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DESCRIPTION

FIELD OF THE INVENTION

[0001] The present invention relates to the technical field of chemical processing. In particular,
the present invention generally relates to a nitric acid production process, particularly a nitric
acid production process in combination with one or more processes situated upstream, and/or
downstream of the nitric acid production, such as ammonia production, particularly ammonia
production using hydrogen generated by electrolysis of water, and nitrate based fertilizer
production, respectively. The present invention also relates to systems for performing the nitric
acid production process according to the present invention.

BACKGROUND TO THE INVENTION

[0002] Nitric acid is typically produced by a multistep process wherein ammonia is oxidized to
nitrogen oxides which are then absorbed by water to produce nitric acid. In the first step,
anhydrous ammonia is oxidized with oxygen or air to nitric oxide (NO) and water (steam), in
the presence of a catalyst (e.g. a platinum or rhodium based catalyst). This ammonia
combustion step is a very exothermic process, and generally occurs at a temperature of about
700 - 1000 °C. In the next step, the nitrogen monoxide contained in the ammonia combustion
gas is further oxidized to nitrogen dioxide (NOy) (e.g. in an oxidizer section). Finally, the

nitrogen dioxide is absorbed in water (typically in a dedicated absorber) to yield the desired
nitric acid. Before the absorption step, the water vapour (steam) contained in the ammonia
combustion gas is condensed by cooling the combustion gas.

[0003] Modern nitric acid plants are operated under pressure in order to achieve higher acid
concentrations and higher NO oxidation rates and efficiencies in the absorber. In mono-
pressure plants, both the ammonia combustion and nitrogen oxides absorption are performed
at moderate pressures (from 3 bara up to about 6 or 7 bara) or high pressure (between about
7 bara and 12 bara, up to 20 bara). In dual-pressure plants, the ammonia combustion takes
place at moderate pressure of about 3 to 6 bara, while the absorption to yield nitric acid occurs
at high pressure of 10 to 15 bara. These systems typically comprise an expansion turbine
(referred to as a tail gas turbine) for recovering energy from the residual gas or tail gas before
it is released into the atmosphere. In addition, in order to condense the gases and the water
vapour from the ammonia combustor or burner, heat exchangers are applied between the
burner and absorber. For instance, typically, in these systems, a waste heat boiler is installed
after the catalyst section in the burner. Although the modern nitric acid plants thus comprise
energy recovery systems, they generally have a poor ability to recover this energy, in particular
for making electricity, also due to the large amount of low grade heat that is produced (low
grade heat being referred to as heat of low economical value). Current technology for
producing nitric acid recovers only around 25-30% of the combustion energy as exportable
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steam, and when using this steam to create electrical power, a thermal efficiency of typically
less than 10% is obtained.

[0004] When producing ammonia using water electrolysis as hydrogen source, the process
typically requires 9.5 MWh/tnHa, of which about 90% is used by the electrolysers (see Grunt &

Christiansen, International Journal of Hydrogen Energy 7 (1982) 247-257)). In addition, about
20% of the energy that is put into the electrolyzing units is released as low grade heat at 90°C.

[0005] Thus, only a small fraction of the energy required for the production of ammonia, which
is consumed in the nitric acid production process, is recovered in the current nitric acid
process.

[0006] Recently, solar photovoltaics (PV) and wind have started to outperform conventional
(e.g. fossil fuel based) electrical energy production methods in terms of costs. It is widely
expected that wind and solar energy will to be able to beat fossils fuels in increasingly more
and more cases. This evolution opens up the possibility of producing so-called “"green
ammonia" and "green nitrates”, wherein the energy demands of the production process is met
by renewable energy sources. However, an important issue in this context is the intermittency
of renewable energy supply. This not only plays a huge role in the cost of production (i.e.
operation at reduced load or even being idle for parts of the day), but, in an ammonia
production process, this energy intermittency presents an important negative technical effect
as well. In particular, unlike the electrolyzers, the current technology of a Haber Bosch loop
does not allow the reactor to be started up and shut down multiple times: the catalyst in the
process and the materials in the reactor are very sensitive to heating and cooling. Thus, the
intermittency provided by renewables such as wind or solar energy can have adverse effects
on this part of the process. Although the power intermittency may be overcome, for instance,
by the use of batteries - such as in the case of solar power by storing energy during the day,
and discharging during the night, this comes at a considerable capital cost, both in terms of the
cost of the battery, but also the extra PV or wind units required to charge it.

[0007] Accordingly, there is a need for nitric acid production processes and systems, which are
highly energy efficient and/or require less energy, and that are able to efficiently convert
renewable electrical energy into ammonia, nitric acid and/or nitrates, in order to overcome at
least partially the above mentioned disadvantages of using renewable energy sources.

SUMMARY OF THE INVENTION

[0008] A first aspect of the present application provides a process for producing nitric acid,
comprising the steps of:

1. (a) catalytically combusting a mixture of ammonia and an oxygen containing fluid in an
ammonia burner, thereby forming an ammonia combustion stream, wherein the stream
comprises nitric oxide;
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2. (b) oxidizing at least partially the nitric oxide in the ammonia combustion stream of step
a) to form a stream comprising nitrogen dioxide;

3. (c) absorbing, by means of an absorber, the nitrogen dioxide in an aqueous solution,
thereby forming a concentrated aqueous stream comprising nitric acid,
wherein the oxygen containing fluid is supplied to the ammonia burner via an oxygen
containing fluid supply line, wherein in at least one section of the oxygen containing fluid
supply line the oxygen containing fluid is a liquid;

4. (d) increasing the pressure of the oxygen containing liquid in the oxygen containing fluid
supply line thereby obtaining a pressurized oxygen containing liquid, wherein the
pressurized oxygen containing liquid has a pressure of at least 10 bara, particularly at
least 50 bara, more particularly at least 100 bara or at least 150 bara and even more
particularly has a pressure between 150 and 250 bara;

5. (e) evaporating or boiling the pressurized oxygen containing liquid, in particular by heat
recuperated downstream from the ammonia burner, thereby obtaining a pressurized
oxygen containing gas; and

6. (f) expanding the pressurized oxygen containing gas over a first turbine (200), which is
particularly coupled to a generator (220) for generating electricity.

[0009] The oxygen containing fluid is particularly air, pure oxygen (O2) or a mixture comprising
oxygen (Oy). In particular, the mixture comprises at least 10 mol% O, more particularly at
least 15 mol% O, even more particularly at least 20 mol% O, still even more particularly at
least 50 mol% O,, yet even more particularly at least 90 mol% O,, and most particularly at
least 95 mol% Oo. In particular, the process further comprises the step of mixing the oxygen

containing fluid with ammonia prior to supplying the ammonia and the oxygen containing fluid
to the ammonia burner, more in particular the mixing takes place in a mixing unit or mixing line.
In the context of the present application, the mixing unit or mixing line is considered to form
part of the oxygen containing fluid supply line.

[0010] The electricity may be supplied to one or more front end or upstream processes of the
nitric acid production process, such as the electrolysis based production of hydrogen gas in an
ammonia production process, and/or for operating an air separation unit for generating
nitrogen gas for use in an ammonia production process. Advantageously, the electricity may be
supplied to the front end or upstream processes when the supply of renewable energy is
interrupted (e.g. at night for solar power).

[0011] In particular embodiments, the process for producing nitric acid according to the
present invention further comprises the step of further heating or superheating the pressurized
oxygen containing gas of step (e) via one or more heaters (122) configured for recuperating
heat downstream from the ammonia burner (100), before expanding the pressurized oxygen
containing gas in step (f).

[0012] According to the process of the present application, a liquid oxygen containing fluid is
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first pressurized (which requires substantially less energy than pressurizing the corresponding
fluid in gaseous form), and is subsequently boiled and in particular further heated.
Advantageously, the evaporation and further heating of the oxygen containing fluid can make
use of low grade waste heat, i.e. at a temperature below 100°C and lower. Thus, in particular
embodiments, the further heating or superheating of the oxygen containing fluid, particularly
the pressurized oxygen containing gas, is carried out with heat recuperated in the absorber;
with heat recuperated in a condenser and/or with heat recuperated in a heat exchanger
(cooling unit) downstream from the ammonia burner. In particular embodiments, the further
heating or superheating the oxygen containing fluid, particularly the pressurized oxygen
containing gas, is carried out in a stepwise manner, by first using low grade recuperated heat,
such as heat recovered from the absorber and/or condenser units, and subsequently using
recuperated heat of a higher grade recovered via heat exchangers from the NO or NO,

containing stream before the condenser and the absorber. Stated differently, the pressurized
oxygen containing gas is first heated using the low grade heat recovered from the absorber
and/or condenser units (which operate at temperatures below 100 °C), before it is further
heated/superheated using heat of a higher grade recovered via heat exchangers from the NO
or NO5 containing stream before the stream enters the condenser and the absorber.

