 

The cost data !,ave been deliberately related to the SAFCO IV reformer costs as it 
does not make sense to discuss absolute figures in this context. The actual costs de­
pend very much on the region where H1e plant is to be built, specific requirements and 
the overall economic situation. 
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steam reformer 

o.so +--------,-~~------+---+------- ◊ air separation units 
proposal data 

0.00 ·!--------,-----+-------,-------+-----:----+----~ 

0 1.000 2"000 3.000 4.000 5.000 6.000 8.000 

ammonia capacity [mlpd] 

Fig. 3: Investment cost relation steam reformer vs. air separation plant 

The figure illustrates H1at wiH1 the cost data available at present a single break-even 
capacity can hardly be determined. The cost figures 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 that - even with a conservative approach - beyond plant capacities of 
4000 mtpd an ATR based plant is likely to have growing investment cost advantages 
compared to a steam reforming based plant 

UHDE'S ATR TECHNOLOGY 

Description of Uhde's ATR test facility 

The partial, Le. substoichiometric combustion in autothermal reforming is in principal 
likely to generate soot. For any set of operating conditions defined by feed gas com­
position, pressure and steam-to-carbon ratio a 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 soot-free operation 
to lower operating temperatures. The minimum temperature also depends on the 
burner design and the flow conditions in the combustion zone. 
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Uhde has extensive experience in the design of secondary reformers tor ammonia 
plants. These vessels operate under similar pressure and temperature, but in the fol­
lowing two important aspects enjoy considerably milder conditions compared with 
pure autothermal reformers. 

Secondary reformers process parUy 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 oxy~Jen supplied. Therefore, to minimize plant operating cost the ATR is to 
operate at the lowest possible operating temperature. 

The heat ~Jeneration rates of secondary reformers are relatively 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 to be taken care of 
by modified design features. Also catalyst bed design and size can be expected to 
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 
years ago. Subsequently to being successful in finding a cooperation partner in the 
russian cornpany Kuibyshev Azot, a test facility 1Nas designed, built and commis­
sioned at Kuibyshev Azot's production site. 

Fig. 4 contains 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, to simulate heavier feedstocks, the test facility was equipped with a de­
vice to add propane to the incoming natural gas. 

Provisions where also made for the addition of a !iydrogen rich stream to H1e natural 
gas to simulate a pre-processed gas. With regard to the low sulphur content a further 
desulphurization of the incoming natural gas was considered unnecessary. it was aiso 
decided to take the required process steam from an external source. The heaters tor 
natural, feed/steam mixture and oxidator are powered eiectricaliy. 

At the ATR gas outlet a water quench is installed. Hence, only moderate gas tem­
peratures are present outside the ATR pressure vesseL The ATR design capacity can 
be best characterized by a syngas flowrate at reactor outlet in the order of 1000 
Nm3/h at 30 bar operating pressure. 

The test rig is equipped with optical light extinction measurement devices to detect 
soot in the gas phase as well as in the process condensate. 

During the design phase of the ATR itself, considerable effort was spent to optimize 
the geometry of the combustion or partial oxidation (POX) zone, gas inlet velocity and 
swiri and to find tt1e best position for the oxidator nozzles. CFO analysis has been 
employed extensively for this step. As a result of t!1ese studies two ATR reactor tops 
with completely different shapes of the combustion zone have been manufactured. 
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Fig. 4: Process flow diagram of the ATR test facility 

Wit11 regard to the high design pressure and other restrictions it was decided early in 
Hm design phase to abandon the idea of installing an optical access to the combus­
tion zone. Also, the number of nozzles which could be fitted to the reactor pressure 
vessel, is lirnited as each one is quite bulky due to the high design pressure. 

Fig. 5 shows a CAD drawing of t11e test rig. The lower steel structures in the front con­
tain the modules for burner cooling, hydrogen compression and feed preheating. The 
high steel structure at the back contains the ATR itself and the feed/ steam pre­
heaters. 
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Fig. 5: CAD drawing of the A.TR test rig 

The process plant occupies an area of appr. 30 m by ii m. The height of the central 
steel structure is about 1 0 m. 

The main part of the test rig has been assembled on~site from prefabricated parts. 
This was considered rnore cost efficient than complete preassembly and transport of 
the relatively huge structure 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 a view on the facility frnrn the opposite side 
compared to t!1e CAD drawing in Fig. 5 wit!1 the main structure containing the ATR 
now in the front On the right hand side or 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 to be a time 
consuming and relatively costly procedure. A safety study had to be carried out to 
show conformity of the plant's design and instrumentation with russian regulations. 
Also, a special documentation conforming with russian standards had to be generated 
from the plants engineering documents. 

Transportation of the material to the construction site did not present any problems. 

Assembly of the test 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 
2009 was unusually mild. Subsequently to the thorough execution of pre-corn­
missioning and commissioning procedures the A TR was ignited for the first time in 
June 2009. 

Operation of the optical soot detection devices has shown that the lowest soot content 
which can be detected in the samples taken from the quench water offtake is in the 
order of 1-3 ppm wt. Quench water and process gas mass flowrates are not really 
linked but usually of the same order. Hence, the soot concentration determined in the 
quench water should correspond roughly to tl1e concentration in the process gas. 

The rninimurn measurable soot concentration in the process gas named by the manu­
facturer of the measuring device should be in the order of 80 mg/Nm3 (0.1 ppm wt.). 
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 to be at least 
one order of magnitude lower tt1an 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 detected, the run conditions have 
been readjusted immediately to take the reactor away from the critical region. Any 
prolonged operation in the critical region always demanded a considerably longer pe­
riod under soot free conditions to get the soot out again. 

Operational Results 

Depending on the process an autothermal reformer is to serve as sole synthesis gas 
generator it has to meet certain 

411 outlet gas requirements 

- composition (e.g. [CO+ H2]/N2 ~ 3.0 or H2: CO~ 2.0) 

- pressure 

---· methane content 

To meet these requirements with the feedstock available at the respective production 
site and present the most economical solution with respect to investment and operat­
ing cost the following parameters have to be selected carefully: 

411 primary design parameters 

- combustion zone shape 

--- combustion zone gas residence time 

--- inlet velocity feed/steam mixture 

- inlet swirl feed/stearn mixture 

- inlet velocity oxidator 

--- number of oxidator nozzles 

- oxidator nozzles direction 

- space velocity catalyst bed 

• operating parameters 

--- steam-to-carbon ratio 

---- combustion zone temperature (- oxygen-to-carbon ratio) 

- oxidator composition 

Obviously, it is economically infeasible, to investigate all of the above mentioned pa­
rameters in an experimental program. The number of test runs and individual pieces 
of equipment to be manufactured 1Nould be simply too large. 

With the capabilities of modem CFO 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 to determine the most promising combinations 
for two different combustion zone silapes. 

On this basis a still quite extensive test program has been devised to cover the rele­
vant ranges of the parameters listed in Table 5. 
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Table 5: ATR test program 

feedstock higher hydrocarbon content 

, N2 content oxidator 

I operating pressure 

! steam-to-carbon ratio 
: 

i combustion zone shape 

! rel. aas residence time comb. zone 
: ·-· 

i combustion zone temperature 

0/. ,o 

bar 

OI 
/<J 

°C 

2 14 

0 55 

20 30 

0.5 3.0 

A B 

50 iOO 

1 i 50 1250 

l\s the first set of tests is specifically designed to determine the soot formation bound­
ary, i.e. the minimum temperature for soot-free operation at given steam-to-carbon 
ratios, these tests were run without any catalyst in place to avoid damage to the cata­
lyst 

These test runs carried out so far have delivered satisfying results. The performance 
of the ATR can be c!1aracterized by the three most important operating points de­
picted in Table 6. All points showed reasonable margins against the soot formation 
boundary despite rather unfavourable feedstock compositions, i.e. relatively high con­
tents of higher hydrocarbons. 

Operating point A represents t!1e 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. 

Point C represents ATR operating conditions typical for a syngas unit in a gas-to­
liquid plant based on Fischer-Tropsch synthesis with an H2: 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 meti1ane contents. Also, the relatively large specific heat losses of tile still 
rather small test facility lead to extra CO2 generation compared to a large production 
plant Hence, gas compositions at the reactor outlet are not really significant and have 
therefore not being included in the table. 

Table 6: Operational results ot the test ATR 
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feed COtnQ0Sition 

CH4 rnol':/o, dry 89.2 82.9 88.7 

C2., rnol%, dry 7. i i4.5 7A 

oxidator N2 content mol0/o, dry 42.i 5.0 5.0 

steam-to-carbon ratio 3.0 2.0 0.7 

outlet temp. oxidat. zone cc 1200 1250 1238 

oxygen--to--carbon ratio 0.85 0.74 0.60 

syngas pressure bar abs 28.0 28.0 28.0 

outl. temp. catalyst zone oc 1086 1100 

CONCLUSION AND OUTLOOK 

So far only a very limited number of true stand-alone autothermal reforming applica­
tions have been realized though the technology has been investigated extensively for 
more than a decade now. As discussed above, the well established combination of 
autotherrnal reformers with steam reformers does not count in this respect. The oper­
ating conditions of these secondary reformers are considerably less severe than 
those of a true stand alone ATR. 

The analysis presented in this paper investigates the reasons for this and illustrates -
with the rnain focus on ammonia plants - why the conventional syn~Jas generation 
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 amrnonia plants has grown substantially since the early 
beginnings and markedly in the past 50 years. Though it is technically and logistically 
more challenging to 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 
argurnents that for capacities beyond 4000 mtpd the ATR-based plants wm have in­
creasing advantages. 

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 to increase the pressure level in the syngas generation sec-
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tion considerably beyond the current limit ot appr. 45 bar for steam reforming based 
plants" Hence, with reduced volumetric f!owrates in the syngas generation section it 
will be much easier to realize larger capacities. 

Uhde intends to prepare itself for this scenario. The test program for the ATR will be 
completed during the next rnonths. The operating data will provide tt1e basis to iden­
tify the most promising design and to update the design tools" 

The currently feasible maximum operating pressure for the tests covers ATR applica­
tions for hydrogen production as well as GTL plants. It also provides a reasonable 
basis to judge the ATR behaviour under ammonia plant conditions. 

Once the test results have been fully evaluated and transferred to the design tools 
Uhde intends to start offering its ATR tecl1nology 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, tt1e 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 CO2 balances. However, a natural advantage of the ATR-based plant is 
that a much larger part of the generated CO2 is always contained in the syngas under 
high pressure. It is separated in the CO2 removal section without additional equipment 
and marginal extra 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 CO2 from the atmospheric reformer flue gases. 

A cornplete 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 con- IOI 
sumption figure provided the fired heater would be fed witl1 syngas instead of natural 
gas. 
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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.) 

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. 

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. 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. 

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. 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. 

6. 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)). 

7. 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. 

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. 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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VIA eFILE PATENT APPLICATION 
Docket No. 283386WOUS01_ 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 

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: 

) 
) 
) 
) 
) 
) 
) Art Unit 
) 1622 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 

Pursuant to the prov1s10ns 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. 

4887-4099-2863\l 
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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. 3583067Bl) 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 

1(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 D8 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 1(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 oflnformation in this Request. 

In Item 1(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. 

2 
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Application No. 96/000,424 
U.S. Patent Number 11,286,168 
Request for Supplemental Examination 

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 ("DI"), 

attached herewith as Exhibit B. 

• U.S. Patent No. 8,137,422 B2 to Licht, et al. ("D2"), attached herewith as Exhibit 

C. 

• European Patent No. 2 817 260 BI to Fillippi, et al. ("D3"), attached herewith as 

Exhibit D. 

• 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. 

• Hiiussinger, et al., "Hydrogen, 3. Purification", Ullmann's Encyclopedia of 

Industrial Chemistry, Vol. 18, 2012, pp. 309-333" ("D5"), attached herewith as 

Exhibit F. 

• U.S. Patent Application Publication No. 2004/0234426 to Reddy, et al. ("D6"), 

attached herewith as Exhibit G. 

• European Patent No. I 648 817 Bl to Blumenfeld, et al. ("D7''), attached 

herewith as Exhibit H. An English translation of D7 is attached herewith as 

Exhibit I. 

• European Patent No. 2 266 922 Al to Licht, et al. ("D8"), attached herewith as 

Exhibit J. 

• "Ammonia; Principles and Industrial Practice", Wiley-VCR, ISBN 3-527-29593-

3, January 1999, pp. 1-301 ("D9"), attached herewith as Exhibit K. 

3 
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Application No. 96/000,424 
U.S. Patent Number 11,286,168 
Request for Supplemental Examination 

• DE 10 2015 210 803 Al to Gorval, et al. ("DlO"), attached herewith as Exhibit L. 

An English translation of D 10 is attached herewith as Exhibit M. 

• DE 10 2014 209 635 Al to Gorval, et al. ("D11"), attached herewith as Exhibit N. 

An English translation of D 11 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 D 1-11. 

6. Detailed Explanation of the Relevance and Manner of Applying Each Item of 

Information 

A detailed explanation of the relevance and manner of applying Dl-D11 is provided 

below. As provided in greater detail in the claim chart below: 

• Dl 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 Dl 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 

4 
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Application No. 96/000,424 
U.S. Patent Number 11,286,168 
Request for Supplemental Examination 

below, as the required explanation under 37 CFR l.610(b)(5) for at least 

dependent claims 2-10, 12, 13, 17, 18, and 20); 

• D4 may be relevant to independent claim I in view of D2 and/or D3; 

• D5 may be relevant to dependent claim 7 in view of Dl-D3; 

• D6 may be relevant to independent claims I and 21 and dependent claims 2, 5, 8, 

and 9 (and the Patent Owner relies upon the required explanation under 37 CFR 

l.610(b)(5) of the manner of applying D6 to independent claims I and 21, 

provided below, as the required explanation under 37 CFR l.610(b)(5) for at least 

dependent claims 3, 4, 6, 7, 10-12, 22, and 23); 

• D7 may be relevant to independent claims I and 21 and dependent claim 2 (and 

the Patent Owner relies upon the required explanation under 37 CFR l.610(b)(5) 

of the manner of applying D7 to independent claims I and 21, provided below, as 

the required explanation under 37 CFR l.610(b)(5) for at least dependent claims 

3-20, 22, and 23); 

• D8 may be relevant to independent claim I and dependent claims 3, 4, 8-11, 17, 

and 20 (and the Patent Owner relies upon the required explanation under 37 CFR 

l.610(b)(5) of the manner of applying D8 to independent claim 1, provided 

below, as the required explanation under 37 CFR l.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; 

• D 10 may be relevant to independent claim I in view of D7 and dependent claim 

19; 

• D 11 may be relevant to independent claim I in view of D7. 

