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Description

[0001] The invention relates to a process for making methanol from a methane-rich
gaseous feedstock comprising a combined reforming process for making a synthesis gas
mixture from a desulphurised methane-rich gaseous feedstock, wherein a combination of
different reforming reactors is used.

[0002] Such a combined reforming process is known from patent publication US 6100303.
In this document a process for making synthesis gas for subsequent use in methanol
production is described, wherein a desulphurised feedstock gas consisting of a
hydrocarbon gas having an atomic ratio of 3-4, for example natural gas composed mainly
of methane, is reformed using a combination of 3 different reforming reactors. The
feedstock is first mixed with steam and then fed to a combustion-type (also called fired)
steam methane reforming reactor (steam methane reformer, hereinafter abbreviated as
SMR) and a heat-exchange type steam reforming reactor that is heated with hot gasses
produced elsewhere in the process (also called gas heated reformer, hereinafter
abbreviated as GHR), which two reactors are operated in parallel arrangement. The
effluent gasses from SMR and GHR are mixed and fed to a secondary reforming unit
together with oxygen, wherein the gasses undergo a catalytic partial oxidation reaction
under essentially adiabatic conditions in addition to further reaction with steam. This
reforming reactor is also referred to as auto-thermal reformer (abbreviated as ATR), as the
excess heat generated by exothermic reaction is used to supply heat for the endothermic
steam reforming reaction. The SMR unit is heated by burning part of the hydrocarbon
feedstock gas and a purge of synthesis gas. The feed ratio of feedstock gas to the SMR
and GHR units can vary from 1-3 to 3-1.

[0003] In the past decades, numerous processes have been developed to produce
synthesis gas (also referred to in short as syngas) as one of the most important feedstocks
in chemical industry. Syngas is a gaseous mixture containing hydrogen (Hz) and carbon
monoxide (CO), which may further contain other gas components like carbon dioxide
(COy), water (H20), methane (CHa), and nitrogen (N»). Natural gas and (light)
hydrocarbons are the predominant starting material for making synthesis gas. Syngas is
successfully used as synthetic fuel and also in a number of chemical processes, such as
synthesis of methanol or ammonia, Fischer-Tropsch type and other olefin syntheses,
hydroformulation or carbonylation reactions (oxo processes), reduction of iron oxides in
steel production, etc. The composition of synthesis gas, and thus its suitability for
subsequent use for e.g. methanol production, is characterized mainly by its hydrogen and
carbon monoxide content; generally presented by the so-called stoichiometric number
(SN), which is defined as

SN = {[Hz]{CO:]) / (fCOJ+[CO))
wherein the concentrations of components are expressed in vol% or mol%.
[0004] The value of SN is highly dependent on the reforming process technology used to

make syngas. An overview of different technologies and their advantages and limitations is
for example given by P. F. van den Oosterkamp in chapter "Synthesis Gas Generation:
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Industrial" of the "Encyclopedia of Catatysis" (John Wiley & Sons; posted on-line
2002/12/13, available via DOI: 10.1002/0471227617.e€0c196).

[0005] The conventional technology for producing syngas from a methane feedstock is the
reaction with water (steam) at high temperatures, generally called hydrocarbon steam
reforming.

[0006] If a feedstock is used in a reforming process that is rich in higher hydrocarbons, like
naphtha, the feedstock first needs to be treated in a so-called pre-reforming step, in order
to convert the heavy hydrocarbons in the feed into methane, hydrogen and carbon oxides.
Such higher hydrocarbons are more reactive than methane in steam reforming, and would
-if present in the feed- lead to carbon formation and thus to deactivation of the catalyst
employed in steam reforming. In such a pre-reformer several reactions take place
simultaneously; the most important being hydrocarbon steam reforming (1), water gas shift
(2), and methanation (3) reactions, which can be represented, respectively, as:

(D CHn+nH,0O S nCO + (m2+n)H;
V) CO + H,0=5 COy + Hy

(3) CO +3H; & CHz + HxO
CO;+4H; S CHe+2 H:O

[0007] Such a pre-reformer is typically operated adiabatically at temperatures between
320 and 550 °C, and is generally referred to as an adiabatic pre-reformer (hereinafter
abbreviated as APR).

[0008] In a steam methane reformer (SMR) methane-rich gas is converted into a mixture
containing carbon monoxide, carbon dioxide, hydrogen and unreacted methane and water
in the so-called steam reforming (4) and carbon dioxide reforming (5) reactions,
represented as:

(4) CHs+H,0 & CO + 3H;
(5) CH;+CO; & CO + 2H;