[0013] Thus, the step of superheating the oxygen containing fluid, particularly the pressurized
oxygen containing gas, is carried out by consecutively using the heat from two or more of the
following sources, in sequence: (1) the absorber; (2) the condenser; (3) a heat exchanger
upstream of the condenser, such as between the condenser and the oxidizer unit; and/or (4) a
heat exchanger upstream of the oxidizer unit and downstream of the ammonia burner.

[0014] The nitric acid process according to the present application comprising the use of a
liquid oxygen containing fluid, may be combined with a classical nitric acid process or systems,
as mentioned in the background section, wherein the heat in the ammonia combustion gas (i.e.
the stream comprising nitric oxide) is captured via one or more heat exchangers or
condensers, located downstream of the ammonia burner and upstream of the absorber, and
wherein the captured heat may be used to boil the pressurized oxygen containing liquid and/or
for heating or superheating the pressurized oxygen containing gas. In addition, the nitric acid
process according to the present application may also be combined with other energy recovery
and electricity generating measures considered in the present novel concept for a highly
energy and material efficient nitric acid production process and system.

[0015] In certain embodiments, the process of producing nitric acid further comprises the step
of preheating the combustion mixture formed in the mixing line, in particular by heat recovered
via a heat exchanger situated between the oxidizer unit and the condenser or between the
oxidiser unit and the absorber.

[0016] In particular advantageous embodiments, the process for producing nitric acid further
comprises the step of producing ammonia, prior to step (a), by catalytic conversion of H, and

N> wherein the ammonia is subsequently combusted to generate NOx, and subsequently
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converted to nitric acid. Thus, in particular embodiments, the step of producing ammonia is
configured for improving the energy and/or material efficiency. In particular embodiments, the
process for producing nitric acid comprises the steps of:

1. (a) catalytically combusting ammonia in an ammonia burner in the presence of oxygen
containing fluid, thereby forming a stream comprising nitric oxide;

2. (b) oxidizing at least partially the NOx in the stream comprising nitric oxide to form a
stream comprising nitrogen dioxide;

3. (c) absorbing, by means of an absorber, nitrogen dioxide in an aqueous solution,
thereby forming an aqueous stream comprising nitric acid,
wherein the oxygen containing fluid is supplied to the ammonia burner via an oxygen
containing fluid supply line, wherein in at least one section of the oxygen containing fluid
supply line the oxygen containing fluid is a liquid;

4. (d) increasing the pressure of the oxygen containing liquid in the oxygen containing fluid
supply line thereby obtaining a pressurized oxygen containing liquid, wherein the
pressurized oxygen containing liquid has a pressure of at least 10 bara, particularly at
least 50 bara, more particularly at least 100 bara or at least 150 bara and even more
particularly has a pressure between 150 and 250 bara;

5. (e) evaporating or boiling the pressurized oxygen containing liquid, in particular by heat
recuperated downstream from the ammonia burner, thereby obtaining a pressurized
oxygen containing gas;

6. (f) optionally further heating and/or superheating the pressurized oxygen containing gas
via one or more heaters configured for recuperating heat downstream from the
ammonia burner and

7. (g) expanding the pressurized oxygen containing gas, in particular the superheated
oxygen containing gas over a first turbine (200), which is particularly coupled to a
generator (220) for generating electricity;
and wherein the process further comprises the step of producing ammonia, prior to step
(a), by catalytic conversion of H» and N5 in a Haber-Bosch synthesis loop, particularly in

a converter unit thereof, thereby obtaining an ammonia product stream, wherein
nitrogen is supplied to the converter via a nitrogen supply line, wherein in at least one
section of the nitrogen supply line the nitrogen is in a liquid state. In particular
embodiments, the pressure of the liquid nitrogen is increased, particularly by using a
cryogenic pump or compressor, particularly to a pressure of at least 10 bara, more in
particular to at least 50 bara, even more in particular to at least 100 bara, still even more
in particular to at least 150 bara or to a pressure ranging between 150 bara and 250
bara, and, in particular embodiments, subsequently the pressurized liquid N5 is

evaporated, thus obtaining pressurized gaseous N,. The pressurised gaseous Ny is
mixed with compressed H,, and with a compressed recycle stream comprising
unreacted N, and Hy, thus creating a reaction mixture, which is provided to the converter

unit in the Haber-Bosch loop, in particular after preheating such as by heat recovered
downstream from the converter unit. The ammonia product stream leaving the converter
unit is provided to a separator for separating the ammonia, in particular liquid ammonia
obtained by cooling the ammonia product stream, from unreacted H, and Na.
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[0017] In particular embodiments, the separated ammonia is further evaporated and,
optionally heated or superheated, particularly with heat recovered from the Haber-Bosch
synthesis loop and/or in the nitric acid production process. Advantageously, the process further
comprises the step of expanding the separated ammonia, in particular superheated ammonia,
over a second turbine, in particular a high pressure turbine, which is particularly operationally
coupled to a generator for generating electricity. In further advantageous embodiments, the
process further comprises the step of cooling and condensing the expanded ammonia, and
passing the condensed ammonia to an ammonia Rankine cycle based energy recovery
system, wherein at least part of the produced ammonia is used as the working fluid before
being provided to the ammonia burner and a third turbine is used to capture work from the
ammonia working fluid.

[0018] Another aspect of the present application provides a system for producing nitric acid, in
particular operationally coupled to a source of renewable energy, and particularly configured
for executing one or more embodiments of a process according to the present application,
wherein the system comprises

¢ an ammonia burner, comprising a catalyst, configured for catalytically combusting a
combustion mixture comprising ammonia and air and/or oxygen at an elevated pressure,
such as at a pressure between about 5.0 bara and 20.0 bara to form a stream
comprising nitric oxide;

e an oxygen supply line, configured for providing an oxygen containing fluid, such as O,
air or oxygen-enriched air, to the ammonia burner;

« an ammonia supply line, configured for providing ammonia to the ammonia burner;

e an ammonia combustion gas outlet line, configured for removing a stream comprising
nitric oxide from the ammonia burner, in fluid connection with an oxidizing section or
oxidizer unit, configured for oxidizing the nitric oxide into nitrogen dioxide, with the
oxidizing section in its turn in fluid connection with an absorber, configured for absorbing
nitrogen dioxide in water, thereby yielding nitric acid;
wherein the oxygen supply line comprises an energy recovery system, wherein the
energy recovery system comprises consecutively a means for pressurizing the oxygen
containing fluid in the liquid state, to a pressure of at least 10 bara, in particular to at
least 50 bara, more in particular to at least 100 bara, even more in particular to at least
150 bara or to a pressure ranging between 150 bara and 250 bara, such as a cryogenic
pump; one or more heaters configured for evaporating and further heating of the
pressurized oxygen containing fluid, and a first turbine, such as a high pressure turbine,
configured for expanding the oxygen containing fluid (in gaseous form), wherein an
outlet of the turbine is in fluid connection with an inlet of the ammonia burner, wherein
the system further comprises:

« one or more of an electrolysis unit, an air liquefaction unit and/or an air separation unit,
wherein the electrolysis unit is configured for decomposing water in H» and O, by means
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of an electrical current, wherein the air liquefaction unit is configured for converting
gaseous air into liquid air, in fluid connection with the oxygen supply line; and wherein
the air separation unit is configured for the separation of air into O and Ny, in particular

into liquid O5 and liquid Ny; and
wherein the first turbine is operationally coupled to a first generator, wherein said first

generator is in electrical connection with the electrolysis unit and/or the air separation
unit and/or the air liquefaction unit.

[0019] In particular embodiments, the nitric acid production system further comprises an
ammonia production system, the ammonia production system comprising a Haber-Bosch
synthesis loop, the Haber-Bosh synthesis loop comprising a Hy inlet; a N5 inlet; a converter unit

configured for catalytically converting H> and N5 into ammonia, thereby obtaining an ammonia

product mixture, the converter unit comprising an ammonia product mixture outlet; a separator
located downstream of the converter and configured for separating the ammonia product
mixture in an ammonia stream and a stream comprising unreacted H> and Ny, means for

recycling the unreacted H and Ny, and an ammonia outlet; wherein the ammonia outlet is in

fluid connection with the ammonia supply line of the nitric acid production. In particular
embodiments, the ammonia production system further comprises an ammonia Rankine cycle
based energy recovery system which is in fluid connection to the ammonia outlet, comprising a
third turbine configured to extract work from the ammonia working fluid; a heat exchanger, an
ammonia condenser in thermal connection with the N5 supply line, in particular, in thermal

connection with the N5 supply line downstream of the means for pressurizing the liquid N5 in
the N, supply line; an ammonia circulation pump; and an ammonia outlet in fluid connection

with the ammonia supply line.