A. D1 (Autothermal Reforming: A Flexible Syngas Route with Future Potential) 

DI may be relevant to independent claims I 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 I and 21, the 

Patent Owner relies upon the required explanation under 37 CFR l.610(b)(5) of the manner of 

applying DI to independent claims I and 21, provided below, as the required explanation under 

37 CFR l.610(b)(5) for dependent claims 2, 5-7, 11-13, 18-20, 22, and 23. 

5 
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Application No. 96/000,424 
U.S. Patent Number 11,286,168 
Request for Supplemental Examination 

Claim 1 of the '168 Patent 

A process for synthesis of ammonia 
from natural gas, the process 
compnsmg: 

D1 

convers10n of a charge of Table 3; Page 12: "Description of Uhde's ATR Test 
desulphurized natural gas and steam, Facility" Figure 2, Options 2 and 3. 
with oxygen-enriched a1r or with 
oxygen, into a synthesis gas 
containing hydrogen, CO and CO2, 
in a conversion section; 

treatment of said synthesis gas Figure 2, Options 2 and 3 
including at least a shift reaction of 
the carbon monoxide into CO2, 

and subsequent separation of CO2 Figure 2, Options 2 and 3 
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- No apparent corresponding disclosure. 
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 No apparent corresponding disclosure. 
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 No apparent corresponding disclosure. 
fuel fraction and the second stream 
1s process gas intended for the 

6 
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Application No. 96/000,424 
U.S. Patent Number 11,286,168 
Request for Supplemental Examination 

I synthesis of ammonia. 

Claim 3 of the '168 Patent 

The process of claim 1, wherein said 
fuel fraction is between 1 % and 40% 
of the total amount of said CO2-
depleted syngas. 

Claim 4 of the '168 Patent 

The process of claim 1, wherein said 
fuel fraction is between 10% and 
30% of the total amount of said 
CO2-depleted syngas. 

Claim 8 of the '168 Patent 

The process of claim 1, wherein said 
enriched air contains at least 50% 
oxygen. 

Claim 9 of the '168 Patent 

The process of claim 1, wherein said 
enriched air contains at least 90% 
oxygen. 

Page 19 Table: (provided below) 

4887-4099-2863\l 

D1 

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." 

D1 

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." 

D1 

Page 19 Table: (provided below) 

D1 

Page 19 Table: (provided below) 
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Application No. 96/000,424 
U.S. Patent Number 11,286,168 
Request for Supplemental Examination 

•&'lallBIIIB-
feed cornoosition I I 
--------------------------------------------· ,u . .. . I I 
CH4 mol .1<,, dry 1 89.2 1 82:.9 88.7 

i ! 
C:2,. triolc-< dry I 7J I ·14.5 7,4 ~ , l-..)"< , . i ! 

oxidatar N2 content 42.1 5 .. 0 5.0 

3.0 0,7 

outlet temp,. oxidat zone 1200 1250 1238 

oxygen-to-carbon ratio 0.85 0.74 0.60 

syngas pressure bar abs 28.0 28-.0 28-J) 

outL temp. catalyst zone 1086 1100 

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 could also be realized in the ATR-based plant with little 
feeds one or more of the following extra investment and an only moderate increase of the 
apparatuses: a steam production plants consumption figure provided the fired heater 
and/or superheating furnace; one or would be fed with syngas instead of natural gas." 
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. 

Claim 14 of the '168 Patent D1 

The process of claim 1, wherein the Page 18: Operating point A represents the situation 
overall steam/carbon ratio m the where an ATR generates a stoichio-metric syngas 

8 
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Application No. 96/000,424 
U.S. Patent Number 11,286,168 
Request for Supplemental Examination 

conversion step is greater than 2.0. 

Claim 15 of the '168 Patent 

The process of claim 1, wherein the 
overall steam/carbon ratio m the 
conversion step is greater than 2.4. 

Claim 16 of the '168 Patent 

The process of claim 1, wherein the 
overall steam/carbon ratio m the 
conversion step is greater than 2.7. 

compos1t10n 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. 

D1 

Page 18: Operating point A represents the situation 
where an ATR generates a stoichio-metric syngas 
composition for an ammoma 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. 

D1 

Page 18: Operating point A represents the situation 
where an ATR generates a stoichio-metric syngas 
composition for an ammoma 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 Page 20: "A complete separation of the entire CO2 
synthesis gas fuel fraction forms all could also be realized in the ATR-based plant with little 
of the fuel of the furnaces used in the extra investment and an only moderate increase of the 
conversion section, or an amount of plants consumption figure provided the fired heater 
natural gas is provided as trim fuel, would be fed with syngas instead of natural gas." 
said trim fuel accounting for not 
more than 15 % of the total 
combustion heat. 

9 
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Claim 21 of the '168 Patent 

A method for revamping a plant for 
synthesis of ammonia from natural 
gas or ammonia/urea plant, 

D1 

wherein the plant includes a Page 5: The ammonia synthesis requires an H2: N2 ratio 
reforming section that includes a in the order of 3.0. Obviously, this could not be realized 
primary steam reformer and an air- by a steam reformer on its own. However, it can be met 
fired secondary reformer, easily by combined reforming usmg an a1r blown 

secondary reformer. 

and a section for treatment of the Figure 2, Options 2 and 3 
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 ammo ma 
convers10n; 

Table 3; Page 12: "Description of Uhde's ATR Test 
Facility" Figure 2, Options 2 and 3. 

No apparent corresponding disclosure. 

feeding said fuel fraction of the gas, No apparent corresponding disclosure. 
which has a reduced CO2 content, as 
fuel for at least one furnace of the 
plant. 

B. D2 (U.S. Patent No. 8,137,422 B2) 

D2 may be relevant to independent claim I 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 

10 
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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 

A process for synthesis of ammonia 
from natural gas, the process 
compnsmg: 

D2 

convers10n of a charge of Col. 3, II. 39-43: "The process stream 10 may contain 
desulphurized natural gas and steam, more than one hydrocarbon. The process stream may be 
with oxygen-enriched a1r or with initially formed from natural gas and steam, liquefied 
oxygen, into a synthesis gas petroleum gas (LPG) and steam, naphtha and steam 
containing hydrogen, CO and CO2, and/or other feedstocks known in the art." 
in a conversion section; 

4887-4099-2863\l 

Col. 5, II. 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, II. 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 
compnsmg carbon monoxide and hydrogen m 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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treatment of said synthesis gas 
including at least a shift reaction of 
the carbon monoxide into CO2, 

FIG. 2, 14 

Col. 3, II. 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 Col. 4, II. 13-22: "The process further comprises 
from the gas, thus obtaining a CO2- scrubbing the second process stream 42 with a wash 
depleted synthesis gas and a CO2- stream 64 to form a carbon dioxide-depleted stream 62 
rich gaseous flow containing the and a carbon dioxide-loaded wash stream 66. Scrubbing 
CO2 separated from the gas; may be done in a so-called gas scrubber 60. Carbon 

4887-4099-2863\l 

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, II. 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 

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, II. 27-33: "The process further compnses 
combusting a fuel gas 7 4 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 m the reformer furnace I 00 
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." 

Col. 5, II. 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, II. 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 No apparent corresponding disclosure. 
fuel fraction and the second stream 
IS process gas intended for the 
synthesis of ammonia. 

Claim 3 of the '168 Patent D2 

The process of claim 1, wherein said Table 4 
fuel fraction is between I% 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 I 0% and 
30% of the total amount of said 

13 
4887-4099-2863\l 

536 Topsoe, Inc. – EX1003 
Page 536 of 1210



Application No. 96/000,424 
U.S. Patent Number 11,286,168 
Request for Supplemental Examination 

I CO2-depleted syngas. 

Claim 8 of the '168 Patent 

The process of claim 1, wherein said 
enriched air contains at least 50% 
oxygen. 

Claim 9 of the '168 Patent 

The process of claim 1, wherein said 
enriched air contains at least 90% 
oxygen. 

Claim 10 of the '168 Patent 

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. 

4887-4099-2863\l 

D2 

Col. 7, II. 38-43: "As used herein, an oxygen-rich gas is 
an 

.. 
oxygen-contammg 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." 

D2 

Col. 7, II. 38-43: "As used herein, an oxygen-rich gas is 
an 

.. 
oxygen-contammg 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." 

D2 

Abstract: "A process for producing a hydrogen­
containing product gas with reduced carbon dioxide 
em1ss10ns compared to conventional hydrogen 
production processes. A hydrocarbon and steam are 
reformed m 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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Claim 11 of the '168 Patent 

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. 

4887-4099-2863\l 

optionally include reforming in a prereformer and/or an 
oxygen secondary reformer." 

FIG.1-3 

D2 

Col. 4, II. 36-39: The process further compnses 
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 m 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 m 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, II. 27-33: "The process further comprises 
combusting a fuel gas 7 4 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 m 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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Claim 20 of the '168 Patent 

The process of claim 1, wherein the 
conversion of the natural gas into 
synthesis gas includes pnmary 
reforming of the natural gas in the 
presence of steam and secondary 
reforming performed with said 
oxygen flow or enriched air. 

C. D3 (EP 2817260B1) 

steam inside the plurality of catalyst-containing reformer 
tubes 104." 

D2 

Abstract: "A process for producing a hydrogen­
containing product gas with reduced carbon dioxide 
em1ss10ns compared to conventional hydrogen 
production processes. A hydrocarbon and steam are 
reformed m 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 

D3 may be relevant to independent claim I 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 I 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 l.610(b)(5) of the manner 

of applying D3 to independent claim 1, provided below, as the required explanation under 37 

CFR l.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 FIG. 2: natural gas 10, ammonia 31 
from natural gas, the process 

16 
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compnsmg: 

convers10n of a charge of Paragraph [0048]: "A natural gas feed 10 is mixed with 
desulphurized natural gas and steam, steam and 1s converted to synthesis gas by partial 
with oxygen-enriched a1r or with oxidation in oxygen-fired reactor 11 which is either an 
oxygen, into a synthesis gas autothermal reformer or a partial oxidation reactor, 
containing hydrogen, CO and CO2, according to different options." 
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; 

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." 

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- No apparent corresponding disclosure. 
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 No apparent corresponding disclosure. 
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 

17 
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fuel fraction and the second stream No apparent corresponding disclosure. 
is process gas intended for the 
synthesis of ammonia. 

Claim 11 of the '168 Patent 

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. 

Claim 14 of the '168 Patent 

D3 

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." 

D3 

The process of claim 1, wherein the Paragraph [0005]: "According to the prior art, a 
overall steam/carbon ratio m the hydrocarbon source such as natural gas 1s steam­
conversion step is greater than 2.0. reformed in a primary reformer at a temperature around 

4887-4099-2863\l 

800 °C. The first gas product leaving the primary 
reformer is further reacted with a1r m 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 
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Claim 15 of the '168 Patent 

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." 

D3 

The process of claim 1, wherein the Paragraph [0005]: "According to the prior art, a 
overall steam/carbon ratio m 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 

Claim 16 of the '168 Patent 

The process of claim 1, wherein the 
overall steam/carbon ratio m the 
conversion step is greater than 2.7. 

4887-4099-2863\l 

800 °C. The first gas product leaving the primary 
reformer is further reacted with a1r m 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) m the 
pnmary reformer must be greater than 2.7 and IS 

typically equal to 3.0." 

D3 

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 oc. The first gas product leaving the primary 
reformer is further reacted with a1r m 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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Claim 19 of the '168 Patent 

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 1s performed with a 
steam/carbon ratio not greater than 
2. 

4887-4099-2863\l 

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." 

D3 

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, m 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 I of the '168 Patent as provided below in view 

of D2 and/or D3. In particular, the Introduction, Figure I (provided below), and Figure 4 

(provided below) of D4 may be relevant to claim I of the '168 Patent in view of D2 and/or D3, 

as noted in the claim chart below. 
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Claim 1 of the '168 Patent 

A process for synthesis of ammonia 
from natural gas, the process 
compnsmg: 

convers10n 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 a second 
stream, said first and second streams 
having the same composition, 

4887-4099-2863\l 

D4 

Figures I and 4 (provided above): NG (natural gas) as an 
input in a conventional ammonia plant (Figure I) and a 
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 ). 

No apparent corresponding disclosure: the 
hydrodesulphurization (HDS) stage is not followed by 
conversion of the charge of desulphurized natural gas 
with oxygen-enriched air or oxygen. 

Figures I 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 I) and a larger 
front-end capacity case (Figure 4). 

Figures I 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 I) and a larger 
front-end capacity case (Figure 4). 

Figures I and 4 (provided above): include a flow of 
synthesis gas purge for fuel to reforming after the 
methanator in a conventional ammonia plant (Figure I) 
and a larger front-end capacity case (Figure 4). 

Figures I 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). 

22 545 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 I 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 I) and a larger 
front-end capacity case (Figure 4). 

E. D5 (Hydrogen, 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 Page 327: "Depending on the process chosen, carbon 
CO2-depleted syngas contains no dioxide and hydrogen sulfide can be recovered together 
more than I 000 ppm by volume of or separately. Usually the simpler plants have a common 
CO2. scrubbing stage. Proper configuration of the mam 

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 Al) 

D6 may be relevant to independent claims I 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 I and 21, the Patent Owner 

relies upon the required explanation under 37 CFR l.610(b)(5) of the manner of applying D6 to 

independent claims I and 21, provided below, as the required explanation under 37 CFR 

l.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 

.. 
compnsmg: 

convers10n of a charge of Paragraph [0026]: "Alternatively, or additionally as 
23 
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desulphurized natural gas and steam, depicted in FIG. 3, ammonia production may be further 
with oxygen-enriched a1r or with improved in a plant 300 where an air separation unit is 
oxygen, into a synthesis gas available. In such configurations, an oxygen-rich gas 306 
containing hydrogen, CO and CO2, (i.e., comprising at least 25 mol %, more typically at 
in a conversion section; least 75 mol %, and most typically at least 90 mol % 

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; 

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 

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." 

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- Paragraph [0014]: "In one particularly preferred aspect 
depleted synthesis gas as fuel of the inventive subject matter, contemplated plants 

include an ammonia synthesis loop that receives an 

24 
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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 Paragraph [0018]: "Especially preferred feed gas is 
fuel to at least one furnace 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 swmg 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 swmg 
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 No apparent corresponding disclosure. 
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 No apparent corresponding disclosure. 
fuel fraction and the second stream 
1s process gas intended for the 
synthesis of ammonia. 