[0009] These reforming reactions are strongly endothermic, while the accompanying water
shift reaction is moderately exothermic. Such process thus calls for a reactor wherein heat
management is extremely important. For the steam reforming process, several types of
reactors are possible, such as the conventional widely used top-fired or side-fired
reformers. In practice, a SMR unit may contain from 40 up to 1000 tubes, each typically 6-
12 m long, 70-160 mm in diameter, and 10-20 mm in wall thickness. These tubes are
vertically placed in a rectangular furnace or firebox, the socalled radiant section. The
reactor tubes contain nickel-based catalyst, usually in the form of small cylinders or rings.
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The reactor tubes are fired by burners, which may be located at the bottom, at the side, or
at the top of the furnace. Combustion of the fuel takes place in the radiant section of the
furnace. After the flue gas has supplied its heat to all the reactor tubes, it passes into the
convection section where it is further cooled by heating other streams such as process
feed, combustion air, and boiler feed water as well as producing steam. The product gas,
typically leaving the reformer at a temperature of 850-950°C, is cooled in a process gas
waste heat boiler to produce process steam for the reformer. The syngas made with
conventional steam reforming typically has a SN of between 2.6 and 2.9. For methanol
production a composition having SN coming close to the theoretical value of 2 is preferred.
The SN value of the syngas composition can be lowered by for example adding carbon
dioxide; or by combined reforming (see below).

[0010] Steam reforming can also be performed in reactors wherein the necessary heat is
supplied by heat exchange rather than by direct firing, for example by convective heat
transfer from hot flue gasses and/or from hot syngas produced at another stage of a
process. Several reactor concepts have been developed for this purpose, the name gas
heated reformer (GHR) generally being used for a reactor that makes use of the heat
present in syngas that is being produced in an auto-thermal reforming unit (ATR; see
below).

[0011] In an ATR conversion of a methane feedstock with oxygen (as pure oxygen, air, or

enriched air) takes place in combination with the conversion with steam; an ATR is

basically a combination of SMR and partial oxidation (POx) technology. In addition to the

reactions mentioned above, also following strongly exothermic partial oxidation reactions

(6) take place:

{6) CHs+ 20, & CO+ 2H;
CHg‘f‘}fzﬁz % CO + Z2H,0

[0012] Desulphurised feedstock mixed with steam is introduced into the ATR reactor, as is
oxygen in an appropriate amount. The upper part of the reactor basically consists of a
burner mounted in the reactor shell. The exothermic reaction with oxygen delivers the
endothermic heat of reaction of the steam reforming reaction, such that the overall reaction
is auto-thermal, and takes place in the upper part; whereas the catalyzed reforming
reaction takes place in a fixed bed in the lower part. Operating temperatures are relatively
high, on the order of 1000°C, enabling very low amounts of unconverted methane in the
product gas. The syngas produced in an ATR has a relatively low concentration of
hydrogen; for subsequent methanol production mixing with hydrogen from another source
will be needed.

[0013] EP 0989094 A2 indicates that also for reforming a feedstock comprising higher
hydrocarbons via an ATR unit it is advantageous to first pre-reform the feedstock in an
APR.

[0014] Several process schemes that combine a steam reformer and an ATR unit (or a
POx reactor wherein only partial oxidation takes place), in different lay-outs have been
proposed. Advantages of such combined reforming processes include controlling the SN
of the syngas made at a targeted value.
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[0015] As already indicated above, a combination of ATR and GHR technologies makes
more efficiently use of energy; a further advantage being that adjustment of the SN of the
syngas is possible; e.g. closer to the value of 2 as desired for methanol production.

[0016] WO 93/15999 describes a process of making syngas by dividing a feed gas stream
over a steam reformer and a partial oxidation reactor, and feeding the combined effluent
streams to a second steam reformer.

[0017] In US 4999133 a process for making syngas suitable for methanol production is
disclosed, wherein a part of the feed is passed over a steam reformer, and resulting
effluent and the other part of feed are fed to an ATR unit.

[0018] US 5512599 relates to a process for making methanol from syngas on a large scale
and high energy efficiency, comprising a first step of steam reforming a hydrocarbon feed
in a GHR reactor, followed by a partial oxidation and a second steam reforming step in an
ATR unit, wherein effluent gas from ATR is used as a heat source for the GHR.

[0019] US 5496859 discloses a process for making methanol from syngas, wherein a
desulphurised methane-rich feed is supplied to an ATR and a steam reformer operated in
parallel, and effluent streams are combined and fed to a second ATR to result in a syngas
of proper composition and pressure for subsequent methanol synthesis.

[0020] EP 0522744 A2 describes a process for making a.0. methanol from syngas,
wherein a desulphurised hydrocarbon feedstock is split-up into 2 streams, of which a first
stream is fed to a SMR unit, and a second stream is fed to an APR and partial oxidation
reactor operated in series, followed by cooling and mixing both reformed streams.

[0021] US 2004/0063797 A1 describes a process for making syngas especially suited for
subsequent use in Fischer-Tropsch synthesis, wherein a desulphurised hydrocarbon
feedstock is reformed in an APR, one or more steam reformers and an ATR, which are all
operated in series.

[0022] EP 1403216 A1 describes a process for making syngas especially suited for
subsequent use in Fischer-Tropsch synthesis, wherein a desulphurised hydrocarbon
feedstock is reformed in one or more steam reformers and an ATR, which is operated in
parallel with the other reformers.