[0020] The system according to the present invention may comprise one or more additional
units.

[0021] In certain embodiments, the nitric acid production system comprises an electrolysis unit,
configured for decomposing water in Hy and O, by means of an electrical current, in particular

from renewable sources, the electrolysis unit comprising a water inlet and an H, outlet and a
O, outlet; wherein the Hy outlet of the electrolysis unit is in fluid connection with the H; inlet of

the Haber-Bosch synthesis loop.

[0022] In certain embodiments, the nitric acid production system comprises an air separation
unit, configured for the separation of air into O, and N5, in particular into liquid O, and liquid

N5, the air separation unit comprising an O» outlet and a N> outlet, wherein the O» outlet of the
air separation unit is in fluid connection with the oxygen supply line, and wherein the N> outlet
of the air separation unit is in fluid connection with the N5 inlet of the Haber-Bosch synthesis

loop.
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[0023] In certain embodiments, the nitric acid production system further comprises one or
more heat exchangers, configured for capturing the waste heat from the ammonia combustion
process, and a condenser, for condensing the water in the ammonia combustion gas, wherein
the one or more heat exchangers and condenser are situated downstream of the ammonia
burner and upstream of the absorber unit, and wherein the one or more heat exchangers and
condenser are in particular thermally coupled with the heaters located on the oxygen supply
line.

[0024] In certain embodiments, the nitric acid production system further comprises a mixing
unit in fluid connection and linked with the ammonia supply line and the oxygen containing fluid
line, the mixing unit comprising a vessel, pipe or a reactor configured to mix the oxygen
containing fluid and the ammonia to form a combustion mixture, prior to the introduction of the
combustion mixture to the ammonia burner. In particular embodiments, a heat exchanger is
provided between the mixing unit and the ammonia burner configured for heating the
combustion mixture, such as using the heat recovered from the condenser.

[0025] In certain embodiments, the nitric acid production system further comprises a means
for pressurizing the liquid N2 in the N5 supply line to a pressure of at least 100 bara, particularly

to at least 150 bara, more particularly to a pressure between 150 bara and 250 bara, such as
a cryogenic pump. In particular, the system further comprises a means to exchange heat
between the liquid pressurized nitrogen and the ammonia Rankine cycle based energy
recovery system.

[0026] In certain embodiments, the nitric acid production system further comprises a second
turbine configured for expanding the ammonia stream separated in the separator, particularly
operationally coupled to a generator.

[0027] The present application also provides for the use of a system according to an
embodiment of the present application for performing the process according to an embodiment
of the present application.

BRIEF DESCRIPTION OF THE FIGURES

[0028] The following description of the figures of specific embodiments as described herein is
only given by way of example and is not intended to limit the present explanation, its
application or use. In the drawings, identical reference numerals refer to the same or similar
parts and features.

Fig. 1A and IB. Schematic flowsheet of an embodiment of an integrated ammonia - nitric acid
production, showing material and energy (electricity) integration.

Fig. 2A shows an embodiment of a process for manufacturing nitric acid as provided herein,
wherein liquid air/oxygen is pressurized, heated/evaporated and expanded over a turbine, prior
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to mixing with ammonia and supplying the ammonia and air/oxygen mixture to the burner.
Fig.2B shows an embodiment of a process for manufacturing nitric acid as provided herein, in
addition showing that the ammonia is produced from electrolysis generated hydrogen.

Fig. 3 shows an embodiment of a combined process for manufacturing ammonia and nitric
acid as provided herein, wherein a liquid and pressurized N5 stream is used in the ammonia

production.

[0029] The following reference numerals are used in the description and figures:

100 ammonia burner

120 oxygen supply line

130 ammonia supply line

131 ammonia buffer tank

140 Heater

150 mixing unit

160 ammonia combustion gas outlet line
161 heat exchanger

162 condenser

200 first turbine (pressurized oxygen containing fluid turbine)
220 Generator

400 Oxidizer

500 Absorber

510 pipe for concentrated nitric acid

700 Haber-Bosch loop

710 H, inlet

711 H, compressor

720 N, inlet

721 N, buffer tank

722 cryogenic pump

730 converter unit

740 separator

750 NH3 outlet

760 re-compressor

770 second turbine (pressurized ammonia turbine)
771 generator
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780 ammonia Rankine cycle energy recovery system
781 third turbine

782 generator

783 ammonia circulation pump

790 preheater

791 heat exchanger (in ammonia boiler)

792 waste heat exchanger

793 heat exchanger (in ammonia super heater)
794 waste heat exchanger

795 air cooled heat exchanger

796 waste heat exchanger

797 heat exchanger in ammonia condenser
800 electrolysis unit

810 H, outlet

900 air separator unit

910 N5 outlet

920 O, outlet

DETAILED DESCRIPTION OF INVENTION

[0030] Before the present systems and processes of the invention are described, it is to be
understood that this is not limited to particular systems and methods or combinations
described, since such systems and methods and combinations may, of course, vary. It is also
to be understood that the terminology used herein is not intended to be limiting, since the
scope will be limited only by the appended claims.

[0031] As used herein, the singular forms "a", "an", and "the" include both singular and plural
referents unless the context clearly dictates otherwise.

[0032] The terms "comprising", "comprises" and "comprised of' as used herein are
synonymous with "including”, "includes” or "containing”, "contains”, and are inclusive or open-
ended and do not exclude additional, non-recited members, elements or method steps. It will

be appreciated that the terms "comprising”, "comprises” and "comprised of* as used herein
comprise the terms "consisting of", "consists" and "consists of".

[0033] The recitation of numerical ranges by endpoints includes all numbers and fractions
subsumed within the respective ranges, as well as the recited endpoints.
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[0034] The term "about” or "approximately" as used herein when referring to a measurable
value such as a parameter, an amount, a temporal duration, and the like, is meant to
encompass variations of +/-10% or less, particularly +/-5% or less, more particularly +/-1% or
less, and still more particularly +/-0.1% or less of and from the specified value, insofar such
variations are appropriate to perform in the disclosed aspects and embodiments. It is to be
understood that the value to which the modifier "about" or "approximately” refers is itself also
specifically, and in particular, disclosed.

[0035] Whereas the terms "one or more” or "at least one", such as one or more or at least one
member(s) of a group of members, is clear per se, by means of further exemplification, the
term encompasses inter alia a reference to any one of the members, or to any two or more of
the members, such as, e.g., any =3, 24, =25, 26 or 27 etc. of the members, and up to all the
members.

[0036] Unless otherwise defined, all terms used herein, including technical and scientific terms,
have the meaning as commonly understood by one of ordinary skill in the art. By means of
further guidance, term definitions are included to better appreciate the teaching as described
herein.

[0037] In the following passages, different aspects are defined in more detail. Each aspect so
defined may be combined with any other aspect or aspects unless clearly indicated to the
contrary. In particular, any feature indicated as being particular or advantageous may be
combined with any other feature or features indicated as being particular or advantageous.

[0038] Reference throughout this specification to "one embodiment” or "an embodiment"
means that a particular feature, structure or characteristic described in connection with the
embodiment is included in at least one embodiment as described herein. Thus, appearances
of the phrases "in one embodiment” or "in an embodiment" in various places throughout this
specification are not necessarily all referring to the same embodiment, but may. Furthermore,
the particular features, structures or characteristics may be combined in any suitable manner,
as would be apparent to a person skilled in the art from this disclosure, in one or more
embodiments. Furthermore, while some embodiments described herein include some but not
other features included in other embodiments, combinations of features of different
embodiments are meant to be within the scope of the invention, and form different
embodiments, as would be understood by those skilled in the art. For example, in the claims
and/or numbered statements specified herein, any of the specified embodiments can be used
in any combination.

[0039] In the present description, reference is made to the accompanying drawings that form a
part hereof, and in which are shown by way of illustration only of specific embodiments in which
the invention may be practiced. Parenthesized or emboldened reference numerals affixed to
respective elements merely exemplify the elements by way of example, with which it is not
intended to limit the respective elements. It is to be understood that other embodiments may
be utilised and structural or logical changes may be made without departing from the scope of
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the present invention. The following detailed description, therefore, is not to be taken in a
limiting sense, and the scope of the present invention is defined by the appended claims.

[0040] The pressures provided herein are expressed as absolute pressures. Accordingly,
when the unit "bara" is used in the present disclosure, the absolute pressure is signified. In
other words, the unit "bara" as used herein refers to the pressure including atmospheric
pressure.