25 
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Claim 2 of the '168 Patent 

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 5 of the '168 Patent 

further 
.. 

compnsmg a step for 
methanation of the synthesis gas 
and/or addition of nitrogen to the 
synthesis gas. 

Claim 8 of the '168 Patent 

The process of claim 1, wherein said 
enriched a1r contains at least 50% 

4887-4099-2863\l 

D6 

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 swmg 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 swmg 
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%." 

D6 

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." 

D6 

Paragraph [0026]: Alterrrntively, or additionally as 
depicted in FIG. 3. arrunonia prodnclion may be further 
improved in a plant 300 where an mr separntion unit is 
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oxygen. 

Claim 9 of the '168 Patent 

available. In such configurations, an oxygen-rich 
gas 306 (i.e., comprising at least 25 mol 9rJ, rnore 
typically at least 75 mol ?o, and most typically at least 90 
rnol (;{; oxygen) may he provided to the secondary 
reformer 320, and a nitrogen rich gas 308 (i.e., 
comprising at least 25 mol <fo, more typically at least 75 
mo1 %, and most lypically at least 90 rnol % oxygen; 
may be introduced to the reformed and/or shift converted 
gas at a position upstrearn of the methanator 360. 

D6 

The process of claim 1, wherein said Paragraph [0026]: Alternatively, or additionally as 
enriched a1r contains at least 90% depicted m FIG. 3. arrunonia prodnclion may be further 
oxygen. improved m a plant 300 vvhere an air separntion unit 1s 

Claim 20 of the '168 Patent 

The process of claim 1, wherein the 
conversion of the natural gas into 
synthesis gas includes pnmary 
reforming of the natural gas in the 
presence of steam and secondary 
reforming performed with said 
oxygen flow or enriched air. 

4887-4099-2863\l 

available. In such configurations, an oxygen-rich 
gas 306 (i.e., compnsmg at least 25 mol %, rnore 
typically at least 75 mol ?o, and most typically at least 90 
rnol % oxygen) may he provided to the secondary 
reformer 320, and a nitrogen rich gas 308 (i.e., 
comprising at least 25 mol <fo, more typically at least 75 
mo1 %, and most lypically at least 90 rnol % oxygen; 
may be introduced to the reformed and/or shift converted 
gas at a position upstrearn of the methanator 360. 

D6 

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 swmg 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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Claim 21 of the '168 Patent 

A method for revamping a plant for 
synthesis of ammonia from natural 
gas or ammonia/urea plant, 

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%. 

D6 

wherein the plant includes a Claim 8: "wherein the ammonia synthesis make-up gas 
reforming section that includes a IS produced from a natural gas via a pnmary and 
primary steam reformer and an a1r- secondary reformer, wherein an a1r separation unit 
fired secondary reformer, provides an oxygen rich stream to the secondary 

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; 

4887-4099-2863\l 

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." 

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." 

Claim 8: "wherein the ammonia synthesis make-up gas 
IS produced from a natural gas via a pnmary and 
secondary reformer, wherein an a1r 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, Paragraph [0014]: "In one particularly preferred aspect 
downstream of decarbonation, for of the inventive subject matter, contemplated plants 
use as fuel fraction, and allocating a include an ammonia synthesis loop that receives an 
remaining process fraction of the ammonia synthesis make-up gas having a molar ratio of 
synthesis gas for ammoma hydrogen to nitrogen of about 3 .0 that is cooled in a 
convers10n; 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, No apparent corresponding disclosure. 
which has a reduced CO2 content, as 
fuel for at least one furnace of the 
plant. 

G. D7 (EP 1648817B1) 

D7 may be relevant to independent claims I 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 I and 21, the Patent Owner relies upon the 

required explanation under 37 CFR l.610(b)(5) of the manner of applying D7 to independent 

claims I and 21, provided below, as the required explanation under 37 CFR l.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 

.. 
compnsmg: 

convers10n of a charge of No apparent corresponding disclosure. 
desulphurized natural gas and steam, 
with oxygen-enriched a1r or with 

29 
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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; 

Claim 1: Method for extracting hydrogen from a 
methane-containing gas, m particular natural gas, 
wherein hydrocarbons contained m 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 m a 
downstream conversion stage by means of steam, 

Claim 1: wherein the carbon dioxide is removed from 
the converted gas stream (8) by means of a gas scrubber 
(7), 

separation of a part of said CO2- Fig. 1 and claim 1: into a product gas stream (12) 
depleted synthesis gas as fuel consisting of hydrogen and a waste gas stream (13), and 
fraction, wherein the \vaste gas strea1n (13), togelher ,vith 

wherein said fuel fraction 1s 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, 

4887-4099-2863\l 

hydrogen ( 14) ,.vhich is branched off from the gas stream 
(10) behind the gas scrubber (7), 1s passed to the 
reformer (4) as a combustion gas that is laTgely free of 
carbon, and burned there. 

Fig. 1 and claim 1: into a product gas stream (12) 
consisting of hydrogen and a waste gas stream ( 13 ), and 
wherein the waste gas stream (13), together ,;vith 
hydrogen ( 14) ,vhich is branched off from the gas stream 
O O; behind lhe gas scrnbber (7), JS passed lO lhe 
reformer (4) as a combustion gas that is largely free of 
cmbon, and burned there. 

Fig. 1 and claim 1: into a product gas stream (12) 
consisting of hydrogen and a waste gas strea1n (13), and 
,vherein the waste gas stream ( 13 ), together with 
hydrogen ( 14) which is branched off from the gas stream 
(10) behind the gas scrubber (7J, 1s passed to the 
reformer (4) as a combustion gas that is laJgely free of 
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wherein the first stream forms the 
fuel fraction and the second stream 
IS process gas intended for the 
synthesis of ammonia. 

Claim 2 of the '168 Patent 

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 21 of the '168 Patent 

A method for revamping a plant for 
synthesis of ammonia from natural 
gas or ammonia/urea plant, 

carbon, and burned there. 

Fig. 1 and claim 1: into a product gas stream (12) 
consisting of hydrogen and a ,,vaste gas stream (13), and 
,.vherein the waste gas stream (13), together with 
hydrogen ( 14) which is branched off frorn the gas stream 
(10) behind the rras E, sciubber (7\ IS passed to the 
reformer ( 4) as a combustion gas that is largely free of 
Gtrbon, and burned there. 

D7 

Claim 1: and the scrubbed hydrogen-rich gas stream 
(10) is then separated in a pressure swing adsorption 
system (11) 

D7 

wherein the plant includes a No apparent corresponding disclosure. 
reforming section that includes a 
primary steam reformer and an a1r-
fired secondary reformer, 

and a section for treatment of the Claim 1: Method for extracting hydrogen from a 
synthesis gas by a shift reaction of methane-containing gas, m particular natural gas, 
carbon monoxide into carbon wherein hydrocarbons contained m the gas are 
dioxide, and decarbonation; catalytically split into hydrogen, carbon monoxide and 

4887-4099-2863\l 

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 m a 
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the method comprising: providing a 
flow of enriched a1r 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 
remammg process fraction of the 
synthesis gas for ammo ma 
convers10n; 

feeding said fuel fraction of the gas, 
which has a reduced CO2 content, as 
fuel for at least one furnace of the 
plant. 

H. D8 (EP 2266922Al) 

downstream conversion stage by means of steam, 

No apparent corresponding disclosure. 

Fig. 1 and claim 1: into a product gas stream (12) 
consisting of hydrogen and a waste gas stream ( 13\ and 
wherein the \Vaste gas stream (13), together vvith 
hydrogen (14) w-hich is branched off from the gas stream 
(10) behind the gas scrubber (7), is passed to the reforrner 
(4) as a combustion gas lhat is largely free of carbon, and 
burned there. 

Fig. 1 and claim 1: into a product gas stream (12) 
consisting of hydrogen and a waste gas stream (13), and 
wherein the waste gas stream O 3 J, together ,vith 
hydrogen (14) ·which is branched off from the gas stream 
(10) behind the gas scrubber (Tl, js passed to the rehmner 
( 4) as a combustion gas that is largely free of carbon, and 
burned there. 

D8 may be relevant to independent claim I 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 I 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 l.610(b)(5) of the manner of applying D8 to 

independent claim 1, provided below, as the required explanation under 37 CFR l.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 

.. 
compnsmg: 

32 
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convers10n of a charge of Paragraph [0022]: "The process stream 10 may contain 
desulphurized natural gas and steam, more than one hydrocarbon. The process stream may be 
with oxygen-enriched air or with initially formed from natural gas and steam, liquefied 
oxygen, into a synthesis gas petroleum gas (LPG) and steam, naphtha and steam 
containing hydrogen, CO and CO2, and/or other feedstocks known in the art." 
in a conversion section; 

treatment of said synthesis gas 
including at least a shift reaction of 
the carbon monoxide into CO2, 

4887-4099-2863\l 

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 
compnsmg carbon monoxide and hydrogen m 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 

Paragraph [0024]: "The reformate stream 12 
withdrawn from the plurality of catalyst-containing 
reformer tubes I 04 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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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 

4887-4099-2863\l 

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" 

Paragraph [0029]: "The process further compnses 
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. [ ... ]" 

Paragraph [0040]: "The process further comprises 
combusting a fuel gas 7 4 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 m the reformer furnace 100 
external to the plurality of catalyst-containing reformer 
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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 Paragraph [0037]: "[ ... ] As used herein a "divided 
fuel fraction includes the split of said portion" of a stream is a portion having the same 
CO2-depleted synthesis gas into at chemical composition as the stream from which it was 
least a first stream and a second taken." 
stream, said first and second streams 
having the same composition, 

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 No apparent corresponding disclosure. 
fuel fraction and the second stream 
1s process gas intended for the 
synthesis of ammonia. 

Claim 3 of the '168 Patent D8 

The process of claim 1, wherein said Table 4 
fuel fraction is between I% 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 I 0% and 
30% of the total amount of said 
CO2-depleted syngas. 

35 
4887-4099-2863\l 

558 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 

The process of claim 1, wherein said 
enriched air contains at least 50% 
oxygen. 

Claim 9 of the '168 Patent 

The process of claim 1, wherein said 
enriched air contains at least 90% 
oxygen. 

Claim 10 of the '168 Patent 

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. 

4887-4099-2863\l 

D8 

Paragraph [0059]: "As used herein, an oxygen-rich gas 
IS an 

.. 
oxygen-contammg 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." 

D8 

Paragraph [0059]: "As used herein, an oxygen-rich gas 
IS an 

.. 
oxygen-contammg 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." 

D8 

Abstract: "A process for producing a hydrogen­
containing product gas with reduced carbon dioxide 
emiss10ns compared to conventional hydrogen 
production processes. A hydrocarbon and steam are 
reformed m 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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Claim 11 of the '168 Patent 

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. 

4887-4099-2863\l 

I FIG. 1-3 

D8 

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 m 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 m 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 7 4 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 m 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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Claim 20 of the '168 Patent 

The process of claim 1, wherein the 
conversion of the natural gas into 
synthesis gas includes pnmary 
reforming of the natural gas in the 
presence of steam and secondary 
reforming performed with said 
oxygen flow or enriched air. 

steam inside the plurality of catalyst-containing reformer 
tubes 104." 

D8 

Abstract: "A process for producing a hydrogen­
containing product gas with reduced carbon dioxide 
em1ss10ns compared to conventional hydrogen 
production processes. A hydrocarbon and steam are 
reformed m 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 (Ammonia; 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 Table 33 (p. 136 of Exhibit K): provided below. 
CO2-depleted syngas contains no 
more than I 000 ppm by volume of 
CO2. 
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The process of claim 1, wherein: a Pages 172-175 (text pages 166-169): describes 
purge gas of the ammonia synthesis "Hydrogen Recovery by Cyrogenic [sic] Units." 
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. 

Claim 12 of the '168 Patent D9 

The process of claim 1, wherein: a Pages 143-144 (text pages 137-138): describes liquid 
part of said CO2-depleted syngas is nitrogen wash. 
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 1s fed to the 
synthesis of ammonia together with 
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I the second stream. 

Claim 14 of the '168 Patent 

The process of claim 1, wherein the 
overall steam/carbon ratio m the 
conversion step is greater than 2.0. 

Claim 15 of the '168 Patent 

The process of claim 1, wherein the 
overall steam/carbon ratio m the 
conversion step is greater than 2.4. 

Claim 16 of the '168 Patent 

The process of claim 1, wherein the 
overall steam/carbon ratio m the 
conversion step is greater than 2.7. 

D9 

Page 77 (text page 71): "Modem 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." 

D9 

Page 77 (text page 71): "Modem 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." 

D9 

Page 77 (text page 71): "Modem 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 102015210803Al) 

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 

convers10n 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 CO2, 
in a conversion section; 

Claim 19 of the '168 Patent 

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 1s performed with a 
steam/carbon ratio not greater than 
2. 

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 2 to CO, plant capacity, product and educt prices, etc. 
Hydrocarbon-containing feedstocks include natural gas, 
LPG, biogas, butane, Gasoline or another type of 
hydrocarbon. 

D10 

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 I .4. 

K. D11 (DE 102014209635Al) 

D 11 may be relevant to a portion of claim I in view of D7 of the '168 Patent as provided 

in the following claim chart. 

Claim 1 of the '168 Patent D11 

convers10n of a charge of Paragraph [0006] (translated): An alternative to two­
desulphurized natural gas and steam, stage reforming is the purely autothermal reforming of 
with oxygen-enriched a1r or with natural gas with the help of cheaper autothermal 
oxygen, into a synthesis gas reformers (ATR). In order to provide the additional 
containing hydrogen, CO and CO2, amount of oxygen required for this purpose, either 
in a conversion section; oxygen from an air separation plant or a correspondingly 

4887-4099-2863\l 

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 l.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 DI as prior art under 35 U.S.C. § 

102(a)(2) to the '168 is questionable. Page I of DI states that such report was prepared for 

Presentation at NITROGEN & SYNGAS 2010 International Conference, Bahrain, 28 February-

3 March 2010. However, DI 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 DI precisely 

reflects the content of that lecture. 