[0023] GB 2407819 A discloses a process of making syngas from a hydrocarbon, e.qg.
natural gas, which process employs a combination of 3 reforming units, wherein the feed
first passes an APR and then is split and fed to SMR and ATR units operated in parallel; to
enable high syngas production capacity.

[0024] EP 1241130 A1 discloses a process of making syngas from light natural gas, by
first treating the feed in an APR unit at 500-750°C with a special catalyst, followed by
conventional steam reforming; in order to reduce the heat supply required in steam
reforming.
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[0025] In EP 0440258 A2 a steam reforming process with improved reutilisation of heat is
proposed, wherein a desulphurised hydrocarbon feed is first reacted in a first GHR, and
the gas stream is then divided into 2 parallel streams, of which the first stream is fed to a
SMR and the second stream to a further GHR, after which the effluent streams are
combined and fed to an ATR unit.

[0026] EP 0959120 A1 discloses combined steam reforming processes aiming to optimise
the energy efficiency by using heat from combustion gasses, including a scheme wherein
GHR, SMR and ATR units are operated in series, and a scheme wherein the feed is fed to
GHR and SMR units operated in parallel followed by reacting the combined effluent
streams in an ATR.

[0027] Methanol is one the most important chemical raw materials; in 2000 about 85% of
the methanol produced would be used as a starting material or solvent for synthesis,
whereas its use in the fuel and energy sector has been increasing rapidly. Since the
1960's, methanol synthesis from sulphur-free syngas with Cu-based catalysts has become
the major route, as it can be operated at fairly mild reaction conditions. An overview of
such methanol processes can be found in for example in the chapter "Methanol" in
"Ullmann's Encyclopedia of Industrial Chemistry" (Wiley-VCH Verlag; posted on-line
2000/06/15, available via DOI: 10.1002/14356007.a16_465).

[0028] Regarding the increasing demand for fuel and energy, there is a need in industry
for ever larger and more efficient methanol production plants. Presently applied integrated
production processes for making methanol from hydrocarbon feedstock typically have a
maximum single line capacity on the order of 5000-7000 mtpd (metric ton per day).
Practical limitations are encountered especially in syngas production, i.e. in the maximum
size of available reforming reactors and of air separation units producing oxygen.

[0029] For example, limitations in the maximum size of a SMR unit lay in the number of
tubes, even gas distribution, and in heat transfer. About 1000 tubes is considered to be the
maximum for a single unit operation, otherwise it will not be possible to control uniform
distribution of gasses and thus heat to all tubes. Reliability of all units is paramount, as
minimizing down-time is a prerequisite for economical operation. Further capacity limitation
results from a certain maximum amount of energy that can be transferred to the tubes. It is
thus estimated that a technically and economically feasible SMR reactor of maximum
capacity is characterized by a maximum reforming heat load of about 1150 GJ/h.

[0030] Production capacity of a GHR unit is mainly limited by a practical maximum in
energy input by heat exchange with hot gasses; which is estimated to be about 420 GJ/h.
Presently available ATR units do not have the above limitations of steam reformers, but
the maximum production capacity in this case is in practice limited by the volume of
oxygen that is available. In most cases, oxygen is to be supplied from an air separation
unit (abbreviated as ASU). The maximum size of a single state-of-the-art ASU is for
technical and economical reasons considered to be about 4000 mtpd (which is equivalent
to about 5200 kmol/h of oxygen). The equivalent maximum methanol production capacity
based on such an ATR would be about 4500-6000 mtpd.
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[0031] Although integrated production processes for making methanol from hydrocarbon in
practice have a maximum single line capacity of about 6000 mtpd, schemes for larger
scale plants have been proposed.

[0032] In US 6100303 it is stated that based on the proposed combined reforming process
scheme a methanol plant with capacity of about 10000 mtpd can be designed. A
disadvantage of this process scheme, however, is that it requires very high energy input
for the SMR and GHR units, exceeding the above discussed maxima, i.e. in the range
1330-2580 vs 1150 GJ/h for the SMR, and/or 1380-1410 vs 420 GJ/h for the GHR unit.

[0033] It is thus an object of the present invention to provide a combined reforming
process that enables a single-line process for making methanol from a methane-rich
gaseous feedstock with a capacity of at least 10000 mtpd, which reforming process uses
reforming reactors and other equipment with capacities within current practical limitations.

[0034] This object is achieved according to the process as defined in claim 1. Preferred
embodiments are defined in the dependent claims.

[0035] With the combined reforming process compassed by the invention it is possible to
produce syngas with adjustable composition and at very high capacity in a single line. The
process allows designing a methane-to-methanol production plant with a capacity of at
least 10000 mtpd using technically and economically feasible reforming equipment. The
process further shows high energy efficiency. A further advantage is that the process has
low methane leakage, meaning that the final syngas has a low content of inerts, resulting
in a high overall conversion of methane to methanol. Further, the highcapacity single-line
syngas process reduces the investments required per ton of methanol production capacity.