[0041] The inventors have developed a novel concept for a high energy and material efficient
nitric acid production process and system, particularly a high energy and material efficient nitric
acid production process and system combined and integrated with an ammonia production
process and system, which at least partially overcome the above mentioned disadvantages of
using renewable energy sources. Particularly, the nitric acid production process and system as
detailed herein is configured to recover a high amount of energy out of the ammonia
combustion and oxidation, and particularly also out of the NO oxidation, water vapour
condensation (which corresponds to about a third of the heat released in combustion) and
HNO3 absorption, particularly in the form of electricity, such as having a thermal efficiency of

more than 20%, such as more than 25% or 30%, while maintaining a high nitric acid recovery
in the conversion of ammonia to nitric acid. Advantageously, the generated electricity is
returned to the ammonia production process and system, particularly an electrolysis based
ammonia production.

[0042] In general, the novel concept for a highly energy and material efficient nitric acid
production process and system may comprise one or more enhanced energy recovery and
electricity generating measures, measures directly related to implementing the energy
recovery and electricity generating measures in a nitric acid production process or a combined,
integrated ammonia-nitric acid production process, and/or measures for the integration of the
electrolyzers, the Haber-Bosch loop/ammonia production and the nitric acid production.
Several energy recovery or energy efficiency promoting measures are contemplated in the
present application, which may be applied on their own or in parallel in order to achieve an
optimal energy efficiency and an enhanced energy recovery, including enhanced energy
efficiency and/or recovery from an ammonia and/or nitric acid production process using
pressurized liquefied gases (e.g. air, Ny). Generally described herein is a process and system

for producing nitric acid with enhanced energy recovery and/or enhanced energy efficiency,
particularly by an enhanced product- and energy-based integration of a front end ammonia
production process/system and a back end nitric acid production process/system, such as by
providing energy, particularly electricity, recovered in the nitric acid production to the front end
process/systems and by providing products, e.g. oxygen, ammonia, from the front end
ammonia production to the nitric acid production, particularly in combination with applying
novel operating conditions in the nitric acid and/or ammonia production process or system,
such as providing or converting an oxygen containing fluid and/or N5 stream in a liquid state

and subsequently pressurizing the liquid streams, in particular followed by the further heating
of the pressurized liquid stream to evaporate and superheat the pressurized liquid stream.
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[0043] An embodiment of the integrated ammonia and nitric acid production is shown in Fig. 1,
illustrating a main concept as described herein. In contrast to the material and energy flow
integrated production process considered herein, in the current state-of-the-art, traditional
nitric acid production process, the front end producing ammonia is typically separated from the
back end making nitric acid, with little integration: both processes are designed and optimized
to essentially stand and operate alone.

[0044] As shown in Fig. 1A, energy/electricity from renewable sources is supplied to an
electrolysis unit and the air separation unit, for the production of hydrogen and nitrogen,
respectively. In addition, both the electrolysis unit and the air separation unit produce oxygen.
The hydrogen and nitrogen are both fed into an ammonia production unit, such as a Haber
Bosch loop. The produced ammonia is then supplied to a nitric acid production process, where
it is burnt with oxygen and converted into nitric acid.

[0045] This oxygen can be supplied via air, but, advantageously, oxygen generated by the
electrolysis unit and/or air separation unit is used, thus intensifying the nitric acid production.
The ammonia combustion produces a vast amount of heat, which is converted into electricity,
based on a nitric acid production process with enhanced energy recovery measures as
described herein. The generated electricity is led back to the electricity demanding processes
of the ammonia production, in particular the electrolysis and air separation.

[0046] This concept is also further illustrated in Fig. 1B, showing an embodiment of the
integrated ammonia and nitric acid production of the present application, the embodiment
allowing to at least partially address the intermittency issues of renewable energy.

[0047] Energy/electricity from renewable sources is supplied to an electrolysis unit, an air
liquefaction unit and an air separation unit. Liquid air (or oxygen), N and ammonia can be

made and stored while there is a surplus of renewable power. For instance, liquid air can be
stored in large vessels at -190°C and about 5 bar, thus contributing to overcoming the
intermittency issues with renewable energy. The liquid air may be consumed by the air
separation unit, to generate liquid N, (for the ammonia production) and O, (e.g. for the

ammonia combustion/oxidation in the nitric acid plant). Advantageously, both liquid nitrogen
and oxygen can easily be stored. The hydrogen and nitrogen are provided to an ammonia
production system and the produced ammonia can be stored as well and thus acts as an
intermediate energy storage medium: the combustion of ammonia produces a vast amount of
heat, which can be converted into electricity, as described herein. This process is particularly
relevant when the renewable energy is not or only to a limited extent available. As further
detailed herein, the use of liquid air or liquid oxygen (in the nitric acid production) and liquid N3

(in the ammonia production) contribute to the energy efficiency and energy recovery of the
process described in the present application.

[0048] The different embodiments of a nitric acid production process and system described
herein, particularly a combined and integrated ammonia and nitric acid production process and



DK/EP 3837213 T3

system present numerous advantages:

The processes and systems envisaged herein efficiently use the energy stored in the
ammonia. In particular, the energy recovered in the nitric acid production from the combustion
of ammonia, particularly in the form of electricity, which is returned to the electrolysis based
ammonia production (or another upstream processes of the nitric acid production, e.g. air
liquefaction), contributes to overcoming the power intermittency when using renewable energy
sources. In some embodiments, the ammonia produced in the ammonia production section of
a combined and integrated ammonia and nitric acid production process can be seen as an
intermediate energy storage medium, like a battery, to be used when sufficient renewable
energy is not available, to maintain a good utilization of the electrolyzer and the Haber-Bosch
ammonia loop. Ammonia combustion thus provides the electricity for the front end ammonia
production, concomitantly with the production of nitric acid.

[0049] It allows setting up small scale chemical plants for producing ammonia, nitric acid
and/or nitrate based fertilizers, which can be located close to the market. This way, the high
transport and handling costs associated with large scale plants that are typically located
remote from the end markets can be overcome. The electrification of H, production via

electrolysers may contribute to enabling such smaller scaled, flexible plants by simplifying the
ammonia production technology and by capitalising on intermittent, renewable cheap power.

[0050] The present application generally provides for a process and system for producing nitric
acid with enhanced energy efficiency, particularly an integrated and combined ammonia and
nitric acid production process and system with an enhanced energy efficiency, comprising the
use of liquid air, oxygen, nitrogen, and/or ammonia streams, particularly wherein the liquid
streams are pressurized in a liquid state and subsequently heated to evaporate the liquid.

[0051] The use of the liquefied gases as contemplated herein contributes in different ways to
the energy efficiency and recovery of the nitric acid production process. This is particularly
advantageous when the gases are liquefied using renewably energy, particularly when
renewable energy is widely available. The compression or pressurization of a liquid requires
significantly less energy than pressurizing a gas to the same extent. In particular, the use of
the liquid oxygen, therefore, allows to recover a significant amount of energy (e.g. about 2.4
MWh/t\H3)-

[0052] In addition, the pressurized liquid may be evaporated and heated further using low
grade waste heat generated in the nitric acid process, such as the heat recovered in the
oxidizer, condenser and absorber sections of the nitric acid process. The thus obtained
pressurized and heated gas may be subsequently expanded over a turbine, which is
particularly operationally coupled to a turbine to generate electricity. This way, the low grade
heat of the nitric acid process can be upgraded to electrical energy.

[0053] A first aspect of the present application provides a process for producing nitric acid,
comprising the steps of
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1. (i) optionally, providing H, and N, to an ammonia production unit or Haber-Bosch

synthesis loop and generating ammonia therein;

2. (ii) providing a combustion mixture comprising ammonia and an oxygen containing fluid,
such as air or oxygen, to the ammonia burner and catalytically combusting ammonia in
the ammonia burner, thereby generating an ammonia combustion gas stream, which
comprises nitric oxide;

3. (iii) oxidizing the nitric oxide in the ammonia combustion gas stream, such as in a
dedicated oxidizer unit - thereby obtaining a stream comprising nitrogen dioxide;

4. (iv) absorbing the nitrogen dioxide in an aqueous solution in an absorber thereby
forming an aqueous stream comprising nitric acid;

wherein the process further comprises the step of providing or converting N> and/or the

oxygen containing fluid, such as air, oxygen enriched air, or oxygen, in a liquid state, prior to
their introduction in the Haber-Bosch loop and the ammonia burner, respectively.

[0054] The process of the present application further comprises the steps of: (v)- pressurizing
the liquid N> of step (i) and/or the liquid oxygen containing fluid of step (ii), thereby obtaining

one or more pressurized liquid streams; and

(vi) subsequently evaporating the one or more pressurized liquid streams, thereby obtaining
one or more evaporated pressurized streams (i.e. in the gaseous state), and, optionally, further
heating of the one or more evaporated pressurized streams, particularly using the heat
recovered from the ammonia and/or nitric acid production process, such as from the ammonia
combustion process, the oxidizer unit and/or the nitric acid absorber, via one or more heat
exchangers.