Nonetheless, even assuming, arguendo, DI is prior art 35 U.S.C. § 102(a)(2), claim I is 

patentably distinguishable from DI and DI does not raise a substantial new question of 

patentability. Fig. 2 of DI 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 DI 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, DI 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 DI 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." DJ, p. 20. Based on Table 4, page 11 of DI, 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 D 1. To the contrary, this conclusive 

statement of DI, as a matter of fact, discloses no more than "syngas instead of natural gas." At 

page 20, DI 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 

DI, 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. DI 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 DI (page 3, lines 2-3) discloses that synthesis gases 

("syngases") are gas mixtures composed mainly of hydrogen and carbon monoxide. DI 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 DI the 
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expression "syngas" is never used to describe a CO2-depleted process gas. Hence, DI is silent 

about a CO2-depleted synthesis gas as fuel fraction, as required by claim 1. 

Furthermore, DI is silent about splitting in a first stream and a second stream having the 

same composition. In D 1, 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 I" after option 

2) as oxidizer. In these options, DI 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, DI 

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 

D 1. 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 DI. 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 I and 21 are patentably distinguishable over DI, and DI 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 I 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. I 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 A TR-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 Al) 

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 itself 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 I are missing from D6. The deficiencies of D6 are not remedied by any 

of the remaining items of information presented herein. 

Accordingly, claims I 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 I 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 I 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." (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 I 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 I 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-enriched air or ,vith oxygen," as recited in independem claim 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 "oxygen-enriched air or \Villl oxygen" 

because controlled amounts of air (and not oxygen-enriched air or oxygen) appear to be 

disclosed to be mixed ,vith the effluent of the primary refonned in D9. 

Even assuming, arguendo, the teachings of D7 were combined with the teachings of D 10 

(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 I and 21 are patentably distinguishable over D7, and D7 does not 

raise a substantial new question of patentability. 

E. D8 (EP 2266922Al) 

Patent Owner respectfully submits D8 belongs to the same patent family of D2. 

Accordingly, Patent Owner respectfully notes that claim I 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 I 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, DI, for purposes of obviousness. 

According! y, claims 14-16 are paten tab I y distinguishable over D9 in view of the other 

items of information, and D9 does not raise a substantial new question of patentability. 

8. 

9. 

10. 

Copy of the '168 Patent 

The '168 Patent is attached herewith as Exhibit A. 

Copy of Each Item of Information 

Each item of information is attached herewith as Exhibits B-P. 

Summary of Relevant Portions of Any Submitted Document Over 50 Pages In 

Length 

D9 ("Ammonia; Principles and Industrial Practice", Wiley-VCR, 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. 

MSS:JPR 

4887-4099-2863\l 

Dated this 26th 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 
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PTO/SB/59 (09-16) 
Approved for use through 11/30/2021. 0MB 0651-0064 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid 0MB control number. 

REQUEST FOR SUPPLEMENTAL EXAMINATION TRANSMITTAL FORM 

Address to: 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Attorney Docket No.: 

Date: 

1. 0 This is a request for supplemental examination pursuant to 37 CFR 1.610 of patent number _1_1,_28_6,_16_8 ____ _ 

issued March29.2022 . 37 CFR 1.610(b)(1). 

2. 0 Supplemental examination of claim(s) _1_-2_3 _____________________ is requested. 
37 CFR 1.61 0(b)(4). 

3. 0 a. The name(s) of the patent owner(s) (not the patent practitioner(s)) is (are): 

□ 

7. □ 

8. □ 

CASALE SA 

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 1.61 0(b)(9). 

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. sos1s1 ; or 

c. Payment by credit card. Form PTO-2038 is attached. 37 CFR 1.61 0(a). 

Any refund should be made by D check or 0 credit to Deposit Account No._s_o6_1_s1 _____ _ 
37 CFR 1.26(c). If payment is made by credit card, refund must be to the credit card account. 

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 1.61 0(b)(6). 

CD-ROM or CD-R in duplicate, Computer Program (Appendix) or large table 
D Landscape Table on CD 

Nucleotide and/or Amino Acid Sequence Submission 
If applicable, items a. - c. are required. 

a. D Computer Readable Form (CRF) 
b. Specification Sequence Listing on: 

i. D CD-ROM (2 copies) or CD-R (2 copies); or 
ii. D paper 

c. D Statements verifying the identity of above copies 

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), 1.61 0(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 
gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount 
of time you require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and Trademark 
Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. 
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Patent No. PTO/SB/59 (09-16) 
Approved for use through 11/30/2021. 0MB 0651-0064 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid 0MB control number. 

0 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 1.61 0(b)(7). 

0 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 
1.61 0(b)(8). 

12. 0 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 1.61 0(b)(5). 

13. 0 The below list includes all prior or concurrent post-patent Office proceedings (ex patie or inter paties reexamination, reissue, 
supplemental examination, post grant review, or inter paties review) involving the patent for which supplemental examination 
is being requested. 37 CFR 1.61 0(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 

D 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: 

Iv" I The address associated with Customer Number: 
I 115407 I OR 

□ 
Firm or 
Individual Name 

Address 

City I State I Zip 

Country 

Telephone I 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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Approved for use through 11/30/2021. 0MB 0651-0064 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid 0MB control number. 

(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 _1_1_,2_8_6_, 1_6_8 ____ _ 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. 1 Number-Kind Code2 (it 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. 1 Document Date Applicant of Cited Document Relevant Passages or 

Country Code3-Number4- MM-DD- Relevant Figures Appear T2 

Kind Code5 (if known) yyyy 

1 EP 2 817 260 B1 12/31/2014 Fillippi, et al. 

2 EP 1648817 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. 3 Enter Office that issued 
the document, by the two-letter code (WIPO Standard ST.3). 4 For Japanese patent documents, the indication of the year of the reign of the Emperor must precede the serial 
number of the patent document. 5Kind of document by the appropriate symbols as indicated on the document under WIPO Standard ST.16 if possible. 6 Applicant is to place a 
check mark here if English language Translation is attached. 
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U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the Paperwork Reduction Act of 1995, no persons are reauired to respond to a collection of information unless it displavs a valid 0MB control number. 

(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 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: 

OTHER DOCUMENTS 
Cite Document Information (include, where appropriate, name of the author, title of the article, book, magazine, journal, serial, symposium, catalog, etc., 
No.1 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.) 

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. 

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. 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. 

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. 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. 

6. 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)). 

7. 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. 

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. 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 DEPARTMENT OF COMMERCE 
United States Patent and Trademark Office 
Address: COMMISSIONER FOR PATENTS 

P.O. Box 1450 
Alexandria, Virginia 22313-1450 
www.uspto.gov 

CONFIRMATION NO. 9950 

SERIAL NUMBER FILING or CLASS GROUP ART UNIT ATTORNEY 
371(c} DATE DOCKET NO. 
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APPLICANTS I 
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INVENTORS I 
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CASALE SA, SALT LAKE CITY,, UT; 
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Salt Lake City, UT 84111-2176 
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Notice of Pre-AJA or AJA 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 BI 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 oflndustrial 
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. I 648 817 BI to Blumenfeld, et al. (Blumenfeld) 

(8) European Patent No. 2 266 922 Al to Licht, et al. (Licht '922) 
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(9) "Ammonia; Principles and Industrial Practice", Wiley-VCR, 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 Al 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 I 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 

. . 
ammoma convers10n; 

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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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). 

Page 3 

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 '63 5 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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(12) SUPPLEMENT AL EXAMINATION CERTIFICATE 

United States Patent 
Barratto et al. 

Control No.: 96/000,424 
Primary Examiner: Jerry D Johnson 

(10) Number: US 11,286,168 Fl 
(45) Certificate Issued: May 11, 2023 

Filing Date: Apr. 26, 2023 

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. 

8,137,422 

2004/0234426 

EP 

EP 

EP 

DE 

DE 

(56) Items of Information 

U.S. PATENT DOCUMENTS 

3/2012 

11/2004 

Licht et al. 

Reddy et al. 

FOREIGN PATENT DOCUMENTS 

2 817 260 Bl 12/2014 

1 648 817 Bl 4/2006 

2 266 922 Al 6/2009 

10 2015 210 803 Al 6/2015 

10 23014 209 6356 Al 5/2014 

OTHER DOCUMENTS 

"Ammonia; Principles and Industrial Practice", Wiley-VCR, 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. 

Haussinger, et al., "Hydrogen, 3. Purification", Ullmann's Encyclopedia oflndustrial Chemistry, Vol. 18, 2012, pp. 309-
333. 
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Control No. Patent Under Reexamination 

Ex Parle Reexamination Ordered Pursuant 961000.424 11286168 
1------------+----.....-----------1 

to 35 ll.S.C. 257 Examiner Art Unit AIA (FITF) Status 

Jerry D Johnson 3991 Yes 

--The MAILING DA TE 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 parte reexamination proceeding is hereby 
initiated by the mailing of this order. Ex parte reexamination under 35 U.S.C. 257 will be 
conducted in accordance with 37 CFR 1.530 through 1.570, which govern ex parte 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/ 
Supervisory Patent Examiner, Art 
Unit 3991 

U.S. Patent and Trademark Office 

PTOL-2302 (Rev. 08-12) 

/ALAND DIAMOND/ /JERRY D JOHNSON/ 
Patent Reexam Spec., CRU 3991 Patent Reexam Spec., CRU 3991 

Office Action in Ex Parte Reexamination Part of Paper No. 20230626 
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Office Action in Ex Parle Reexamination 

Control No. 
96/000,424 

Examiner 
Jerry D Johnson 

Patent Under Reexamination 
11286168 

Art Unit 
3991 

AIA (FITF) Status 
Yes 

-- The MAILING DA TE of this communication appears on the cover sheet with the correspondence address -­

a. D Responsive to the communication(s) filed on __ . 

D A declaration(s)/affidavit(s) under 37 CFR 1.130(b) was/were filed on __ . 

b. D This action is made FINAL. 

c. D 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 parte 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. 

THE FOLLOWING ATTACHMENT(S) ARE PART OF THIS ACTION: Part I 

1. 0 Notice of References Cited by Examiner, PTO-892. 3. D Interview Summary, PTO-474. 

2. D Information Disclosure Statement, PTO/SB/08. 4. D 

Part II SUMMARY OF ACTION 

1 a. 0 Claims 1-23 are subject to reexamination. 

1 b. □ 

2. □ 

3. 0 
4. 0 
5. □ 

6. □ 

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. 

7. □ The proposed drawing correction, filed on __ has been (7a) D approved (7b) D disapproved. 

8. 0 Acknowledgment is made of the priority claim under 35 U.S.C. 119(a)-(d) or (f). 

a) 0 All b) D Some* c) D None of the certified copies have 

1 D been received. 

2 D not been received. 

3 0 been filed in Application No. 16/485,695. 

4 D been filed in reexamination Control No. 

5 D 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. D Since the proceeding appears to be in condition for issuance of an ex parte reexamination certificate except for formal 
matters, prosecution as to the merits is closed in accordance with the practice under ExparteQuayle, 1935 C.D. 
11, 453 O.G. 213. 

10. D 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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The 11,268,168 patent was examined under the first inventor to file provisions of the 

AIA. 

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)(l) - (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 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 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. 

35 USC§ 102 

Page 3 

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)(l) 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. 

35 USC§ 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. 

Page 4 

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)(l) 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-

597 Topsoe, Inc. – EX1003 
Page 597 of 1210



Application/Control Number: 96/000,424 
Art Unit: 3991 

Page 5 

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 CO2 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). 

II. 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 CO2 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]odem 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 SIC 

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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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 
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portion may be between 10% and 30% of the total amount of the CO2 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 ofEP '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 13 and 18 are allowed. The following is a statement ofreasons 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 hHps:/ /ef s. uspto. f:OV /efik/mvportal/efa-registered 

By Mail to: 

By FAX to: 

By hand: 

Signed: 

Mail Stop Ex Parte Reexam 
Central Reexamination Unit 
Commissioner for Patents 
United States Patent & Trademark Office 
P.O. Box 1450 
Alexandria, VA 22313-1450 

(571) 273-9900 
Central Reexamination Unit 

Customer Service Window 
Randolph Building 
401 Dulany Street 
Alexandria, VA 22314 

/JERRY D JOHNSON/ 
Patent Reexamination 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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Examiner Art Unit 
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U.S. PATENT DOCUMENTS 

* Document Number Date 
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NON-PATENT DOCUMENTS 

* Include as applicable: Author, Title Date, Publisher, Edition or Volume, Pertinent Pages) 
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V 

w 

X 

*A copy of this reference is not being furnished with this Office action. (See MPEP § 707.05(a).) 
Dates in MM-YYYY format are publication dates. Classifications may be US or foreign. 

U.S. Patent and Trademark Office 

PTO-892 (Rev. 01-2001) Notice of References Cited Part of Paper No. 20230627 
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Application/Control No. Applicant(s)/Patent Under Reexamination 

Index of Claims 96/000,424 11286168 

Examiner Art Unit 

Jerry D Johnson 3991 

✓ Rejected - Cancelled N Non-Elected A Appeal 

- Allowed Restricted I Interference 0 Objected -

CLAIMS 

D Claims renumbered in the same order as presented by applicant D CPA D T.D. 0 R.1.47 

CLAIM DATE 
Final Original 07/06/2023 

1 ✓ 

2 ✓ 

3 ✓ 

4 ✓ 

5 ✓ 

6 ✓ 

7 ✓ 

8 ✓ 

9 ✓ 

10 ✓ 

11 ✓ 

12 ✓ 

13 = 
14 ✓ 

15 ✓ 

16 ✓ 

17 ✓ 

18 = 
19 ✓ 

20 ✓ 

21 ✓ 

22 ✓ 

23 ✓ 

U.S. Patent and Trademark Office Part of Paper No.: 20230627 
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606 Topsoe, Inc. – EX1003 

Page 606 of 1210



Doc Code: ECOMM.AUTH/ECOMM.WTDW 
Doc Description: Internet Communications Authorization/Internet Communications Authorization Withdrawal 

r AUTHORIZATION FOR INTERNET 

COMMUNICATIONS IN A PATENT 

APPLICATION OR REQUEST TO 

WITHDRAW AUTHORIZATION FOR 

INTERNET COMMUNICATIONS 
\... 

To: Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Application No. 

Filing Date 

First Named Inventor 

Art Unit 

Examiner Name 

Practitioner Docket No. 