[0036] In US 6100303 also a combined reforming process is described that applies a
combination of different reactors including a pre-reforming unit, but therein it is indicated to
only apply an APR unit if the feedstock is a liquid hydrocarbon having an atomic ratio H/C
of 2-3, such as naphtha, and not in case of a methane-rich gaseous feedstock. In addition,
this document nor other publications contain a suggestion to divide a pre-reformed gas
stream to three different reforming units operated in parallel.

[0037] Within the context of the present application a methane-rich gaseous feedstock is
considered to be a feedstock that contains as least 80 mol% of methane (based on total
hydrocarbon content of the feedstock). A suitable example of such a feedstock is natural
gas, as obtained from gas or oil fields. The primary component of natural gas is methane,
which is generally present in amounts of from 80 to 97 mol%. Natural gas also contains
other gaseous hydrocarbons such as ethane, typically from about 3 to 15 mol%, propane,
butane and small amounts of higher hydrocarbons (generally less than 5 mol% in total), as
well as sulphur-containing gases, like hydrogen sulphide, in varying amounts. Further
minor (or even trace) amounts of nitrogen, helium, carbon dioxide, water, odorants, and
metals like mercury can also be present. The exact composition of natural gas varies with
its source.

[0038] Organosulphur compounds and hydrogen sulphide are common contaminants,
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which should be removed prior to use of natural gas as a feedstock in the present process,
to avoid poisoning of reforming catalysts. Desulphurisation can be done with conventional
techniques. In a suitable process, the natural gas is first compressed to 3-4 MPa with a
centrifugal or reciprocating compressor. A hydrogen-rich stream (for example a purge
stream from a methanol synthesis loop) is mixed with the natural gas, usually after
compression, and hydrogen concentration in the gas is maintained at a level of 2-5 vol%.
The stream is preheated to 350-380 °C and passed over an adiabatic catalytic reactor
containing a hydrodesulphurisation catalyst, e.g. Co-Mo- or Ni-Mo-based. The organo-
sulphur compounds in the feedstock are converted to HoS, which is subsequently removed
by passing over a suitable absorbent, like ZnO, in a down stream vessel. Preferably, the
sulphur content of the desulphurised gaseous feed is at a level of below 1 ppm.

[0039] The desulphurised methane-rich feedstock that is used in the process according to
the invention contains at least 90 mol% of methane, preferably at least 92, 94 even at least
96 mol% of methane. In the APR virtually all higher hydrocarbon present is converted into
methane. In addition, also some methane steam reforming takes place, as well as water
gas shift and methanation reactions (see reactions (1)-(4) above). Although an APR can
be operated more efficiently the higher the content of higher hydrocarbons in the feed, it is
a specific advantage of the present process to include an APR unit in the scheme, to
increase overall syngas production capacity from methane. A further advantage of the
APR step is, that the temperature of the pre-reformed gas stream can be heated to higher
temperatures, e.g. to about 650 °C or even above, without the risk of carbon formation. A
higher temperature of the gas stream entering subsequent downstream reformers further
improves reaction and energy efficiency of the process.

[0040] In the process according to the invention the desulphurised methane-rich feedstock
is mixed with steam, typically at a pressure of 3-4 MPa and a temperature of 350-370 °C.
In this mixed feed stream a steam to carbon ratio of from 0.5 to 3.5 is maintained, and the
mixed feed stream is preheated to 500-550 °C, for example with a heat exchanger. For
this purpose a heat exchanger coil that is installed in the convection duct of the steam
methane reformer may be advantageously used.

[0041] The preheated mixed feed stream is then passed through a conventional adiabatic
pre-reformer, which typically contains a Ni-based pre-reforming catalyst. In the APR alll
higher hydrocarbons are converted, and also some of the methane is steam reformed to
CO, CO, and H,. The extent of reforming depends on various factors, such as feed
preheat temperature, operating pressure, feed gas composition and steam to carbon ratio.

[0042] The design of the APR is not critical, and available designs can be applied to make
a unit of suitable size for the present process.

[0043] For a methane-rich feedstock as used in the process according to the invention, the
combination of above mentioned endothermic and exothermic reactions occurring in the
APR may lead to a net temperature drop during the pre-reforming step, for example from
an inlet temperature of about 500-550 °C to below 500 °C, depending on the content of
higher hydrocarbons.

[0044] The pre-reformed gas stream coming from the APR is then heated to increase its
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temperature to over 550°C, preferably to a temperature of about 550-700°C, more
preferably to about 600-650°C in a heat exchange coil; preferably in a coil that is placed in
the convention duct of the steam methane reformer used down-stream. Heating the pre-
reformed gas stream to such higher temperatures can be done in the process according to
the invention with minor or even without carbon formation. A further advantage is that the
higher starting temperature of inlet gas promotes conversion in subsequent reactors.