(vi)) expanding the heated evaporated pressurized streams over a turbine, which is particularly
operationally coupled to a generator for generating electricity. In specific embodiments, the
heated evaporated pressurized N, and/or oxygen containing gas is expanded over a turbine,

which is particularly operationally coupled to a generator for generating electricity, prior to the
introduction of No to the Haber Bosh process or the introduction of the air or oxygen in the

ammonia burner. In certain embodiments, the expansion of the heated evaporated pressurized
streams, in particular the expansion of the heated evaporated pressurized oxygen containing
gas, occurs in two or more stages.

[0055] Advantageously, in this process, the waste heat, particularly low grade waste heat,
generated in the nitric acid process (in the combustion of ammonia, in the oxidation of NO
and/or in the absorption of NO5, in water) and the production of ammonia (e.g. waste heat

generated by an electrolysis unit) can be efficiently recovered and converted in electrical
power, due to the high temperature difference between the (low grade) waste heat and the
pressurized liquefied gases. As used herein, the term "low grade waste heat" refers to heat at
a temperature below 100 °C. Advantageously, the generated electricity can be e.g. at least
partially utilized for operating the electrolysis unit and/or the air separation unit. The liquefied
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gases can be utilized in the production of nitric acid from ammonia and/or in the production of
ammonia from Hy and Na.

[0056] Accordingly, certain embodiments of the current aspect contemplated herein generally
relate to a nitric acid process or system, wherein a liquid oxygen containing fluid, such as liquid
air or liquid oxygen-enriched air, is used to enhance the energy efficiency and energy recovery
of the nitric acid production. Such a process for the production of nitric acid comprises the
steps of:

1. (i) providing a liquid oxygen containing fluid (a liquefied oxygen containing gas),
particularly at ambient pressure, and subsequently pressurising the liquid oxygen
containing fluid up to a pressure of at least 50 bara, such as at least 100 or 150 bara,
particularly up to a pressure of between 150 and 250 bara, such at approximately 200
bara.

2. (ii) evaporating the pressurized liquid oxygen containing fluid by heating the pressurized
liquid oxygen containing fluid by low grade waste heat, produced downstream of the
ammonia burner of the nitric acid process, and further heating/overheating of the
evaporated pressurized oxygen containing fluid, particularly by waste heat of the nitric
acid process;

3. (iii) expanding the hot, pressurized gaseous oxygen containing fluid over a turbine, thus
generating a cooled oxygen containing fluid stream having a pressure of between 10
and 30 bara and a temperature of between -180°C and 25°C, and particularly
recovering power, i.e. electricity, by operationally coupling the turbine to a generator;

4. (iv) optionally reheating the cooled oxygen containing fluid stream by waste heat
streams to a temperature of between 25°C and up to 300°C or even above 300 °C,
mixing the heated oxygen containing fluid with ammonia and providing the
ammonia/oxygen-containing fluid mixture to the ammonia burner.

5. (v) catalytically combusting the ammonia/oxygen-containing-fluid mixture in an ammonia
burner, thereby forming a stream comprising nitric oxide subsequently oxidizing the nitric
oxide to nitrogen dioxide and absorbing the nitrogen dioxide in water, thereby producing
nitric acid.

[0057] In particular embodiments, the oxygen containing fluid is air or oxygen enriched air.

[0058] In particular embodiments, the combustion gases leaving the ammonia burner are
subject to one or more cooling steps before the oxidation and/or absorption steps and the heat
removed in these cooling steps prior to the oxidation and absorbing steps is used to provide
heat to the oxygen containing fluid streams of step (ii) and/or (iv). Accordingly, in particularly
embodiments, step (v) further comprises the step of recovering the heat generated by the
ammonia combustion, by the NO oxidation, by the NO, absorption and/or by condensation via

multiple cooling units (i.e. heat exchangers configured to take up the heat in a nitric acid
process stream, such as the ammonia combustion gas stream, the gas stream comprising
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nitrogen dioxide and the gas streams in the absorption stage, thus cooling and/or condensing
the nitric acid process stream) and providing this heat to the oxygen containing fluid streams of
step (ii) and (iv) for evaporating the pressurized liquid oxygen, oxygen enriched air or air, and
for the heating or superheating of the evaporated pressurized liquid oxygen, oxygen enriched
air or air, via multiple heater units (i.e. heat exchangers configured to provide heat to the air
stream). It is understood that a cooling unit in the nitric acid production process is thus in
thermal connection with a heating unit in contact with the oxygen containing fluid (air) process
stream. In particular, a cooling unit situated in a cool part of the nitric acid production process
(e.g. with temperatures between 20°C and 100 °C, such as the condensation or absorption
step, or after the condenser - which produces low grade waste heat) is in thermal connection
with a heating unit in contact with a cold oxygen containing fluid (air) stream (e.g. for the
evaporation of the pressurized liquid air stream); and/or a cooling unit situated in a hot part of
the nitric acid production process (e.g. after the ammonia burner or the oxidizing section) is in
thermal connection with a heating unit in contact with a warm or hot oxygen containing fluid
(air) stream (e.g. for heating and superheating the evaporated pressurized liquid air stream).

[0059] It is understood that step (v) may correspond to a conventional nitric acid process flow,
as referred to in the Background section, i.e. comprising a tail gas expander and a boiler to
extract heat for steam, which may be subsequently at least partially used to produce electrical
power in a steam Rankine cycle.

[0060] In further embodiments, the nitric acid production process and system as contemplated
herein may be integrated with a liquid air production process or system, in order to reduce the
energy requirement in the air liquefaction process or system.

[0061] As already mentioned above, energy recovery by using liquefied gases and
pressurization of the liquid fluid, can be implemented in the production of ammonia from Hs

and N> as well.

[0062] Accordingly, certain embodiments of the current aspect of the present application
generally relate to an ammonia production process or system, in particular a combined
ammonia and nitric acid process or system, wherein liquid nitrogen is used to enhance the
energy efficiency and energy recovery of the ammonia and/or nitric acid production.

[0063] Such a process for the production of ammonia and, particularly, nitric acid comprises
the steps of:

1. (i) providing liquid nitrogen, particularly at ambient pressure, and subsequently
pressurising the liquid nitrogen up to a pressure of at least 50 bara, such as at least 100
or 150 bara, particularly up to a pressure of between 150 and 250 bara, such at
approximately 200 bara.

2. (ii) evaporating the pressurized liquid nitrogen by heating the pressurized liquid nitrogen,
such as in an ammonia condenser. It is thus understood that the cryogenic nitrogen is
used to condense and to recover the ammonia produced in the further process steps;
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3. (iii) mixing the nitrogen stream of step (i) with hydrogen gas, which has been
pressurized, and with a compressed recycle stream, the recycle stream being generated
by a separator unit situated after the ammonia converter reactor, thereby obtaining a
gaseous reaction mixture; and preheating the gaseous reaction mixture;

4. (iv) supplying the gaseous reaction mixture of step (iii) to an ammonia converter reactor,
forming part of a Haber-Bosch synthesis loop, and generating an ammonia containing
product stream in the ammonia converter;

5. (v) removing heat from the ammonia containing gas stream via one or more heat
exchangers, and separating the ammonia from the unreacted nitrogen and hydrogen in
a separator unit, thereby obtaining a recycle stream comprising nitrogen and hydrogen
and an ammonia stream, comprising liquid ammonia, wherein the liquid ammonia
stream is used to recover heat from the process by means of one or more heat
exchangers and one or more turbines, which are, in particular, operationally coupled to a
generator.

[0064] In particular embodiments, the liquid ammonia stream is at least partially passed to an
ammonia Rankine cycle or an ammonia Rankine cycle based energy recovery system.
Advantageously, the ammonia Rankine cycle based energy recovery system comprises an
ammonia condenser adapted to exchange heat with the pressurized liquid nitrogen, as detailed
in step (ii).

[0065] Advantageously, by implementing an ammonia Rankine cycle in the ammonia
production process, it can replace a steam Rankine cycle, thus reducing the complexity and
cost of having an additional steam system. In addition, an Ammonia Rankine cycle using
ammonia as working fluid is more efficient in capturing low grade heat in view of the lower
boiling point of ammonia. It is understood that the use of the ammonia Rankine cycle is not
limited to the ammonia production process, but can be used more widely in the full process. It
can be used to capture low grade heat from various sources around the overall process, such
as from the electrolysers, the heat that is left in the nitric acid process, and the compressors.
The energy recovered here can be used for, for instance, powering the electrolyzer, and/or the
energy consuming steps of the ammonia or nitric acid processes.