I. To authorize permission for Internet Communications. 

PTO/SB/439 (11-15) 

96/000,424 

April 26, 2023 

11286168 

3991 

Jerry D. Johnson 

283386WOUS01 495230-44 

[i] Recognizing that Internet communications are not secure, I 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. I understand that a copy 
of these communications will be made of record in the application file. (MPEP 502.03) 

II. To withdraw authorization for Internet Communications. 

D The authorization given on--------~ 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. I understand that the withdrawal is effective when approved rather than when received. 

I am the 

D applicant. 

[i] attorney or agent of record. Registration number _5_0_2_5_8 _________ _ 

D attorney or agent acting under 37 CFR 1.34. Registration number ____________ _ 

/Marcus S. Simon, Reg.# 50258/ July 26, 2023 
Signature Date 

Marcus S. Simon 801-933-7360 
Typed or printed name Telephone Number 

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*. 

1 
• Total of ___ 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. 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. 

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. 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. 

6. 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)). 

7. 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. 

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. 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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Form.pdf b63d 

Warnings: 
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Total Files Size (in bytes) 186425 

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 AQQlications 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 AQQlication 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 AQQlication 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 181 O), a Notification of the International Application Number 
and of the International Filing Date (Form PCT/RO/1 OS) 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. 283386WOUS01_ 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 

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: 

) 
) 
) 
) 
) 
) 
) Art Unit 
) 3991 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 

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. 

4857-2205-9898\l 
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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. 

MSS: JR: sm 

4857-2205-9898\l 

Dated this 23rd 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 
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37 CFR 1.16 (National application filing, search, and examination fees) 

37 CFR 1.17 (Patent application and reexamination processing fees) 

37 CFR 1.19 (Document supply fees) 

37 CFR 1.20 (Post Issuance fees) 

37 CFR 1.21 (Miscellaneous fees and charges) 

File Listing: 
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Document Description File Name 

File Size(Bytes}/ Multi Pages 
Number Message Digest Part /.zip (if appl.) 
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20230823_283386WOUS01_ 49 
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Petition for review by the Office of 

5230-44_Petition-for- no 2 
Petitions 

Extension-of-Ti me.pdf 7d282af69ac00677f9a9d 188cc44387c1 a7f 
ea7d 

Warnings: 

Information: 

37882 

2 Fee Worksheet (5B06) fee-info.pdf no 2 
c077896313 7 c72523fc012613 d 8280a 1 d 5 5 

27d8a 

Warnings: 

Information: 

Total Files Size (in bytes) 60701 

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 Agglications 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 Agglication 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 Agglication 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 181 O), a Notification of the International Application Number 
and of the International Filing Date (Form PCT/RO/1 OS) 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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UNITED STATES PATENT AND TRADEMARK OFFICE 

APPLICATION NO. FILING DATE 

96/000,424 04/26/2023 

116407 7590 08/25/2023 

Dorsey & Whitney/ UT GENERAL 
111 South Main Street 
21st Floor 
Salt Lake City, UT 84111-2176 

FIRST NAMED INVENTOR 

11286168 

UNITED STATES DEPARTMENT OF COMMERCE 
United States Patent and Trademark Office 
Address: COMMISSIONERFORPATENTS 

P.O. Box 1450 
Alexandria, Virginia 22313-1450 
www.uspto.gov 

ATTORNEY DOCKET NO. CONFIRMATION NO. 

283386WOUS01_ 495230-44 9950 

EXAMINER 
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3991 
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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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Decision on Petition for Extension 
of Time in Reexamination 

Application No. 
96/000,424 
Examiner 
Jerry D. JOHNSON 

1. THIS IS A DECISION ON THE PETITION FILED 08/23/23. 

2. THIS DECISION IS ISSUED PURSUANT TO: 

Applicant(s) 
11,286,168 B2 
Art Unit I 
3991 

A. D 37 CFR 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. IZ! 37 CFR 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. D 37 CFR 1.956 - The time for taking any action by a patent owner in an inter 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. 

3. 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 per37 CFR §1.17(g)): 

i. IZ! Petition includes authorization to debit a deposit account. 

ii. D Petition includes authorization to charge a credit card account. 

iii. D Other: ----
B. D Proper certificate of service was provided. (Not required in reexamination where patent owner is requester.) 

C. IZ! Petition was timely filed. 

D. IZ! Petition properly signed. 

4. DECISION (See MPEP 2265 and 2665) 

A. IZ! Granted or D Granted-in-part for two (2) additional months. (See 37 CFR 1.550(c) and 37 CFR 1.956). 
i. IZ! Other/comment: See CONCLUSION below. 

B. D Dismissed because: 

i. D Formal matters (See unchecked box(es) (A, B, C and/or D) in section 4 above). 

ii. D 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. D Petitioner failed to explain why, in spite of the action taken thus far, the requested additional time is 
needed. 

iv. D The statements provided fail to establish sufficient cause to warrant extension of the time for taking 
action (See attached). 

v. D The petition is moot. 

vi. D Other/comment: __ 

s. 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. 

6. 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. 

U.S. Patent and Trademark Office 
PTO-2293 (Rev. 11-2013) 

/Gay Ann Spahn/ 
Supervisory Patent Reexamination Specialist 
Central Reexamination Unit 

Part of Paper No. 08252023 
Decision on Petition for Extension of Time in Reexamination 
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Control No. 

96/000,424 

Ex Parle Reexamination Interview Summary Examiner 

Jerry D Johnson 

All participants (USPTO personnel, patent owner, patent owner's representative): 

(1) Jerry Johnson 

(2) Alan Diamond; Jean Witz 

Date of Interview: 21 August 2023 

Type: a)~ Telephonic b) □ Video Conference 

(3) Marcus Simon 

(4) John Rowe 

Patent Under Reexamination 

11286168 

Art Unit 

3991 

AIA (FITF) Status 

Yes 

c) □ Personal (copy given to: 1) □ patent owner 2) □ patent owners representative) 

Exhibit shown or demonstration conducted: d) □ Yes e) ~ No. 
If Yes, brief description: __ 

Agreement with respect to the claims f) D was reached. g) ~ was not reached. h) D 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: Licht et 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 

Serial No.: 

Filed: 

For: 

Confirmation No.: 

Customer No.: 

Examiner: 

CASALESA ) 
) 

96/000,424 ) Art Unit 
) 3991 

March 29, 2022 ) 
) 

PROCESS FOR THE SYNTHESIS OF AMMONIA) 
WITH LOW EMISSIONS OF CO2IN ) 
ATMOSPHERE ) 

) 
3128 ) 

) 
116407 ) 

) 
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. I look forward to speaking with you. 

Dated this 11th day of August, 2023. 

4889-3514-3283\l 

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 
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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 compnsmg: 

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 

ammoma. 

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\l 
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August 11, 2023 
Page 3 

Claim 1 Amendment Proposal - Auxiliary #1 

1. (Proposed to be Amended) A process for synthesis of ammonia from natural gas, the 

process compnsmg: 

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 

ammoma.,_ 

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 '260") 

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 ofEP '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\l 
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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 compnsmg: 

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 

ammoma~ 

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 
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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 compnsmg: 

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 

ammoma~ 

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 
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626 Topsoe, Inc. – EX1003 
Page 626 of 1210



August 11, 2023 
Page6 

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 compnsmg: 

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 

ammoma~ 

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-
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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 compnsmg: 

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 

ammoma~ 
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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, 11. 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. 283386WOUS01_ 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 

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: 

) 
) 
) 
) 
) 
) 
) Art Unit 
) 3991 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 

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 

compnsmg: 

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 

ammoma. 

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. 

2 
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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. 

3 
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Amendment "A" dated November 2, 2023 
Reply to Office Action dated July 7, 2023 

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] convers10n 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 ammoma from natural gas, the process 

compnsmg: 

convers10n 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 ammoma from natural gas, the process 

compnsmg: 

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 

ammoma, 

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. 
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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 I 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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A. BACKGROUND 

REMARKS 

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. 1 

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 I 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 IO and 19 are amended herein to remove 

language now presented in independent claim I or in conflict with the narrowing amendment to 

independent claim 1. Patent Owner notes that MPEP 1412.03(11) states that: 

1 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. 

9 
4889-7069-3746\l 

638 Topsoe, Inc. – EX1003 
Page 638 of 1210



Application No. 96/000,424 
Amendment "A" dated November 2, 2023 
Reply to Office Action dated July 7, 2023 

... 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 I 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 I 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(1Il)(A)), Patent Owner believes the amendments to dependent 

claims IO 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. REJECTION I 

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 I 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 current! y 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, inter alia, methane and 

natural gas (column 3, line 41) in a reformer furnace to form a reformate stream comprising 
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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. 

14 l ' \ ' 

oo~-t •~ .. ----- -- ------ --- ----- -- --.J,. -- -- -- -- -- -- -

!...~ ~· ~,t 

. 18 

.110 

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 convers10n 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 I 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 I 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 II 

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 III 

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. EP28 l 7260 ("EP '260") in view of Licht '422. 

The PTO has not established a prima facie case of obviousness against currently 

amended independent claim I 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, 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 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, II. 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 
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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). 

19 
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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. According! y, 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. 

MSS: JR: sm 

4889-7069-3746\l 

Dated this 2nd 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 
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Examiner: Jerry Johnson 

Customer No.: 116407 
GENERAL AUTHORIZATION TO CHARGE FEES 

Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Dear Sir: 
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) Art Unit 
) 3991 
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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 
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tl,l,h~ltc.t t"<.:~{i.>L(H~t ~1~ pr-c~ ... h~'-!<U.i:d. ~(~rnht~~a~(r;.1,.~i"i ((:.~\.) ~)t t~) ihl l¾!{S(~ ~;.ht·at f:CC:0Ytry. $teim gi:Jl':;t,J:~!~9·s)~ Eithe:r bf ~he::e. err 
sch~~mcs wm \'~\>;.Ult h:i .3. high t~:<j>O!t t.<f :i\,lP w,~un \li/hk:h W\'.<ll-ld then bx~ u,;.~d to nic;it !ht'.: ,~(l\lire<nWnh »r llWI <H"{:;l plai;t 
(pl'i)<c¢SS ;ind dfrdng: th~~ CO, eompri::,-$(W) imd r%.!uc{: ;;he li>tiii on !ht'. ;.,trniiimy {fo{kn, in t\w ;._,ff~~hc~, 

ljo\~'('!'VJ?-r~ if fOJ ~fK:.:,:~nplt:•:- the pn.~jx~;t i.$ ~i hn)\\:'f:.fit.kl -proj~?:ti \)lith t:ert~.ir~ JJS-~u·gin~~h;p~~R~ C(lpat'~tk~> In th~ err gt11t!r;rtnn-~ 

,rnd/m: HRSG ',;., (~f where th~ :;te,mi ,::i~11 be w:ncratd in ii dic:.,q~, \\'i:>Y in the i)ff--shc~, the i,ka.l imh.itk,n. wi.!l b,: w w,s~ 
tl-w cxi:stbg fo:Hitks. tii th? e;'<i:Cnl. pi):s,ihk and 1;,1.ve C:'\PE)t \n the ,nww::inia :pl::::nt hy nxbdng_ tth'?. v.tn¢:rati<m ;md 
t!~~pnrt i~lf K1t~1n1. ln: ~-~~.er:, ~&$¢'.~:- lt \V~H )i(::' l~t:ltfit~j.~J t~).r i\t~ t:-t?rnp·k~K t<~ g(JJ\)r ~n &n.1~}10~1(~ phri3.t \;ath (~. ~(nx~t.\'ihit ~n~i(}}~~r 
~(k'!~tn t~:<p-qrt.~ antj the.reb_y tt. hitthct • ~;pt~Ci.ff(; ~~1~brgy ,~t}n~utr~ptk~1t ()t/ ~ht:· (>thtr }~hnd this: ):NSH tis:~.tn~~ <1 h(:.{t~r i:u.}Us~·th>n 
of the ~-~i~~~ing tlt~}Har5t b~)ik~r'I and ~h<:ttfz,s;n,! ~lsr~ ~i h\gher t~nergy t~{}i.cient(·l of th,~ t:~ff:...~lttt~h)tH.Ety $:C(~tio.r~~~.~ b}Kte~d uf 
n.Hlnlng th~.Ht~;<.Hbn:y b(}ik";;t~ ~t 1)1~_nSrntitn h.J~~4 tltff\t? d;k.~.high Sb?~ltB,Ifft;~$u~:ti.or~ it~ th~ ~n:ifa\{}B:i{~. pl:.tr.tt. 1~h.i~ ?i{H i~~,w~naD.y 
rc:f;uJth).a beth~t ~}V~n~U ¢tu.:.~rgy ~fflc.~~\ncy fn:r ·t}~-e:J~PJ~rt~ tt>tnpl(~X~ Fh12/iy~ <~1~9 in ~~ij~c)~s \Vh~n$ ti-lC~~P' fu~?:"! i~ av~iia.hl~.f,>r 
the \~~f.:~It(?:S biih:::~~:- H t~.-::tn }Jt?.··qt~lei)c~~.l.1:0 ~\::di~.~~::.~h(~>~ie·~un p'n..J:d~~t{~9n En {.h:t{ a.rnm{~fiii~ p1:ani. 

i~.S IH~f.t~{}tl{:d ,~"\b:DYit, the n,~.:~dbHil.y in tht.~ ··rop~tk~ de~,;ign ~tk~\\'t; fr~r \>.:'ldt~ Viui::~i(~1~ in th~ pn.:~:e~~,f~ tqHfigun.tti-~)H ~~H~i 
i~} <.,)pen~~lrfg t::;..)n-ditk)n~.; h:i· the \'~3-t()U~ pt~)t:~~'f.. S(!Cti.()ns t(1 (iftivt! ~t ;,.t H>tal ~ti~{}>Xl pn~•du:cti,~n. th:.:t cov~~r~. ste~sn ~~;.qtth~~n,t:nt 
in tU:t.'-i-l;p2JthiHy or c.nn1plt.!l~:iyJ 