[0045] The heated pre-reformed gas stream is then divided into three streams that are fed
to the reforming reactors operated in parallel; that is one stream is fed to an ATR, a
second stream to a SMR, and the third stream to a GHR. The reformers may optionally
also be operated partly in series. The gas distribution rates to the different reformers are
depending on the actual process scheme applied.

[0046] Preferably, about 35-65 vol% of the heated pre-reformed gas stream is fed to the
ATR unit in order to fully use the reactor capacity, which is limited by a maximum supply
rate of oxygen of about 5200 kmol/h (based on maximum size of a single ASU). Of the
remaining pre-reformed gas about 25-35 vol% is fed to the SMR, and about 5-40 vol% is
fed to the GHR unit, in order to optimally utilise their capacities.

[0047] In a preferred embodiment of the process according to the invention, the heated
pre-reformed gas stream is divided into three streams that are fed to ATR, SMR, and GHR
reactors operated in parallel. The reformed stream leaving the ATR is first used to heat the
GHR, and then mixed with the reformed streams from the SMR and GHR to form a
combined syngas stream. The syngas stream is then cooled, and compressed in case of
subsequent methanol synthesis steps.

[0048] Preferably, about 55-65, more preferably about 60-65 vol% of the pre-reformed gas
stream is fed to the ATR, about 30-35 vol% is fed to the SMR, and about 5-15, more
preferably about 5-10 vol% is fed to the GHR, to optimise process efficiency and to control
composition of the syngas (with SN preferably being between 2.0 and 2.2 for subsequent
use in methanol synthesis).

[0049] In another preferred embodiment of the process according to the invention, the
heated pre-reformed gas stream is divided into three streams that are fed to ATR, SMR,
and GHR reactors operated in parallel, with the GHR also in series with the ATR; i.e. GHR
effluent is fed to the ATR. The reformed stream leaving the ATR is first used to heat the
GHR, and then mixed with the reformed stream from the SMR to form a combined syngas
stream. The syngas stream is then cooled, and compressed in case of subsequent
methanol synthesis steps.

[0050] Preferably, about 25-30 vol% of the pre-reformed stream is fed to the SMR, about
20-40, more preferably about 25-30 vol% is fed to the GHR, and the effluent stream from
the GHR and about 35-55, more preferably 45-50 vol% of the pre-reformed gas stream are
mixed and fed to the ATR, to optimise process efficiency and to control composition of the
syngas (with SN preferably being between 2.0 and 2.2 for subsequent use in methanol
synthesis). An advantage of this scheme is that by mixing the GHR effluent with pre-
reformed gas feed for the ATR, the methane content in the GHR effluent is significantly
lowered; which adds to reducing the methane content of the final syngas.
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[0051] In an especially preferred embodiment of the process according to the invention,
the heated pre-reformed gas stream is divided into three streams that are fed to SMR,
GHR and ATR reactors operated in parallel, with SMR and GHR reactors also being
operated in series with the ATR. The syngas stream leaving the ATR is first used to heat
the GHR, and then further cooled, and compressed in case of subsequent methanol
synthesis steps.

[0052] Preferably, about 25-30 vol% of the pre-reformed stream is fed to the SMR, about
15-30, more preferably 15-20 vol% is fed to the GHR, and the effluent streams from the
SMR and GHR units and about 40-55, more preferably 45-55, even more preferably 50-55
vol% of the pre-reformed gas stream are mixed and fed to the ATR, to optimise process
efficiency and to control composition of the syngas (with SN preferably being between 2.0
and 2.2 for subsequent use in methanol synthesis). An advantage of this process scheme
is high methane conversion; that is a very low concentration of methane in the produced
syngas. This has the additional advantage in methanol production that less inert gas
components are present in the methanol synthesis loop, resulting in improved conversion
of syngas to methanol. A further advantage of this scheme is that lower gaseous feedstock
and syngas flow rates, including less steam, are needed to obtain a certain methanol
production rate; which reduces the volume of gas to be compressed and thus improves
overall energy consumption of the methanol process.

[0053] In the process according to the invention at least one unit of each of the 4 different
reactors is used. Although more than one reactor of a certain type may be applied, the
process preferably uses one unit of each reactor, in view of plant complexity and
investment costs.

[0054] The above discussed process schemes are further illustrated in Figures 1-3,
providing simplified process flow diagrams of 3 embodiments of the process according to
the invention. In these figures, same reference numbers have the same or similar
meaning; as further elucidated in the descriptions below.

[0055] In each of the Figures a desulphurised methane-rich gas stream 1 is mixed with a
steam stream 2 at a pressure of about 3-4 MPa and a temperature of about 350-370 °C, at
a steam to carbon ratio of about 0.5-3.0. This mixed stream 3 is then heated to about 500-
550 °C in heat exchange coil 4, which coil is installed in the convection duct of steam
reformer 21 or in the effluent stream of ATR 14. Preheated mixed stream 5 is then passed
through a conventional adiabatic pre-reformer 6, which contains Ni-based catalyst. The
pre-reformed stream 7 leaves the APR at about 440-500°C, and is heated to about 600-
650°C in heat exchanger 8 (also installed in the convection duct of steam reformer 21 or in
the effluent stream of the ATR).