[0066] Another aspect of the present application provides a system for producing nitric acid
configured for executing a process for producing nitric acid according to the present invention,
the system comprising

» an ammonia burner, comprising a catalyst, configured for catalytically combusting a
combustion mixture comprising ammonia and air and/or oxygen at an elevated pressure
to form a stream comprising nitric oxide;

e an oxygen supply line, configured for providing an oxygen containing fluid, such as O,

air or oxygen-enriched air, to the ammonia burner;
« an ammonia supply line, configured for providing ammonia to the ammonia burner;
e an ammonia combustion gas outlet line, configured for removing a stream comprising
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nitric oxide from the ammonia burner, in fluid connection via an oxidizing section or
oxidizer unit, configured for oxidizing the nitric oxide into nitrogen dioxide, to an
absorber, configured for absorbing nitrogen dioxide in water, thereby yielding nitric acid;
wherein the oxygen supply line comprises an energy recovery system, wherein the
energy recovery system comprises consecutively a means for pressurizing the oxygen
containing fluid in the liquid state, such as a cryogenic pump; one or more heaters
configured for evaporating and further heating of the pressurized oxygen containing
fluid, and a first turbine, such as a high pressure turbine, configured for expanding the
oxygen containing fluid (in gaseous form), operationally coupled to a generator, wherein
an outlet of the turbine is in fluid connection with the ammonia burner, wherein the
system further comprises:

+ one or more of an electrolysis unit, an air liquefaction unit and/or an air separation unit,
wherein the electrolysis unit is configured for decomposing water in H» and O, by means

of an electrical current, wherein the air liquefaction unit is configured for converting
gaseous air into liquid air, in fluid connection with the oxygen supply line; and wherein
the air separation unit is configured for the separation of air into O and Ny, in particular

into liquid O and liquid No; and

wherein the first turbine is operationally coupled to a first generator, wherein said first
generator is in electrical connection with the electrolysis unit and/or the air separation
unit and/or the air liquefaction unit.

[0067] In particular embodiments, the nitric acid production system further comprises an
ammonia production system, the ammonia production system comprising a Haber-Bosch
synthesis loop, the Haber-Bosh synthesis loop comprising a Hy inlet; a N5 inlet; a converter unit

configured for catalytically converting H> and N5 into ammonia, thereby obtaining an ammonia

product mixture, the converter unit comprising an ammonia product mixture outlet; a separator
located downstream of the converter and configured for separating the ammonia product
mixture in an ammonia stream and a stream comprising unreacted H> and Ny, means for

recycling the unreacted H and Ny, and an ammonia outlet; wherein the ammonia outlet is in

fluid connection with the ammonia supply line. In particular embodiments, the ammonia
production system further comprises an ammonia Rankine cycle based energy recovery
system which is in fluid connection to the ammonia outlet, comprising a third turbine configured
to extract work from the ammonia working fluid; a heat exchanger, an ammonia condenser in
thermal connection with the N5 supply line, in particular, in thermal connection with the N,

supply line downstream of the means for pressurizing the liquid N2 in the N» supply line; an

ammonia circulation pump; and an ammonia outlet in fluid connection with the ammonia supply
line.

[0068] The system according to the present invention may comprise one or more additional
units, such as one or more heat exchangers, configured for capturing the waste heat from the
ammonia combustion process, and a condenser, for condensing the water in the ammonia
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combustion gas, optionally thermally coupled with the heaters located on the oxygen supply
line; a mixing unit in fluid connection and linked with the ammonia supply line and the oxygen
containing fluid line; a means for pressurizing the liquid N> in the N3 supply line and,

particularly a means to exchange heat between the liquid pressurized nitrogen and the
ammonia Rankine cycle based energy recovery system; a second turbine configured for
expanding the ammonia stream separated in the separator, particularly operationally coupled
to a generator.

[0069] In some embodiments, the ammonia burner is configured for operating at a pressure of
at least 1.1 bara, more in particular at least 1.2 bara, at least 1.3 bara, at least 1.4 bara, at
least 1.5 bara, at least 2.0 bara, at least 2.5 bara, at least 3.0 bara, at least 4.0 bara, at least
5.0 bara.

[0070] The systems and methods of the present aspect allow producing nitric acid in a more
energy efficient way. In particular, more energy released in the various process steps
(combustion, oxidation, and absorption) are recovered. This extracted energy can be
converted to electrical energy, using generators. The electrical energy can be used, for
example, to power water electrolysers for the production of hydrogen for use in ammonia
manufacture. In addition, liquid air, nitrogen and/or ammonia can be generated in surplus
when energy from renewable sources is widely available, and can easily be stored. When
energy from renewable sources is insufficiently available, the stored air and ammonia can be
used to generate nitric acid, while the recovered energy, particularly recovered in the nitric acid
production process, is used to power the upstream processes (e.g. ammonia production).

[0071] In particular embodiments, standard, off-the-shelf turbines are used. This allows
standardization and therefore reduces costs related to the use of one-of-a-kind components.

[0072] The present systems and methods are compatible with nitric acid production.
Accordingly, learning curve-related cost reductions can be obtained by making many identical,
standardized, nitric acid plants.

[0073] The production process and system of nitric acid, particularly the combined and
integrated production process and system of ammonia and nitric acid, as contemplated in the
present application in the different aspects and embodiments described herein, may further
comprise a step of and/or means/systems for further processing the nitric acid to a fertilizer
product, such as an ammonium nitrate or calcium nitrate fertilizer product.

[0074] The present invention is further illustrated by the following examples and illustrative
embodiments.

EXAMPLES

Example 1
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[0075] Fig. 2A shows an embodiment of a process for manufacturing nitric acid as provided
herein, depicting how energy can be recovered from the burning of ammonia in the production
of nitric acid. The ammonia is supplied via an ammonia supply line (130), where it is first mixed
with oxygen containing fluid in mixing unit (150), before it is fed through a burner (100), which
comprises a catalyst. The ammonia combustion gas leaves the burner (100) via the ammonia
combustion outlet line (160). The oxygen containing fluid, in particular air, oxygen-enriched air
or Oy, is supplied via an oxygen supply line (120) in a liquid form, here liquid oxygen (O2) or
liquid air. The liquid oxygen containing fluid is evaporated and superheated with the aid of one
or more heaters (140) on the oxygen supply line (120). The one or more heaters (140)
subtract heat from one or more heat exchangers (161) and/or condenser (162) on the
ammonia combustion outlet line (160). The superheated oxygen containing fluid is expanded
over a first turbine (200), before it is mixed with the ammonia and fed into the burner (100).
The first turbine is mechanically coupled to a generator (220), which may be used to produce
electrical energy (E), a form of recycled energy. In certain embodiments, the expansion of the
superheated oxygen containing fluid occurs in two or more stages, with reheating of the
oxygen containing fluid stream by a heat exchanger between the different expansion stages. In
other embodiments, the ammonia-air mixture may also be preheated before entering the
ammonia burner.

[0076] Fig. 2B shows an embodiment of a process for manufacturing nitric acid as provided
herein, depicting the same principle for energy recovery as in Fig. 2A, but is now further
combined with an electrolysis based ammonia production process. In the nitric acid production
section, the ammonia combustion gas is provided to an oxidiser (400) for converting NO into
NO»,, and subsequently to an absorber (500) where the NO> forms nitric acid upon absorption

in water. The nitric acid can leave the absorber (500) via the pipe for concentrated nitric acid
(510). The supplied ammonia is made onsite of the nitric acid system in an integrated Haber-
Bosch loop (700), wherein the ammonia outlet (750) of the Haber-Bosch loop is coupled to
ammonia supply line (130). Hx is supplied to the Haber-Bosch loop (700) via Hz inlet (710), and
is produced in an electrolysis unit (800), wherein water is electrolysed in H> and O, at least

partially using renewable energy and electrical energy recovered in the nitric acid production
system, such as by the first turbine (200) and generator (220). The electrolysis unit (800) is
integrated into the nitric acid production system, by coupling the Hy outlet (810) of the

electrolysis unit (800) with the H» inlet (710) of the Haber-Bosch loop (700). The O5 formed in

the electrolysis unit (800) may be used in the burner (100). Air is separated in an air separator
unit (900) in which N5 leaves the air separator unit (900) via the N5 outlet (910); and O, which

leaves the air separator (900) via O, outlet (920). The air separator is integrated in the nitric
acid production system, by coupling the N5 outlet (910) of the air separator (900) to the N5 inlet
(720) of the Haber-Bosch loop (700) and by coupling the O, outlet (920) of the air separator

(900) to the oxygen supply line (120). The air separator unit may be powered at least partially
by renewable (green) energy or by electrical energy recovered elsewhere in the nitric acid
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production system, for example via the first turbine (200), which is coupled to a generator
(220).