In i.ht? t))lh)\\:•i:n.g, on~:.. \1{ay" ,~r 1:::~d.~'\.'•{ng• th~ ~tta~n g~t:~ra~i~~nfe:~:<po~t ffr~ff~ (ht: <H?~Hnrwiit::. p}~tnt \V}lt be dt~itdl~'!;,,J. 
l~t:dtu::t~ .~t~:an-r ~<~4ut.Hn~ r·~--.:~~ h~?. .::1~hie.·ved 1~~-i an. Hlt~:rn~1tfve pn)~~es.$ $<:hens.e \Vhi-.::h inch:1~{~~s a gir~ he~ted h~~:t~x~:htttigtt 
(t:f,1hnt~t~ 'Thi~. rtdhnn~~t ~i~l.1nrninatt~J i:-rrER..-p tr,la1cl~)r 1~~-p~{it~: ~xth~H1g~. n~ft>nrtt":J~ -- ·panf!i~t) is .~n:$.t~>Ht.d hi par~\t)e! \\:hh 
me pth~l~!.ri· H!i\ffBJ(~r ~~nd th~~ &~cond~try rtf(~nt~.tf; .~rhe ttrr-fft ... p {~ fr~d. intk:pCnlk~pf~y \Vhh d.e.f)il1J)htid~·~d ~l~l~~tn\~ g:._1.~ 
rn.i1'C<l whh p-ioe:1::ss i,\,~;mi- 11:li~ ,ilfo,Vi> <ld.ia,;.ln-,e~it nf:,\emn ti) cm:h<m rn,b $t:::p,mi:tdy of the primary tt:forrn~~r foi:d ifi 
o:rdC:r tn ~thitrf:c: th{?- de~~red· con.v~~r~;ion, • 11~.t~ h~~t. fOr ~lit 'r~~.j(g·nlfug rc·arHnu it~ rhe l}'T[~R-.•p is ~?PVih:.~J by tht~: gx:c_s 
~-->~)1i1ing fr~inl "the. ·~{~~x~ndary rf.:ft)n11e-:r. l'he. 11i;~fonrtfng s.~tH.on nf the .. r:r:e:<::t~:~ ~t~h-tH\t!- \\1ith. tfriiI{:..}-' 'i~ $.hn'\VI1 h.-~ }1grit'e :~t 

' ..;. --~"""! 
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b !hi, fol1o,vinr, erupl:msi,; will b;i put on h<>,V tc1 udrh~v,~ imfom:;~d :::m:hm1 ;Jio::,;i.,k pFidti:::tkm rn:@ k,w iwB,.rn.l p;; 
t~ed&!Z:l•~k, ~lm:,., th"' h:w~, c111 i;t(iam ,~>;pon imd cn:bmi dioxidi: pn:lduc:tkm t(~ >l :::erl,iii:1 t'tHmt gn h,tnd in hamL 

·.Pr..:)du>;siun {}ftttnn~.orr~u.-ft,)tn Jt~anT:atural gat~ \S/~U r>;:::.:ult in di::;p.n)I~Hrti,::nalt: anl0un1:s of ~H~ir::l~Jrd<t·>lnd rarb,._'):a ~:iuxid~~ 
f(,r ;,ireii. prixhi.:tinn du~ h> th~ k:W <::nnhmt z,f mn-lxm h Hit' fo(:dHO<:k Th;~ an:@.mt n( carh,Jn dlnxhk prrnfti('('.d will 
iher~fnit:·. be in.~uffi<~i~~~1t t~) ~~n&ti.r~~ lhut tt!l ~tn}H~<..)nfai ~~~n o,~. t($H\··~.rte.d. tP tn·c:~~- ..:\R ~u~ji,. it i~ of gfl ... ~:t }nt~'!'.f~~t·to t-:on~;itl<~r 
ht>~~! bt~:~t tu achi::e\:t:: (i sto3~':Jfrarnetri<:. h2:h~nct nf C>lx:bon (fo:;>.Ki•u~~ ·~~nd arnn::{n~.iu fnr un~:.~i pr,)du<::~~on ,~ihijn. tht~ fee.c:h~t>ek. i~ 
l~~n n.sJu.nll g:i:;::-:. \~At.h knv carhor~ ~~nntenL 

In fri<i fo!lnwii:1g fo,n' di.h'(ii'cta ;;;;hi_:tlK% dt~in u::;td .in lfa: hidu;,!:fy,. will ht: desnilxd: and -:omp,in,d, ,vhld, <tll 
pft}Vitk~s a h~J~H)t€!d pt~}C:hJt~t!nt1 (f tmJx~n dkrxh.1~ ~}nd <~JJ'U)l(Blia for lH'ta pr(~ducth>n~ 

♦ $c1wn1e v(ilh fry,)geii-i(: ,~ynfoc~iit gm; p,iriJkati(lti 

♦ s~~ht~n1c: '.:\··ith R:XC~t{~ t~yT:th~,$}~~ g~i~ pn::cdtftinr: 

♦ Sthetn~: \<tith c:t\R (ra.dx.~t~ zho~:idt~ :rt»~nv(~ry) u.uH 

♦ Sd,ei:ne ·w.itb/w.ithnut URU (hydmgin t'c<:,Miry uni:i) 

·Th~~ schenx: u~ing ttY<~ge~l<-- purifi.t:ation a'.$ final tlt<H; np -i~; ha.;;t_;d on pthnHr~y and 3$.tt($tHl~t;i n~forn1ing_= u:dng 
~,:,;,,;::g ;nr frl ihc ~c<:oNlm:y i'\:di.:in:mor, fi;:,lkiw~d by tWt:H,\q:, shift i;ystt.im,. cmlwn dk~xidi:. t'<:;fti<Wal, miitfoml<tlon nnd 
(::ry◊i,mie puti{b,tbtt A,ixtrl: ft◊m d:a: hlgh prnn~,,$ air !hw, th<.~- Sd}t'.Mi- i5 d:1M:,1c:,al:,i:d by a high tn~thimc ktihgt~ 
ft<:im tlit~ rd'qn:n11):g ,~~-::.tkrL fo onkt t(> ;;ali~('y fl:k: n,~ptrl':d ,:~dwn d/,:dd,~ piwbcti,:,ri the Htiw of !'l-.i(,d,n-:x:k h ad}u;;k:d 
tc, rn~~-t(:-h thi~ <lt:"~ir«d prt~4ucti:<}n., The :)ytah~!.~~!:,; gat; it( fin~d1y pur!fi~d ir~ ~i rryot;~rftr; ·\~,o.ld b-ttx~--,: ·w·ht!t\~ tt,c .syr1tn,~~,;~~ 
g~t~ is 1~~t.u~ted ·to g~t, ~ hydn}gen tn Hrtr()gtrt nH:io ~:::f 3:1 a~; .require{} ~n tht :i:tnnn(~ni.a t~ynth.t-::~i~. tn. tt: .. c cry(.,gttdc HiIH 

exce-:~~~ n:~~:fhtUH) ~tnd ~YJ1the.~is gas j~. !-C·n1ov~{{ ~~-nd this. tx$;::~~-~ t;;i}C h; u~~td ~~~i fot-i in {ht~. prirn(~.ry r~:fbnn¢:t sfrn.Har tti fh~': 
~~i;~ht~•~nc ~l/ith ~?.Xtc·~~- synthe~i$ g~,,') -r~rr~d~}tit~~i1 g.h•·~~n b~~Joi\'~ l:lt)\tc .. ,/t.-:r:- ~1B\~- h:i; tht-: <}X~~t·~-S <Hxfot::tu. of pH>Ges~ t~h' ~nd ~~!f~Q 

th>~ high m~.::tll<~:nt'! letik~{§.<: fa·nrn the :Brfbrrning: ~.u~3t: thJ~ .. fei~d flo;w i~ ~ig,r(ii)puntiy h3gh.t~r in this ~(:htrne. C(H·npiu:ed to the, 
(}thtr -~ch~.rn~:~ d).t~_.:.~r.~~~d~ (:nnS:t;que-nHy <! l'(~httively~. large ar.nou~lt nf unc<.nn:\~-rt(~<l ft:{~d:::t~ .. :-ck p;1:~~;t?;; thrnugh the- front~ 
t~nd t~)dini~ ut~ in H:.~t cry<,:gc·u3c- t\tJt ·n1e· \\'irnte glls- fn)tn: ~Jlt· }.·Tyogt~nh~ pnd.n~~~ttit)n, ~D1H~~.in~:r:-g t~x~t~s$ :hy'<ln:~gt~n ::3n~ 
unt~(HT•./~tt~~d ·fr-:txh:tnck~ ·r:nt~:y bt~ ti~cd Bs nJtl ~.n tht~ prhn<n-y .r(:{ortner. ~itndar ~(~ the Rthrn)~ p.r<Jducing: ~~,rc~:s:S ~)'iltht:~}~ 

Dt:,;plM th~ fad t!mt th<:: rMmrnhg duty fa ~mdk.r than for !h~i ,>lhs.~· c,m~s., itll ttw rtij,tz;ffo~ fr1>N",::ntl i~qu1prn-~n1, 
;u~d in partii:nJ~u- tht i~r(~:'{?-~~~: ~it i~nrr1pre~K-or. <~re ~~~gnifiranUy- Jargtn ht ~i:t~· Gl}n1pan~d rn ~-(}·_nvt·.uhqnat ~1fnn:~t>fliit plant 
~~onfigur~\t!,~n <tnd thit:. i~ t~sst,~lt~~n'/ d:Jt~· tQ th~~ high ftt.d no\V,. ()t~ tht-- other hand the ln•:)p §~. fntrt-.{)"t~{~ ;:ind ~n~nl~•\Vh~~t 

:~inaner ·than -:i: :;;.ts:ual ~:.ntffH)ni~~: synthf;c~is lP'O}~ \·v.ith ine.tts, 
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$V,J1:; • E~;!< N:fi,;,.;,;,-;. «ND H,\,,,m Gt«~i~;-,p_:,,, ftf',DtNA1''fK,!~N 

Sdm.tme 'lhith K~t'.ess Synthc~Is G.u. Pnt<h11,ction 
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······•• ............ ~-------,,,,,,,>)t1J 

F.-, E,-"" co, R,,un""' ""''""' " - "''"" """'" ow L,,. (m SUH/5 !I 
Scll~me Vflth,'\Vllhout HltU ( :Hydl'.'(igen Rei::ov('.cy lhtlt) '~' 

,\ h""''r''•!'''ti •,w•1,;,-."''" ''"'' .,,, '"',,,n,-! ·,i, " • , , • • ., d • ·1 • :::;: .,.·. ~'··'•,~\. _h.,,(. <v<,' ,io,\ .,« xo?>>.<,»tx ll ,n,iiw amrnotU<1 pl,mt~; ;1$ a mcm, ,(i!' i:e:· tlt.'Hlg l_1t! fos~ ◊t hvdtOJ:l:<m and :::::;,,,: 

thl;;rehy ¢nh»nl:hig tht1 ,immonfa pn:id~tc6@. The hydrogen ,-e(:nvtit)' tltllt is rimm@y .h,m~~fi.;fol when opt~r;Jing-~n rkh •. '•.•·.·•.',,,, •. ',,,,.:_',,,, •. ',,,,[_',, __ :,,:t_,",,.~',;a:,·--!'_'•.,,:·,,·•_',,,, miturn! ga$ (lf m {:a:st:s wfo:r::: ,~mpins. ;imnwPi,1. pnxlu~tkm fa i:i:ri o!:jtcikt\, l'fo•Nt!'\'M, whim m,inii. ki:i11 rmtm»l Ni;, {br ·-« 
''l . :! I • ~ • • . . ~ , • .. t: 1nlo.n1a a~l~. ~u .:rse~p~1~:t~·\ ~n~~t pro~t~~tt~xt.~. i}l"ni~.sion {}t ffR.l~ it~ .~~n ahern~th:'¢ s<~h.aion f~)r it~~hjeving stt~lchkin1etrk: 
bahtnce nf an-unoJ1i~l .;xnd (:~~r'bon d.~(~Jdde f,'=1" un.~a produ~tinn. 

\Vhm1 s,mitting HRU the <..'lff.g::::s cHrnbg frmn th!! A.RU (umrn,:-,n.i.;:i wxw¢ry miiJ} wm fa: ti,;,nd din.~dv ti) thi;; pri.m::::n.' 
,, . ' ' . " ! '{'< • I . • l " • • ,. , n,-J(,•rts~t ~~t(. ).u.0 .. {ns .:~t~ )t~rne n:~~t~rnn>es t:,ie: sch~1rne ~vi:th eh.C'.t:$c$ ~>)'"f\th(~:si~~ ga~; pn::~h.1cti(Hl dt•sc:rn~~~d.~dx1v~~ ~rhe rniiin 

diffornnce. being that th« gm, r~mmi~d at, fad is h1ken dowmareai:n th:: syntb;z;,;l.s rather thun up:sl:rei:im th¢ &yn:thc.sfa, 

The foi'.d flow fo thb; ~i::hllm<: h dkti:it(.>:d bv th¢ cm:bnn dl<:ixidt tlr(li:\ti,Am, :i'- "' ;>-..,, ,, •• ,,,,~.: "'"i•·'-;ss:>•" ,.,,,,, ,-.,\,.,.,,_.., -. . "' _ • , ;:• • " ,..,_I:,- ~- Wn ',~) ()J.._.. Y.¾"\ ... ~.'h. ••'! o ~.~:-.., • ._,..;,;) ,:::,. .. -t._J" ~~\,•~,:." .. >l,;,..._._.,, 

Ci)n~<:quendy the fronHmd S¢Cllon of the t)fa:ni will lx: i.d~~ntkai for the i:W!) sdx:mes, The flr.w ihmus:h th(~ svn.thi~;-,i:-; 
~e:cikm will be s.Hg:h!ly lii,g}mr, n.?;;ulting ~n ~Hghily larger kiop eqaiprnmit, bqt on the oi.,½.cr hand tht HRtJ l:ost !;8,3Y(~i,' 

CO2 

($\j ··} .. _j tlvii;,nfoits NHs$! 
r~rn,-Nai i ~· 1 A~fu~ti , ❖ :w· 

'ql<:' ''""'l''l 'V'-'; ,,· ••• , •• ,,, • < • « ' ' 1. 1· ;, • t... • •• •• ' ' ' • ' :• 'l : • • • . ~ .... ~--~·~ ... s~·,(~.t-... f:,?'} \,.·3..:~u ... 1 ~: .. ~~_.n,~..>TI~(l p:.::;:ln~~ .~~❖ivv ;lH n~)por~~nti :ln~~nt!Jl~.e on the ent-tg~i ha!(~nc 
am _usd_ for ll'.:er~y irnns?on wl~h,:i, th¢. ,m,mm:iia p.l,rnl mn:st notably by carrying Hw- tmergy ge,, 
H) Hle drn-'t~xs tor tne J{)latu1g equrrrnent ~nst~l.Ht!d. in th-e {iHltnonitt plant Ilut the st{~~nn sy~;tern. J~ i!J 
exporti1.1g entrj,'.)i frmn !h~ i.@rnoni;;. •)font t<; iidi' iK:ent fadtlt•es t>e<-',.{h,"" .,,.,.,,,,,.,,,.• ,, <, .,,. ,,,,~1~"" ,i .. :,·,. ; . . .... :e. . . C ' ' ........ ,., .... ,._, ~ .... ,.~ •.((,;.,• ~J(· ,;..•·t::!· ·~ .... M,i; .~, .... ,t.,i. ~M, 

ne1ghheudng. urea pL~~it. 