[0056] Referring now to the flow diagram of Figure 1, the reheated stream 9 is divided into
three streams 10, 11 and 12. These three streams are reformed in parallel in ATR 14,
GHR 18 and SMR 21. Stream 10 is about 60-65 % of the pre-reformed stream 9, and is
mixed with preheated oxygen stream 13 and then passed through the burner installed in
ATR 14. This stream undergoes partial oxidation in the combustion zone, and unreacted
methane in the hot combustion gases is subsequently steam reformed over the Ni-based
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catalyst bed. The effluent stream 15 leaves the ATR at about 885-1000 °C. The second
divided stream 11, forming about 5-15 % of stream 9, is mixed with additional steam via
stream 16, and the mixed stream 17 is fed to GHR 18. A steam to carbon ratio of 2.5-2.8 is
maintained in stream 17. The stream 17 is passed over the catalyst filled tubes in GHR 18
and the methane in this stream is steam reformed. The effluent stream 15 from ATR 14 is
passed through shell side of the GHR 18 to supply required heat for this reforming
reaction. The effluent stream 19 leaves GHR 18 leaves at 860-880 °C. The third divided
stream 12, which is about 30-35% of stream 9, is mixed with additional steam via stream
20 to maintain a steam to carbon ratio of 2.5-2.8 in mixed stream 24. This mixed stream 24
is steam reformed in conventional SMR 21. The effluent stream 22 leaves the SMR 21 at
about 860-880°C. The three reformed streams 22, 19 and 23 are mixed to form a total
synthesis gas stream 27. After heat recovery and cooling the stream is sent to
compression and methanol synthesis units.

[0057] In the flow diagram presented in Figure 2, the reheated stream 9 is divided into
three streams 10, 11 and 12; of which stream 10 forms about 45-50 %, stream 11 is about
20-30% and stream 12 is about 25-30% of stream 9. The stream 11 is passed over the Ni-
based catalyst filled tubes in GHR 18, wherein the gas feed is partially steam reformed.
Additional steam may also be added to stream 11 via stream 16 for adjustment of steam to
carbon ratio. The effluent stream 19 leaves GHR 18 at about 750-775 °C. Stream 10 is
mixed with the effluent stream 19 from GHR 18, and mixed stream 25 is fed to ATR 14. A
preheated oxygen stream 13 is also fed to ATR 14. The streams 25 and 13 are passed
through a burner installed in ATR 14 and partial combustion of methane with oxygen takes
place in a combustion zone above a catalyst bed. The hot partial combustion products are
then passed over the Ni-based catalyst bed, and remaining methane is steam reformed.
The effluent stream 15 leaves the ATR 14 at about 985-1000 °C, and is then passed
through the shell side of the GHR 18 to transfer the heat required for reforming reactions in
GHR 18. The stream 12 is sent to SMR 21, optionally with additional steam 20 to adjust
the steam to carbon ratio in feed stream 24 before feeding to SMR 21. The effluent stream
22 leaves the SMR 21 at 850-880 °C, and is mixed with stream 23 from shell side of GHR
18. The mixed stream 27, forming the total synthesis gas stream, is sent for compression
and methanol synthesis unit after heat recovery and cooling.

[0058] In the flow diagram of Figure 3, the reheated stream 9 is divided into three streams
10, 11 and 12; of which stream 10 forms about 50-55%, stream 11 about 15-20% and
stream 12 about 25-30% of stream 9. Streams 11 and 12 are steam reformed in parallel in
GHR 18 and SMR 21, respectively Additional steam can also be added to stream 11
and/or stream 12 via stream 16 and stream 20, respectively, to adjust the steam to carbon
ratio at 2.5-2.8 in the inlet feed streams. The effluent stream 19 leaves GHR 18 at 800-850
°C, and effluent stream 22 from SMR 21 leaves at about 850-870 °C. Both streams are
combined and mixed with stream 10, and the mixed stream 25 is sent to ATR 14. Stream
25 and preheated oxygen stream 13 are passed through the burner installed in ATR 14,
and undergo partial oxidation. The hot combustion gases are subsequently reformed over
a Ni-based catalyst bed. The effluent stream 15 leaves ATR 14 at 886-1000 °C, and is
passed through the shell side of GHR 18 to supply heat required for the steam reforming
reaction in the GHR. Part of the stream 15 can optionally be bypassed via stream 26. The
stream 23 leaving the shell side of GHR 18, optionally mixed with bypass stream 26, forms
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the total syngas stream 27. After heat recovery and cooling this stream is sent to
compression and methanol synthesis units.

[0059] In the process according to the invention the gas distribution rates, and operating
conditions of the reformers are adjusted, within above indicated ranges, such that the
composition of the syngas product stream is suitable for subsequent use in methanol
synthesis; i.e. preferably the syngas mixture has a SN of 2.0-2.2, more preferably SN is
2.0-2.1.