[0077] Ammonia may be stored in the ammonia supply line, for example in a buffer tank. The
stored ammonia may be used as an energy reserve, as it can release a lot of energy when
combusted in the burner in the nitric acid production process.

[0078] In particular, the oxygen containing fluid in line (120) may be superheated in different
stages, consecutively by multiple heaters.

[0079] For instance, a first heater may be located on a so-called "cooling loop", wherein heat is
taken up in the absorber (500) and, subsequently, this heat is used to evaporate or further
heat the pressurized oxygen containing fluid. For instance, a second heater may be used to
further heat the evaporated oxygen containing fluid, by means of the heat recovered by a heat
exchanger/condense). For instance, a third heater may recover heat from a heat exchanger
close to the ammonia burner. Typically, the working fluid in the different cooling/heating loop is
circulated by a circulation pump. The working fluid as used herein can be any type of working
fluid suitable for this particular purpose and chosen by the skilled person, for instance
compressed water/butane. The working fluid is typically chosen based on the pressure and
temperature at which the heat exchange occurs.

Example 2

[0080] Fig. 3 shows an embodiment of a combined process for manufacturing ammonia and
nitric acid as provided herein, wherein a liquid and pressurized N> stream is used in the

ammonia production, depicting how energy can be recovered in a Haber-Bosch loop (700)
based on liquid nitrogen. In this embodiment, N5 is supplied in a liquid form from a N, buffer

tank (721) or directly from an air separation unit. The liquid N5 is pressurised with a cryogenic

pump (722) and subsequently evaporated in a heater/evaporator (797), before it enters the
Haber-Bosch loop (700) via the N» inlet (720). The N5 is mixed with H» via a Hs inlet (710)

(wherein the H; gas is compressed in the H, compressor (711)) and with the recycled
unreacted N> and Hy, which are compressed in a compressor (760). The mixture comprising
N> and H» is preheated in a preheater (790) before it enters the converter unit (730), where it

undergoes an exothermic reaction, producing a hot reaction mixture of ammonia and
unreacted Ho and N,. The reaction mixture is provided to a separator (740), where an

ammonia stream is separated from the unreacted H; and N5, with the latter being recycled and

returned to the Haber-Bosch loop. Heat is removed from the reaction mixture in different
stages. In a first stage, heat is removed by a heat exchanger (793), which functions as a super
heater for the (gaseous - due to being evaporated in heat exchanger 791) separated ammonia
stream. In a second stage, heat is removed in a preheater (790), where the heat is transferred
to the mixture of Hy and N5 before it enters the converter unit (730). In a third stage heat is
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removed in a heat exchanger (791), which functions as a boiler for the separated ammonia. In
a fourth stage, the ammonia in the reaction mixture is condensed in a waste heat exchanger
(792), before it enters a separator (740), which comprises an ammonia outlet (750). In the
separator (740), the ammonia is separated as a liquid, which is boiled in the evaporator/heat
exchanger (791). The formed gaseous ammonia is superheated in a heat exchanger (super
heater) (793). The superheated ammonia is expanded over a third turbine (770), which is
mechanically coupled with a generator (771), for energy recovery. The expanded ammonia is
further cooled down in a waste heat exchanger (794) and an air cooled heat exchanger (795).
The cooled down ammonia, enters an ammonia Rankine cycle based energy recovery system
(780), where it is circulated by a circulation pump (783), heated by a waste heat exchanger
(796), before it is expanded over a fourth turbine (781), which is mechanically coupled to a
generator (782) for energy recovery. The expanded ammonia is passed through an ammonia
condenser (797), wherein heat is transferred to the supplied No. Part of the liquid ammonia

leaves the ammonia Rankine cycle energy recovery system (780) to be stored in an ammonia
buffer tank (131) or to be fed into the burner (100) for catalytic combustion in the production of
nitric acid.
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Patentkrav

1. En proces til fremstilling af salpetersyre, der omfatter felgende trin:
(a) katalytisk forbraending af en blanding af ammoniak og en iltholdig veeske,
naermere bestemt luft og/eller oxygen, i en ammoniakbraender (100), hvor-
ved der dannes en ammoniakforbraendingsstrem;
(b) i det mindste delvis oxidering af kveelstofoxiden i ammoniak forbraen-
dingsstremmen fra trin (a) til kveelstofdioxid;
(c) absorbering i en vandig oplgsning af den kveelstofdioxid, der er indeholdt
i stremmen fra trin (b), ved hjeelp af en absorberingsenhed (500), hvorved
der dannes en koncentreret vandig salpetersyreoplgsning, kendetegnet ved,
at den iltholdige veeske tilfares ammoniakbraenderen (100) via en tilfagrsels-
linje (120) til iltholdig veeske, kendetegnet ved, at den iltholdige vaeske er fly-
dende i mindst én sektion af tilfgrselslinjen (120) til iltholdig veeske;
(d) forggelse af trykket af den iltholdige veeske i tilfgrselslinjen (120) til ilthol-
dig vaeske, sa der derved opnas en tryksat iltholdig veeske, kendetegnet ved,
at den tryksatte iltholdige vaeske har et tryk pa mindst 10 bar, neermere be-
stemt mindst 50 bar, endnu naermere bestemt mindst 100 bar eller mindst
150 bar og endnu nsermere bestemt igen har et tryk mellem 150 og 250 bar;
(e) fordampning eller kogning af den tryksatte iltholdige vaeske fremskaffet i
trin (d), neermere bestemt med varme genvundet nedstrems fra ammoniak-
breenderen (100), sa der derved fremskaffes en tryksat iltholdig gas; og
(f) ekspandering af den tryksatte iltholdige gas over en fgrste turbine (200),
der neermere bestemt er tilkoblet en generator (220) til generering af elektri-

citet.

2. Processen i overensstemmelse med patentkrav 1 kendetegnet ved, at den tryk-
satte iltholdige gas fra trin (e) yderligere opvarmes eller overophedes ved hjeelp af
et eller flere varmeapparater (140) konfigureret til genvinding af varme nedstrams
fra ammoniakbraenderen (100) fgr ekspanderingen af den tryksatte iltholdig gas i
trin (f).
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3. Processen i overensstemmelse med patentkrav 2 kendetegnet ved, at yderligere
opvarmning eller overophedning af den iltholdige veeske, neermere bestemt den
tryksatte iltholdige gas, foretages med varme genvundet i absorberingsenheden
(500); med varme genvundet i en kondensator (162) og/eller med varme genvundet
i en eller flere varmevekslere (kgleenhed) (161) nedstrems fra ammoniakbraende-
ren (100).

4. Processen i overensstemmelse med patentkrav 2 eller 3 kendetegnet ved, at
yderligere opvarmning eller overophedning af den iltholdige veeske, naermere be-
stemt den tryksatte iltholdige gas, foretages pa en trinvis facon ved fgrst at an-
vende genvundet varme med lav temperatur, sd&som varme genvundet fra absorbe-
rings- (500) og/eller kondensator- (162) enhederne, og derefter ved at anvende
genvundet varme med hgjere temperatur, genvundet ved hjeelp af varmevekslere
(161) fra den NO- eller NOz-holdige strem far kondensatoren (162) og absorbe-
ringsenheden (500).

5. Processen i overensstemmelse med hvilket som helst af foregaende patentkrav,
som yderligere omfatter et trin til fremstilling af ammoniak fer trin (a) ved katalytisk
konvertering af H> og N2 i en Haber-Bosch synteseproces (700), neermere bestemt i
en konverteringsenhed (730) af denne art, sa der fremskaffes en produktstream af
ammoniak,

kendetegnet ved, at der tilfgres N2 til Haber-Bosch synteseprocessen (700) gen-
nem en kveelstoftilfgrselslinje (720), kendetegnet ved, at kvaelstoffet i mindst én
sektion af kveelstoftilfgrselslinjen (720) er i flydende tilstand, og kendetegnet ved, at
trykket af det flydende kveelstof gges, nsermere bestemt ved at bruge en kryogen-
pumpe eller kompressor (722), til et tryk pa mindst 10 bar, neermere bestemt til
mindst 50 bar, endnu neermere bestemt til mindst 100 bar, endnu naermere bestemt
igen til mindst 150 bar eller til et tryk, der spaender mellem 150 bar og 250 bar, og,
naermere bestemt, efterfglgende fordampning af den tryksatte flydende N2, sa der

saledes fremskaffes tryksat gasformig No.
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6. Processen i overensstemmelse med patentkrav 5, som omfatter et trin til tilfarsel
af ammoniak-produktstremmen til en separator (740) til udskillelse af ammoniak-
ken, naermere bestemt den flydende ammoniak, der fremskaffes ved afkgling af
ammoniak-produktstremmen fra uomsat Hz og Nz, og efterfglgende fordampning og
eventuel opvarmning eller overophedning af den udskilte ammoniak ved hjselp af

varme genvundet fra ammoniak- og/eller salpetersyrefremstillingsprocessen.