I :Jl 
•1ttt]'1'':;':':'".""''~"'-...-...-...-...,-...-..,..-...-..-...-...~~~-..-...-»--...-».-...-...-...-...-...-...-...-...-...-...-...-...,,~.._,,.,~ .... -..-.....,~--»-~-»-~-..-...-..."'"'-...-...,~,"!:i i rii 
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of the phrn is rirnHy mifllmbxL bv;~n tht,,igh \.fa~ CDR i,; ,m ¢Xtrn unit for th<:~ s:1nm<mi.:1 ph,nt H mlgbt he wntihwhik t,> 
ci::m:,kkr h almw wlth th¢ HTER,p b<:~cmi:,¢ !his i,; » way t,, m:bim:h»~ th~) a»ttmi! gil~, i~\,'li>l.ttuptkm for th~\ ,mmmni& pfant 
\~'hh foe fofh fo<:tl,, ,m carbnn d;m:lde Nn:i~;siom,, wd tht po~~ihil.hy w g<:t cmtinn ;::rni:hl~ for !ht~ saved carbrm dti)xkfo, 
~nih u :1chtJn~ tnigbt b-~: \s•·i)d;ht~·'hik~ c-~)r~si.d~"=r~ng ·i\::r fhtur~: pl~rff~/r{.~°V{~n1r\:~-

'l"he "fi(ttibiHtr in d1,! tlt~dgt~ :t:d a T,)Jt~~~· aJru1toJti.~1 ph~nt aHO').\'(~~ il grt~~1t de;1l of t~~ilorh1g ~l~ pte$ent~d ln th::! isbo·v~ .. 
ln th(~ folin\</3ng:the ~:chi.:)tnes de~cribt::d :;lx!v(: vti}l h~ cnrnr~u--~xl x::;i}nirtht": fo~k:;\\jng ~ix~t~n~pt~on~~ 

I 
I 
I 
l 

C<lµ:~d~y Qf·Bnun•)t:I~~ i<fr PD 
N<~{~~t~d ~)~$ t;(}fHPo~mt):1, :11~{~t~i 

(;!-~ 
(\l'"t 

CJ\ 
C_j-l,., 
t:;_N:·~ 
co,, 
Ill, 
Nat-._ual ~&~; LHV~ ~t:<;:U!~m '. 
St~ar:-l ~~;:,_~~tt as. r-..(iP S:~~:2~n1 t4~1 ~zt/::rrf tt 3S~{:~t~?, 

r-:<t:~'ler ca~cu~~t~~a ~i~: ~~J 5G _kc;?.:ttk\r'lh:. 
Cor*tffi§} v-::~~ter p:..nY}ff3 ~M ~~:S tt~W:d!~d in s{$-Ct~it po~,_.,.~r ct,::n!St.:rnptfr:.:n .. 
f)n!y rr~a§o..r !A)::'~~pr~~B$◊tt d:-i)!en ~)~ stea:::-n t-.. ubh:~:$;, U:i~ E~:Sl fo: n·~~*)t(!tii.t~3r~ .. 

. A;H ~n~fl'K~f}i~ PHJduct ~.o Uf-=~«. 

(~nrr.;::erHiurm} f::orH•·>~n.d \~,•ith prhnary ~n~.d $t~(~nn.d~ry nSi~)rrnt}t~ pt··fK~t~~·~· ;rte ~.~){1?:pl(':SS◊r ddv:}n. by t;~t.~· ~ilx'!~>~Bt\. t\vo.-. 
$tt::p ~hHt secti<Hl~ c~:rh{::-n tH.{)>:.kk~ f(:JtB)\~;ll <~.nd Jxtt,than~{.t]vn. fQH\JVl(~d hy 1n~>p \Vith t\\:'~) ~3JoJ~1t}ni~ con~:et~¢:(s in ~edes .. 

The-- fit~d fl~>\~;> ·ha~ been. ~u~j't~stt~~:.i- h) at~hit'•/t an ~1tnnH>nbi t)nHiuct3<n; e:a.p~city of 2JlOO ~fTPl) but ~-Nith no 
>J(':•nsi{i~rBhon io. tht~ Ci~rb()B dJ.{rxidt~ pr~)du<:litHS cap~~cHy~ 

f-•'> .... ._.. ....................................... ,,, .......................... ,.,n••n•'>'> .... ,,..... .............................. , ............ ...- .• ••••••••nn••n•'>..........................................................••••••••••••••n• .. ••••'>'> .... ,, .. , .... s.v, .................................. .... 

:, t 
tXJ~ p:::-i~iiis-;;~:~1n< t~TP'D 
ht? ~t&~rn ~~<p({~t~ k:nr~~J~/~ 

N&·wral g~~ eor1$umptl>:m 

F!!w.$, GcstVMT NH, 
Fi.el\ Gc-xi/MT Nl·s, 

lnf~3i n&t:Jr~~~ g~:S C()fi$LlH~Pfi~.):1~ t1t~1~'trt:fT .NH~~ 

$µ¢dfo,~ ¢!l<lt~W ci:<ns.umpfo:m 

l ... ~~~~~t-···············-~~J _J 
Fron.t ... end ~;:Jth pririi~~ry ret1)rsn~r npenith1g }Ni.th lo\:v·{!rtb~u.~ nornx~J tH1tkt·~t.""..Jf!-l?{~t~.tun~ ?lnd. ~hus.highe:r tnetb;xruI ~tip< 

::ect~ndary ref(:t:trr~~?..f ffxi "Ni.th ex.tt!~1~~· pro~:-~~~ ~3ir~ p::.~)¢(~~:s >$fr ,~nlpffJ~.;:3,0:t drhtltn by g<t~ turbine: t~v,}~·~J:c:tp .~hift. $~<:.ti<~n1 

ctttboJ1 dinxirl(! rtcnn'ta]~ n1,~~h~u1~1t~Q':l.;. dri~t:ti and. tht=n (;J)'(~g{~:n.k: p~~ri-ficat!,)r: {6.nov .. :~d by in-Ert frt~c i)~x~p,. ··the. \>ift:~te _gJ~5: 

from ttill ,:t;'<-;g.onit pt1rificiltiuri b .m;ii~~d m the refornkr a,~ fod, 
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Ov.::,~,n ~h~ H_iiltt:: tlf !11'.'.l:t:,i~ing 1,ynH:<.::i;)i< K<l'> pro,h!(-tfon by llppm;<. l.0% to In<lkt: !..lp frn lh<} <.:,ir!:mfi d1{:->;:id¢. defidt 
n:.sl.1h .. ~ in in1 i:nc.r>:~~,~c in t":nergy con:~:un:pt.k:.<~i ·o:f tt06 (k.:~i}l~lT r-~l-i'.'-.• T'h~· r<.~IR~spn1:H.hng (J~t {~n::i~~~i(~n. frr:tr~. tht p.rin1i~JJ· 
ref,xnwi' l)> %9 MTPD for \.hi;; ;;;,c,\tmt, •• • 

fr,)Tih:.Wl -.vith lfff}R.-p op.:nmh,£ in p,:1:rnUd with primary rd'c;,nntr folkiw¢d by s,x:nmhry re:fomiex, Jmx.:i.cc:,$ :.ti., 
,,,in,pR:ss(,r di"h'~-n hy gm; tmNn,:, two ;;,q:i :~Mn ;,;;;di.<)n, ~'.~~tb,m dimd,k- rernm-11! itnd. rn,dh:;,n,;tiN, fol1n~~,ed hy 1N!p 
v .. ~-J~h t\VO fBnn)J>~lh.t ctrnve-rttrs in ~;er{eS: .. }"::u:fth¢t in s}d.$ c::t~t e~".c~~); ~ynthtsi~ g~~ h~ pnXln~~c:d h~ i~n)tr to g~t ·~;,h)iG.h~.<.1n):e~jf.-: 

nH.io of ~uxu~1nnia tttld c•~irbnH d.io~ide fl~r ~~.\b~.;~q·ltent rffct~ prndu{~Hun. 11~t~ tx~~t~~~ ·*}'ntl~(:.~;h~ gt:::?.: h~ takt.n tip~>t::e{ttn th~> 
$)'"nth~$·i~~ g~i~ .cnrnpr-c:~~~~-or ~rHl U$t~d tt~ fu·f:1 in the- prinl~~t)' :r-~~fnr~1J~r. 

r,~~~,, ,~ ¥ •• - ,::•.,~ ... ~~~ ... ;:---::::~·:-~,~--·----·-··---...... -·.---"'·•-... ,~.~~--... -·---... ,~----:~~·--.. 1 , co~ ;:;,,:_,J,,. <.:tl,.',l, • .fi. a,1. ,/'l:ml'll!.'(. p~-,1-,, Ml d) ,.,fl-of5 I 
~~ P ~Jt~~rn ,¢~Ot.S·~ ~.<w1r: ... ~1~lh i S-2 

t-:1:.iturnl gS1~ crmsumpi:lon. , 

f,;-:eit G<::;~;/MT N~\ 5JS 1,. 

I 
1'-(,,,t G<::,3l'i-H r,H, ~ Et · 

I 
N;.:1t~~n=~ go~, ::.~'icalih,•t'T· Nf\ 7 .4.1 

. E~ctfli: p:::,,,m, Gr..1Ft,ff Mi\ o.:~, ,, 

I' Mf> $ils,-am B~µM, Gc<:1UMT NH, t1 .. {t$l 
, Net consnr:"!:pl$Cf':,, GGii1/~fr NH~ G-~35 J 
l ....................... - ............ ---...... -.. _.. ......... ..._, ................ __ .... _ ... _ .. ~ ........ - ........ ··-··-·~-------·--·---·---

Thi, ~cfa,tn~- \Vith Ifl'ER-p >itld t'.Xtt\'>~ Rynlhii;;i~ g:is prnd,x:ii.on t~rnmi-,~,;;. ;,uffa~ient pmdti,~tkm nf ciiitKm d\zixid(i 
:for f\~H ~:.e,t1\--)~r~;i.(}rl of_.;t~~nK':-nia intt( tu~a.. 'rh~ ~l;Jt:Jrid g::,s i~t{d t-t'>n~~~.Blft{pn h:· ~xtn:·.:f~Rf;thl~ \~/i,th th~~ Rchen1(~ p.toduchig 
~:Ktes~ ~yr:.tl1f=~~;i_s g::1~ bt~t \~ith<Rlt Jrrt~~R ~p. T1lis '!":s obvioi,.ts ,;t~ h is govr~--n,~d: by th~;: reqtlfrt1lnt~nt ft··w t~~-dxni d~{>:~ddi~-" 
J~f(~ducU.tni. 1-IO\\:~t~...,..:er thE nllH:;J;l.1 ,g.~l~ fllcl r1.>n_t~tttn.p:.kw~ i:$ s-edt~rt~d rt·>t~h:hsg: in (lV::.:~r.dJi ~i~t~~n~.} ga~ c~1n.$~fftptk>·n th<tt i~,{ 

~'i- ies.~ th~tB in th~~- b;1~::~- tt'C.~{!: ,;n!.J 1 i '?h r-~~~ ~h::u1 h~ th(': ~:ehrnH~ pro\h~t\ing ::~:<ccs-~ ~ynth.t~~.j~; :§;~i-~ \V}ihout .trri?.R'"'JL 

(:onvt~ndr~.nal fc\1nt--~nd ,~-ith. prirnt~ry Hncl. s::!t-:;jnQ~g-y t-ef(~n:nt:r~- i~r(X.'t~~ i~~r ~:_nrnprt!t-t~<~~r dd_V{~_n bj,• -ga.$ fa.utd.nt\ 
~!cf• ~hHt ~cction, cm:ixm d{n:<kk rnrmw,il ~n~i mcthmi;i_tioti f(llfow~xl by hwp i,vhh swo ,umn,m:fa cm::.wtt~i:ii in 
1'ht, n~:t?:d ftn~N is ~~ in tht~: b;:t~t~ t=-~~~i} ;s<iju~tt~d nnb• t◊ ~ari~li' }.ht: n{!i:-d f~::r ~:::n::.u1oni;:s pro~u:etk~n. {{(}\\:iVt~} ... , ~ f'«s·h:,,i;:::::::::: 

dioxide tt,trJ(g~ut (~::t)R-) un:~t i~ instalh.:~d to (:gpt\1rc:~ t~>l.rbon. d{q;d.dt~ fr~>nl th~~ nne ga~( to tove.r th~ Citdx~n dio~~--.:i:Jt: 
for s;ub~~(?:quer~t _ut~i~ pr~xkt.ttion .. r C():·;10d1;;;:;;:;,;1rnani:;;;~~;ffpt;--------·-·---·-·-·----·--

l CO ... ca_{ilur~ci iror::, lh,,;, g,,'m, MTPD 

I 
,. 

~,~P ste-artt ~~P<>!:'t t•~}\tI§$.ih 

I

' Natunil gms ctm~mm~fo1n 
F,.~~d, G-c,M,rf NM, 

•,.. ftl$( Gt.,l:!iMT Nt\ 
, l'cl<l~ n~1!1fai )J~s ti:-:ns~imptk:-n:- (ic::~vr..fr N.H~ 

I
! Spefl!Hc energy ,:;cns1Jmµ1Jo" 

f,J~l,$!":::>i 9&$~ (t·;~t-•~fr N~'"}::t 

i [:~-~~tti$.'. pt~\\~~:\ l";¢~~i~lr Nr\~ 

I MP ,,t,sarn t?.>;µc-i:( Gc~VM.T Ni\ 

' NB-t C◊(~$?.m~:}~k:~J\, Ga~~l~fr NM,.~ 
L.----· -

,............, 
2.,3~l2 i t44 

~tit I 
g-,·,, 

I 
...... ~. ( 

2.M 

6.07 

I 

fl.W 
U,3i 

.(J .. ,1~~} 
(\-~ 

O:,mp;i_tfag ifo~ w,x: of nit~ CDR prixt~?>c: with ,ht t),,,,.~: c;is~~ nw;m:1 that the irnt,iral ga~ requil\lrn~nt h 
re:rnova.i of carbon di(·}xkJ-~ }it)n.) the- fh~t~: g~s i:·nt.~n!,~1:~.t~&.t'ht~ enetg)" r~~qn.11.~nien~ \.~d:11.cJ~ ,~~ to•v1jr\::d fi)r b:y· d:~ll'it'''l:\i['.: 

c~)nstanpti~:-in and nfilu.c-ed steam t!:XJ~:-trt .. 