[0060] The invention relates to an integrated process for making methanol from a
methane-rich gaseous feedstock comprising the combined reforming process according to
the invention, with preferred process schemes and conditions as described above. In such
a process following process steps can be distinguished: (a) syngas production, (b)
methanol synthesis, and (c) methanol distillation. In the methanol process according to the
invention known processes can be applied for steps (b) and (c); as for example described
in the above referenced chapter in Ullmann's Encyclopedia of Industrial Chemistry.

[0061] In the integrated methanol process according to the invention, there can be various
couplings between the steps (a), (b) and (c) to optimize consumption of feedstock and
energy. Examples hereof include use of hot boiler water from syngas steps in methanol
synthesis, recirculating unreacted syngas components from methanol synthesis back to
methanol synthesis loop or using it as fuel for the SMR.

[0062] The present invention is now further elucidated with the following experiments,
which include several process simulations of the schemes depicted in Figures 1-3.

Examples

[0063] In the following production of methanol from a methane-rich gas with a process
according to the various flow schemes is simulated using a standard simulation package,
such as Pro-ll, taking into account boundary conditions for the reforming reactors as
described in the above:

e SMR unit: maximum heat load about 1150 GJ/h;
e GHR unit: maximum energy input 420 GJ/h;
o ATR unit: limited by maximum ASU capacity of about 5200 kmol/h of oxygen.

[0064] Table 2 shows the simulation results for a methanol production capacity of 10000
mtpd based on the flow rates, compositional data, temperatures and pressures as
provided by US 6100303 in Examples 1-3, Comparative examples 1-2, and Tables 1-5;
now re-named as Comparative experiments A-E, respectively. The composition of the
natural gas used as feed in the experiments is given in Table 1.
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Table 1
| E Composition of natural gas feedstock (vol%)
EComponent Comp. exp. A Comp. exp. B-E Examples 1-3
‘CHq 98.5 95.60 89.54
CaHe 1.0 3.39 3.91
CaHs 0.5 0.09 0.48
CaHio 0.18 0.24
CsHiz 0.08
cOo 0.00
CO» 0.47 | 0.30
N; 0.26 5.45
H0 0.01
total 100 100 100 |

[0065] The resulting data as listed in Table 2 are in good agreement with figures reported
in US6100303, e.g. in Table 6 therein. It is noted that indicated heat load is the heat
required for carrying out the reforming reaction, not the fuel requirement. Carbon efficiency
is defined as the total molar flow rates of CO and CO2 converted to methanol relative to
the total molar flow rates of CO and CO2 in the syngas.

[0066] From these data it can be concluded that in all experiments according to the
process as disclosed in US 6100303 either SMR and/or GHR units are to be used that
have an energy requirement exceeding practical limitations for such equipment as
discussed hereinabove. In CE D also more oxygen is needed than can be supplied from
an available ASU. Said critical figures are indicated in italics.

[0067] In Table 3 results are given as Examples 1-3 for simulations based on the process
flow schemes as discussed above and shown schematically in Figures 1-3. In these
simulations a final syngas stream with SN 2.18 is made from a methane-rich natural gas of
composition given in Table 1, to enable subsequent methanol with a production capacity of
10000 mtpd, utilising the maximum capacity of available SMR, GHR and ASU single line
equipment.

[0068] It can be seen that for each of the flow schemes according to the process of the
invention the SMR and GHR units can be operated below their maximum feasible
capacities; meaning that methanol production rates of over 10000 mtpd are possible with
some adjustment of for example flow distribution rates and reactor conditions.
Alternatively, smaller reactors units may be employed in a single line plant of 10000 mtpd
capacity, thus further lowering investment costs.

[0069] In Example 3 the final syngas stream, which can be used to result in the targeted
methanol production rate, has lower methane content, and is of lower flow rate than in the
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other examples; whereas the maximum capacity of the SMR unit is not yet fully used,
resulting in high overall production efficiency.

Table 2

. CEA | CEB CEC CED CEE
........................................................................... | T P datal/sted/n

gunit Table 1 Table 2 | Table 3 | Table 4 ; Table 5
Total gaseous feed rate  :kmol/h 13493 13236 | 12974 | 12795 132236
EGaseous feed pressure  MPa 27 = 27 2.7 2.7 2.7 |
'SMR unit: | §
‘Mixed gas feed rate kmolh | 26046 | 27904 = 14259 | 1875 | 47538 |
‘Steam to Carbon ratio 25 | 25 2.5 2.5 25 |
EGas inlet temperature °C 560 560 560 560 560
EGas exit temperature °c 800 800 800 800 777
EMethane leakage vol% 10.6 10.6 10.6 10.6 9.1
EHeat load GJd/h 1336 1421 726 95 2583
‘GHR unit:
EMixed gas feed rate kmol/h 21853 | 19633 | 32339 | 44078
ESteam to Carbon ratio 2.5 2.5 25 | 2.5
EGas inlet temperature °C 340 360 360 340
‘Gas exit temperature °C 819 | 846 | 726 660
EMethane leakage Vol% 9.5 7.0 20.8 31.4
‘Heat load GJ/h 1400 | 1380 @ 1392 1413
ATR unit: |
EMixed gas feed rate kmol/h 66340 | 66600 : 60450 | 58050 . 66603
EOxygen feed rate kmol/h 3233 2955 4583 6193 2955 |
ESteam to Carbon ratio 4.7 5.0 3.5 2.9 5.0
EGas inlet temperature °C 809 819 749 673 777
EGas exit temperature °C 975 975 975 975 975
‘ CEA CEB  CEC CED . CEE