7. Processen i overensstemmelse med patentkrav 6, som yderligere omfatter et trin
til ekspandering af den udskilte ammoniak, neermere bestemt overophedet ammo-
niak, over en anden turbine (770), som naermere bestemt er operationelt tilkoblet

en generator (771).

8. Processen i overensstemmelse med patentkrav 7, som yderligere omfatter et trin
til afkeling og kondensering af den ekspanderede ammoniak, og viderefgrelse af
den kondenserede ammoniak til et system, der karer i overensstemmelse med en
ammoniak Rankine-cyklus (780), kendetegnet ved, at ammoniakken bruges som
arbejdsvaeske og en tredje turbine (781) bruges til at udvinde energien fra ammo-

niak-arbejdsvaesken.

9. En proces til fremstilling af salpetersyre, naermere bestemt operationelt tilkoblet
en vedvarende energikilde og naermere bestemt konfigureret til at udfgre en proces
i overensstemmelse med hvilket som helst af patentkrav 1 til 8, der omfatter:
- en ammoniakbraender (100), der omfatter en katalysator, konfigureret til ka-
talytisk forbreending af en braendbar blanding, der omfatter ammoniak og luft
og/eller oxygen ved forhgijet tryk, sasom ved et tryk pa omkring 5,0 til om-
kring 20,0 bar;
- en oxygentilfgrselslinje (120) i vaeskeforbindelse med ammoniakbraenderen
(100), til fremskaffelse af en iltholdig vaeske, sasom O, luft eller oxygen-beri-
get luft, til ammoniakbraenderen (100);
- en ammoniaktilfgrselslinje (130) i veeskeforbindelse med ammoniakbraen-
deren (100);
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- en udledningslinje (160) til ammoniakforbraendingsgas til fiernelse af am-
moniakforbreendingsgasstrammen, der omfatter kveelstofoxid fra ammoniak-
breenderen (100), i vaeskeforbindelse med en oxiderende sektion eller oxide-
ringsenhed (400), konfigureret til at oxidere kveelstofoxid til kvaelstofdioxid, til
en absorberingsenhed (500) til absorbering af kveelstofdioxid i vand, s& der
derved fremstilles salpetersyre;

kendetegnet ved, at oxygentilfgrselslinjen (120) omfatter et energigenvin-
dingssystem, kendetegnet ved, at energigenvindingssystemet omfatter pa
hinanden fglgende virkemidler til tryksaetning af den iltholdige veeske i den-
nes flydende tilstand, sasom til et tryk pa mindst 10 bar, naermere bestemt til
mindst 50 bar, endnu neermere bestemt til mindst 100 bar, endnu naermere
bestemt igen til mindst 150 bar eller til et tryk, der spaender mellem 150 bar
og 250 bar; et eller flere varmeapparater (140) konfigureret til fordampning
0g, neermere bestemt, yderligere opvarmning of den tryksatte iltholdige vee-
ske, og en farste turbine (200) konfigureret til ekspandering af den iltholdige
vaeske i gasform, kendetegnet ved, at et udtag for turbinen er i veeskeforbin-
delse med ammoniakbraenderen (100); kendetegnet ved, at systemet yder-
ligere omfatter

- en eller flere af en elektrolyseenhed (800), en luftkondenseringsenhed
og/eller en luftseparationsenhed (900), kendetegnet ved, at elektrolyseenhe-
den (800) er konfigureret til at nedbryde vand til H2 og Oz ved hjeelp af en
elektrisk stram, kendetegnet ved, at luftkondenseringsenheden er konfigure-
ret til konvertering af gasformig luft til flydende luft i veeskeforbindelse med
oxygentilfarselslinjen; og kendetegnet ved, at luftseparationsenheden (900)
er konfigureret til at opdele luft i Oz og N2, naermere bestemt til flydende

O2 og flydende N2. og

kendetegnet ved, at den fagrste turbine (200) er operationelt tilkoblet en far-
ste generator (220), kendetegnet ved, at denne farste generator er elektrisk
tilsluttet elektrolyseenheden (800) og/eller luftseparationsenheden (900)

og/eller luftkondenseringsenheden.
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10. Systemet til fremstilling af salpetersyre i overensstemmelse med patentkrav 9,
som yderligere omfatter et ammoniakproducerende system, hvor det ammoniakpro-
ducerende system omfatter en Haber-Bosch synteseproces (700), hvor Haber-
Bosh synteseprocessen (700) omfatter et Ho-indtag (710); et N2-indtag (720); en
konverteringsenhed (730) konfigureret til katalytisk konvertering af H> og N2 til am-
moniak, sa man derved fremskaffer en ammoniakproduktblanding, hvor konverte-
ringsenheden omfatter et udtag til ammoniakproduktblandingen; en separator (740)
der placeres nedstrgms fra konverteringsenheden og konfigureres til at udskille am-
moniakproduktblandingen i en ammoniakstrgm og en strgm, der omfatter uomsat
H2 og N2; virkemidler til genbrug af den uomsatte H> og N2, og et ammoniakudtag;
kendetegnet ved, at ammoniakudtaget er i veeskeforbindelse med ammoniaktilfar-
selslinjen (130), som nsermere bestemt yderligere omfatter et energigenvindingssy-
stem (780) baseret pa ammoniak Rankine-cyklussen, som er i vaeskeforbindelse
med ammoniakudtaget, omfatter en tredje turbine (781), konfigureret til at udvinde
energi fra ammoniak-arbejdsvaesken; en varmeveksler (796), en ammoniakkonden-
sator (797) i termisk forbindelse med No-tilfgrselslinjen, naermere bestemt i termisk
forbindelse med No-tilfgrselslinjen nedstrems fra virkemidlet til tryksasetning af den
flydende N2 i No-tilfgrselslinjen; en ammoniak-cirkulationspumpe (783); og et am-

moniakudtag i vaeskeforbindelse med ammoniaktilfgrselslinjen (130).

11. Produktionssystemet til salpetersyre i overensstemmelse med patentkrav 9 eller
10, der yderligere omfatter en eller flere af fglgende enheder:
- en elektrolyseenhed (800), konfigureret til at nedbryde vand til H> og O2 ved
hjeelp af en elektrisk stram, naermere bestemt fra vedvarende kilder, idet
elektrolyseenheden omfatter et vandindtag og et H>-udtag og et O»2-udtag;
kendetegnet ved, at elektrolyseenhedens Hz-udtag er i vaeskeforbindelse
med Hz-indtaget (710) for Haber-Bosch synteseprocessen (700);
- en luftseparationsenhed (900), konfigureret til at opdele luft i O2 og No,
naermere bestemt i flydende Oz og flydende N2, idet luftseparationsenheden
omfatter et O»-udtag og et N»>-udtag, kendetegnet ved, at O2-udtaget pa luft-
separationsenheden er i vaeskeforbindelse med oxygentilfarselslinjen, og
kendetegnet ved, at N>-udtaget pa luftseparationsenheden er i veeskeforbin-

delse med N2-indtaget (720) for Haber-Bosch synteseprocessen (700);
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- en eller flere varmevekslere (161), konfigureret til at opsamle spildvarmen
fra ammoniakforbraendingsprocessen, og en kondensator (162), til konden-
sering af vandet i ammoniakforbraendingsgassen (), kendetegnet ved, at de
en eller flere varmevekslere (161) og kondensator (162) er placeret ned-
strems fra ammoniakbraenderen (100) og opstrgms fra absorberingsenhe-
den (500), og kendetegnet ved, at de en eller flere varmevekslere (161) og
kondensator (162) naermere bestemt er termisk tilkoblet de et eller flere var-
meapparater (140);

- en blandingsenhed (150) i veeskeforbindelse med og tilsluttet ammoniaktil-
farselslinjen (130) og tilferselslinjen (120) til iltholdig veeske, idet blandings-
enheden omfatter en beholder, et rar eller en reaktor konfigureret til at
blande den iltholdige veeske og ammoniakken for at danne en forbraendings-
blanding, far forbraendingsblandingen tilfares ammoniakbraenderen (100);

- et virkemiddel til tryksaetning af det flydende Nz i Nz-tilfgrselslinjen (720) til
et tryk pa mindst 100 bar, naermere bestemt til mindst 150 bar, endnu naer-
mere bestemt til et tryk mellem 150 bar og 250 bar, sasom en kryogen-
pumpe (722); og/eller

- en anden turbine (770) konfigureret til ekspandering af ammoniakstrgm-
men, der udskilles i separatoren (740), nsermere bestemt operationelt tilkob-

let en generator (771).
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