~J"ht~ ~l~{~tgy_ t.~t)H:StHnptixwi thtt~, ifi~reir~a:~ hy o. }"?-: (i(:~~v\rr -~~fl~. if ~:i:lrbon J{Qx.ide is tf:t h-e {~.ar:•t\lf~d. fn>tB_. 

tn Cf)Yt-:.r th~- ~hort,g~ :of (:j/b~)n diox:id(!- :€(>.t u.rt~;l p.t,1ik~t-tiPJJ coJr~pitie-d. t.n tth:::, b;1$¢ ~;~~~~-
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(~nn'lt~ntionit} frt>nt-·t~.nd \Vith pritna:)1 :.:\Hd t(e-:XH3dary rt~fnnnt~r~ p.r~X:(~~~s ;sl'r c~.)~:nprt~s~nr ddvtn hy gas ru:rb~nt!~ t\vo~ 
$:tt:p ::hift :secti.,)n( carhc~n d{oxid~ rtn}OV:.:\I and ti::t:thitH~don t~)Uo~v~cl tiy l(x.!p \.V.ith t~vti ~.tnrrlO.rti·~ t:-:)ttVettct:S :!n ~er!t:s~ 
fl,.~~\:ever:, i:n th~:s schi~r::li:~ n{) hydtc'(gc:n r~covet)'' !.rnit is e:~vd~ag.-cd~ 

C:on~p:.:-...tcd to ~h(!· t~$c:es~ syn.the.${~ ga~ .c~-::$·~ tht~ n.atnral }t~~~ tx~n~tunp~Jon f.nr refonn~r fu.t~i is. reduc~!d ~<light}y~ ()i: 

t~le ~}tht~r h~1r~(i.( ~:t~~;.:;:rn cxp:.:wt h; at-lo ted~.;:c~:d. re,s;..Jh.ing in ~~J~ P'h'}t\'lH ~re~~ifit ~~-~1~-rgy t:t}l)"$tH:r:pd.PJ1 ·tQtU.p~u-~-=d. to th-e e:~~~:;es~ 
s-yn.th~.~ls g:l;, Ga,;,~ \¥hkb l~ ii(xmt() .. Q'.i (k;il!l\-1'I'NH, high\~r. 

Fr,J,1Hm<l with HTER-p Ofk~rntlng in p,ml!ld with pdw,ary refon:o~r follnw~d by ~11{:n,ld;i:ty rd,xmtw, pru;~-e~~ Hli­
c<nnpr::;~~or ddv-t~H hy g~~~ tBrbi~J:~}·t~'='n.-:;tt~p .~hHt ~ect~on~. c.:.trhon di~>:x·!dt r~~nH)t:aJ ;ind ~neihiH::atk}ri foHovied by loop 
with tw(i il.m.mNliil. C◊HV(~rtt,-s irt s~:ries, lfowtver, a cmhon dit,~idt ,enH>V<ll (CDR) unit is lnstal.kd \(, i..capii.ue carbM 
dioxid:2: fn:~n\ thi-. fl~se gj}; tt> ~o-v~r the C,lfb-on d.io:\.idt deficit r~.)t subsequ~n.t urttt pr~:xi~~t't~~~n~ 

CO ... pr(,Oticfo.)(\ in Nlln<Cnia pt~im, MTPD 
cc< ~~3pttfff3C: tfi1rr. fa.ff: fl~is, ~-{TPD 
~-i~p"'stearn e~p-<>tt< t:~n~1i$lh 

Na.tural. 9~s c-0-mm-ilptfon 
Fi,wtt'l.,:::13UMTNH" 5.~: 
F,;(,i, Gm,HMT NH, -1 % , 

t 1b~l r~-1.Kn'B,: g~~s ,;e~'":·~•Uf!!}Jtk.lr:: ·(k;itFt~rr N~\': "l.tB ~ 

I Sp!:!<:H!c ecnetgy ¢<ill::l'~rnp:Uon Iii:::, 
1 Natura~ gct::::•)· G·c~~UM.r NH,; ·~~\~~~ 
! f:~clfi;; P(>W% (:l@i:'MT ~~r\ ().27 
~ ~'-riP ste~rr:: t::)::~crt~ Oi.:~.1/~1T NH... .t.L .. OJU , 
l,.,.,. t~:t::·: ,e.'"):~J:~l~t~rr.1:r::~r-t.-:,rl,. .. t1C:>3.:itv,·r '"N~¾: ~'>n'-~'"'"'""'-~n'>'>'>'>n'-~'"'"~'-n'-'-'"'"~'"'"'"'"'"'"'"'"'"'"''"'"'"'"'"'"'""""'"'""'""'"""'"'"'"'"'""'"'"'"'"'"'"""'"""""'""""""'""'""'"""""'""'"'""'""""'""'"'"'"'""'""'"'" 6,41 '"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'" ~ 

Thi:;; ~eh-em~ with .fff'ER-p :md CDR r~:;;,rhs in Hn almNt uiKhnn~wd naturnl ga:;; nm~urnptin~ for pr0e<1l-:~; foix! bm 
a $ign!fk:~".:nt!y: rtd~B.~ed n~-tur,.:il gu.~ t:O.H~(tnnpik~n fb:r ftHiL ~\lt~>get{H~r tht cnn~un:~pth:>i1 of natsrc~l g_a:: i~ r~duc•.;;~d hy 
ne~rly l():%- in th]8 Hche;tn~ con1pru:ed to the.~·a.s-~ ::~ast: \~::hH~ a.ddith>naHy p:t('ld;.-1c-~ng. ani~nonia ~u:.d c~rbon. dioxide in 
~:tr:iich.iometdc nd.io f~)r ;.1r~~~1 produt.ti~)n, 

'lhe rt:du~~~d nat~:ral ¥~$ ct~n$Urnpdpn. 3s th~n n!il•i~>.~t{!J. .in. ttdtR':~~d. ~tt~~t.tn prtxh.K-:t~·nn >lnd theH n!dt'K~td. stt'8ln~ t}<p(}ft 
l)u~. t<~ trt'difrng for &H~;sr.n eXp}}tt the• net cnn:;iunphon in th3;:; t~~c t<~n:-:.t*~ (}Ut. ~\-'ith an incte"tnc·nt ~}t 0 . .3-7 (}c~~·!lh 
..:.:on~pm:e:d t(~ the ha.~e t.~s.t: de~pHt h~vhJg !e\~.::e:r n<itur~t] gas ctin~u:tnpti:on ~nd th~reby be}rtg. t\e .schen~t~, that has fru~ 
k>~..v~!~;t etnh:~·ior~ (}f.z:t:Jbon dfo~i~ie. l)tH~ hJ th(~ (~f)ft, th~~, c:r1:~. ~.rr-d~$i~}i~. frorn tht-. prirr:}u~::~ ret~~nnt~r i~ i)n!y S-01 ◊·11'Pf) ,:-r 
~:.~;~rly 50 ~:f: ~:O\Vf.Tthun h)r tht~ ~~ls~ s,;-Hh t~X)~~s·~ :SYlJtbe~h-: ga~. 

CON(].:USION 

ft i~ po:•t-;ihk: t,~ produt:~. ~nl1n1<Hll~~ .in en~rgy effk:itnt" Jnanrte:r \Vher~ the n~~turtl ga::~ i~~ lean ~nd ~~~ffit~e:t~t c.arbt)n 
di.•~xhi? 1lt~eds t~) h>~ prt$dt~c~d ft.)t" tOrtV>Jt~in.g ~:cJl un'ltntH~kt i.tH(} t::fi?~~. 

L.ntt ~ptx:.ific {!.nt1"'gJ ct~ns:t~nlptiort fo:r arnn1on:ia J~lat)t ~~u: be achi~'l(~d by having a high st(!~Hn pf<~duc:tion. it~ the 
ainm@fa p!arn and tori1'm-JHrnt!y al::;,>:, high stc-i:m exp;)tt 

llPVfi:?.Vt~.r \Vh~~n t(>nsi<frnjng th~ ,\,i)oh~. t.~n.er.gy b~th~nGt:~ fi)r- a \H:e~i p]~snt·<~on1p}t!-~ it rr~~iy b~'; ~!:d~n~~1t~igt~\:'.'B:s t(~ havt~ ~i 

hnY(~r~~~\:un t~->:porr froJt~ tht-: an:unoni:: phuu( \)~:h~tJ~ \ViH rt=~uh in. h}ghi:f &-pe:..-:ifit er~)~rgy )~t)H::tnnptk>n f6::r thx-: an:nn{n:da, 
pr<:idtlt,fon, This m;,;y pnwid::: bc-tk::t Hlilis;s.tiotl (,f the U.!:lXiHi~ry h<..'\ikr ;.1nd th¢ti~fme hlgb,~r ~n◊r.gy <:ffici.::mcy of thee Mf­
'$He~~~ L<:c.<:. ~)vtraU energy eftltk:tK~y tt.~r the Z=t~n1:Pk~~ nr~uy thU~ ·~ t~tt~r th~u1 \\~h~n hilvi.ng itr~:v ~pe~.:+tlc tuergy e-oi1stnnptii)n 
l~1, th~. ::1riixrim,l;3. pl;i.m nr1ly, 

t.~>1n ntttur:al ga~( ftt:d~~hx::k ·fnay n!qt~frt' <~ddit3.ortHl. ;;yrtthe~d:c g;ss. prf:ductk)n h1 order tn >~n$Ure Stdlici~nt c~~rhnn 
dk>xide- for foll. ,;;o:tr<'ernkm <lfmrlm.(inia ltlt\:i n.rea. Thh; wm le{l.d to highernmi,,s.i,iii$ ,if s~,itbo:1 cliQxi<l<:- dli(l to addhkmd 
flranghi the prhn;;i._ry reformer, An ;.,hi:rmitive &dmmi: fa m m,e thi:: TopM.,e HTER,1n:nmbined \:\rith CDR a& th.is will frr!i!ly 
R~dt~c~~ fi1ti co:t~tanp~k~n and s{,;x~nn.dly further ~-:n1ov~~: S9:tB~ {:arbon dioxidt~ fnnx~ th~~. fh.1,~ g~s~ In fact fhh; ~t.";ht~.B.1i! tnay be 
>:.:~:ry ~rttractivt: ·v·/he.n ti:ikin~~ tht.~ c:1rbnn i:n~ditf; int(f•;,..;~)n~ide:nttion. ~ 
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Driving progress 

Robert R. Riddle 
Direct Phone: +1 n:3 469 :3881 
Email: rriddle@reedsmith.com 

June 13, 2023 

By E-Mail 

Riccardo Biazzi 
rbiazzi@zardi.ch 
M. Zardi & Co. SA 
Via G. B. Pioda 6 6900 Lugano CH 

RE: Response to your letter dated June 1, 2023 

Dear Mr. Biazzi, 

Reed Smith LLP 
Suite 1700 

811 Main Street 
Houston, TX 77002-6110 

+1 713 469 3800 
Fax +·1 713 469 3899 

reedsmith.com 

You have sent correspondence on behalf of your client, 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 to 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 equitable rights against Casale. 

Topsoe has worked to develop processes to reduce CO2 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 Symposimn paper from Septernber 2022 to assert infringement, Casale 
neglects to mention its attendance at the Fertilizer Association of India (F AI) Annual Seminar in 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 ammonia plants based on 
lean gas." Both are prior art to Casale's patents, and both describe a process that includes the features 
Casale now attempts to claim as an invention, including for example, auto thermal reforming, high 
temperature and low temperature shift, CO2 removal, and two fuel streams. The paper provides the 
following explanation and figures. 

Plant control and operating conditions are completely identical to the nom1al scheme, 
without excess synthesis gas production having a hydrogen to nitrogen ratio of approx. 3: L 
However, since the feed flow is dictated by the carbon dioxide production rather than the 
hydrogen and nitrogen production for the ammonia synthesis loop, <ui excess of synthesis 
gas i,,;; produced, and this excess synthesi,,;; gas i,,;; used as fuel in the prima;y reformer. 

ABU DHABI + ASTANA;, ATHENS + AUSTIii! + BEIJING + BRUSSELS + CENTURY CITY+ CMICAGO t DALLAS ¼ DUBAI + FRANKFURT+ HOl\!G KONG 
HOUSTON + LONDON + LOS ANGELES + MIAMI + MUNICH + NEW YORK + ORANGE COUNTY + PARIS t PHILADELPHIA + PITTSBURGH 

PRINCETON + RICHMOIIID + SAiii FRANCISCO + SHANGHAI + SILICON VALLEY + SINGAPORE + TYSONS + WASHIIIIGTOIII, D.C. + WILMINGTON 
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Riccardo Biazzi 
June 13, 2023 
Page2 

Figure 1: Process flow diagram for Tops0e ammonia plan! 

Excess syng.as 

FUE!I 

Figure 4: Scheme \•vith excess synthesis gas production 

NH, 

Casale is a regular attendee and presenter at F AI meetings, attended the 2009 F AI 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 
committed fraud on the patent office by violating Casale's duty of candor pursuant to 37 C.F.R. § l .56 
rendering Casale's patent not only invalid, but also unenforceable. 

Worse, Casale cannot excuse this fraud as a mere oversight. Our prelimina1y investigation reveals a pattern 
of fraudulent action by Casale. Apart from the 2009 Topsoe presentation and paper, Casale had direct 
access to Topsoe's technology implemented at IFFCO's Aonla Fertilizer plant prior to filing Casale's EP 

667 Topsoe, Inc. – EX1003 
Page 667 of 1210


	04-26-2023 Miscellaneous Item of Information
	04-26-2023 Translation of Non-English Item of Information
	04-26-2023 Miscellaneous Item of Information
	04-26-2023 Translation of Non-English Item of Information
	04-26-2023 Miscellaneous Item of Information
	04-26-2023 Miscellaneous Item of Information
	04-26-2023 Transmittal of New Application
	04-26-2023 Electronic Filing System Acknowledgment Receipt
	04-26-2023 Receipt of Corrected Supplemental Examination Request