Based on US 6100303 data listed in §

5 unit Table 1 : Table 2 Table 3 . Table 4 ; Table 5
Methane leakage vol% 0.6 06 | 04 0.3 06
Heat loss GJ/h 116 105 = 171 226 93
ETotaI syngas flow rate kmol/h 51383 | 51283 47750 : 44525 51285
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CEA CEB : CEC CED CEE
Based on US 6100303 data listed in 3
5 unit Table 1 | Table 2 Table 3 | Table 4 i Table 5
(dry) |
;SN 2.50 2.50 2.25 2.00 2.50
éCarbon efficiency % 96.7 969 | 982 99.0 96.9 |
\il\/IethanoI production rate mtpd 10000 10000 10000 10000 10000
| Table 3 | |
Example 1 Example 2 Example 3
5 unit
ETotaI gaseous feed rate kmol/h 15653 15074 13999
EGaseous feed pressure MPa 4.1 4.1 4.1
/APR unit:
EMixed gas feed rate kmol/h 47594 53303 42418
ESteam to Carbon ratio 2.0 2.5 2.0
EGas inlet temperature °C 500 500 500
EGas exit temperature °C 448 446 446
'SMR unit:
EMixed gas feed rate kmol/h 17311 15146 14933
ESteam to Carbon ratio 2.5 2.5 2.5
?Gas inlet temperature °C 617 650 616
‘Gas exit temperature °C 870 870 870
‘Methane leakage vol% 8.85 8.70 8.31
Heat load GJ/h 887 741 774
‘GHR unit:
EMixed gas feed rate kmol/h 4172 13804 9274
ESteam to Carbon ratio 2.5 2.5 2.5
Gasmlettemperature ........ o o TR R
‘Gas exit temperature °C 870 750 832
EMethane leakage Vol% 9.1 21.3 11.1
‘Heat load GJ/h 213 364 418
EATR I B ———
Mixed gas feed rate kmol/h 30711 43065 55701
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Example 1 Example 2 Example 3

5 unit
‘Oxygen feed rate kmol/h 5208 5208 5208
ESteam to Carbon ratio 2.0 2.7 2.7
lgGas inlet temperature °C 650 685 757
EGas exit temperature °C 985 985 987
EMethane leakage vol% 0.98 0.73 0.84
Heat loss GJh 0 0 0
éTotaI syngas flowrate (dry) kmol/h 51125 50791 48949
Methaneleakage(overall) .................... e TR
SN 2.18 2.18 2.18
ECarbon efficiency % 95 95 95
EMethanoI production rate mtpd 10000 10000 10000
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Patentkrav

1. Fremgangsmade til fremstilling af methanol ud fra en syntesegasblanding, hvilken
fremgangsmade omfatter en fremgangsmade til kombineret reforming med henblik pa
fremstilling af syntesegasblandingen fra et desulforiseret methanrigt gasformigt ra-
materiale indeholdende mindst 90 molprocent methan, hvor det gasformige ramateriale
blandes med damp og fgres gennem en adiabatisk prereformer (APR), og hvor den
prereformede gas fra APR’en inddeles i tre stremme, som fgres til en dampmethan-
reformer (SMR), en gasopvarmet reformer (GHR) og til en autotermisk reformer

(ATR), hvilke reforming-reaktorer drives parallelt.

2. Fremgangsmade ifglge krav 1, hvor den prereformede gas fra APR’en opvarmes til

en temperatur pa omtrent 600-650° C.

3. Fremgangsmade ifglge et hvilket som helst af kravene 1-3, hvor 35-65 volprocent af

den prareformerede gasstrgm fgres til ATR en.

4. Fremgangsmade ifglge et hvilket som helst af kravene 1-3, hvor SMR- og GHR-

enhederne ogsa drives i serie med ATR en.

5. Fremgangsmade ifglge krav 5, hvor udlgbsstrgmme fra SMR’en og GHR’en og
omtrent 45-55 volprocent af den prereformerede gasstrgm fra APR’en blandes og

fgres til ATR en.

6. Fremgangsmade ifglge et hvilket som helst af kravene 1-5, hvor syntesegas-

blandingen har et stgkiometrisk nummer (SN) fra 2,0-2,2.
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