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(57) Abstract: A process for the production of methanol from synthesis gas via an equilibrium reaction is conducted in a methanol
preconverter within a certain operational window, said operational window being defined by the area below an approximately linear
curve of the partial pressure of carbon monoxide vs. the boiling water temperature for water temperatures between 210 and 270°C.
Methanol of different product grades may be obtained by operating in specific areas of the operational window.
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A process and a plant for the production of methanol

The present invention concerns a process and a plant for
the production of methanol. The invention especially has
its focus on the operation of methanol reactors. More spe-
cifically, the main focus is on the operational window in

methanol reactors.

Methods for the production of methanol by catalytic conver-
sion of synthesis gas containing hydrogen and carbon oxides
have been known for a long time to persons skilled in the
art. Thus, methanol is mainly produced catalytically from a
mixture of carbon monoxide, carbon dioxide and hydrogen,
i.e. methanol synthesis gas, under high pressure and tem-
perature, most often using a copper-zinc oxide-alumina

(Cu/Zn0O/A1,035) catalyst.

Methanol is produced from the synthesis gas (syngas) via an
equilibrium reaction, which proceeds at elevated tempera-

ture under elevated pressure. The synthesis reactions are:

CO + 2H, <—> CHsOH + heat (1)
CO, + 3H, <-> CH30OH + H,O + heat (2)
CO + Hy0 <> CO, + H; + heat (3)

Since reactions (1) to (3) are exothermic, the chemical
equilibrium constants decrease with increasing temperature.

Therefore, low reactor temperatures should improve conver-
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sion, provided they are not so low that the specific reac-
tion rates are too small. For a given reactor size and a
specific desired conversion, the recycle flow rate in-
creases as reactor temperatures are lowered, which means

higher compressor work.

It has turned out that it is advantageous to operate the
methanol synthesis reactions in an operational window that
is limited by a curve describing the relationship between
the partial pressure of CO and the reactor temperature.
More specifically, operating within certain combinations of
partial CO pressure and temperature will lead to a fast de-
activation of the catalyst. This goes for any layout around
the methanol reactor, such as the methanol loop with or
without pre-converter and irrespective of the layout being

a novel design or a revamp.

Depending on the specific combination of the partial pres-
sure of CO and the boiling water temperature, different
methanol grades, such as grade AA methanol or fuel grade

methanol, can be obtained within the operational window.

A typical methanol plant operated with a natural gas feed
is divided into three main sections. In the first part of
the plant, natural gas is converted into syngas. The syngas
reacts to produce methanol in the second section, and then
methanol is purified to the desired purity in the tail-end
of the plant. In a standard synthesis loop, a methanol re-
actor, most often a boiling-water reactor (BWR), is used to
convert a mixture of synthesis gas from a reformer/gasifier
unit and recycle gas, i.e. unconverted synthesis gas, into

methanol.
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It has been found that a region of specific combinations of
the partial CO pressure and the reactor temperature (in
practice the boiling water temperature) can be established,
within which it is considered “safe” to operate in the
sense that advantageous results are obtained. More specifi-
cally, an approximately linear curve can be drawn for boil-
ing water temperatures between 210°C and 270°C. In this
specific temperature range, the partial CO pressure corre-
sponding to a given temperature displays an approximately
linear increase from 20 kg/cm? at 210°C to 32.5 kg/cm? at
270°C. The area below this curve defines the “safe” region

of operation.

So the present invention concerns a process for the produc-
tion of methanol from synthesis gas via an equilibrium re-
action proceeding at elevated temperatures under elevated
pressure according to the above synthesis reactions (1) to
(3), said process being conducted in a methanol pre-con-
verter within an operational window, said operational win-

dow being

- defined by the area below an approximately linear curve
of the partial pressure of carbon monoxide vs. the boiling
water temperature for water temperatures from 210 to 270°C,
where the partial pressure of carbon monoxide increases

from 20 kg/cm? at 210°C to 32.5 kg/cm? at 270°C, and

- divided into two areas by an estimated bi-product curve
of the partial pressure of carbon monoxide vs. the boiling
water temperature, said areas leading to the production of

methanol of different product qualities.
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The process preferably is conducted in an area within the
operational window to the left of and below the estimated
by-product curve, which indicates the upper limit for ob-
taining grade AA methanol or methanol of similar quality.
The estimated by-product curve is shown in Fig. 1 which
identifies the operational window to be used in the process

according to the invention.

It is well known in the art that a synthesis gas derived
from natural gas or heavier hydrocarbons and coal is highly
reactive for direct methanol synthesis and harmful for the
catalyst. Moreover, use of such highly reactive synthesis

gas results in formation of large amounts of by-products.

The reaction of carbon oxides and hydrogen to methanol is
equilibrium-limited, and the conversion of the synthesis
gas to methanol per pass through the methanol catalyst is
relatively low, even when using a highly reactive synthesis

gas.

Because of the low methanol production yield in a once-
through conversion process, the general practice in the art
is to recycle unconverted synthesis gas separated from the
reaction effluent and dilute the fresh synthesis gas with

the recycle gas.

This typically results in the so-called methanol synthesis
loop with one or more reactors connected in series being
operated on fresh synthesis gas diluted with recycled un-
converted gas separated from the reactor effluents or on

the reactor effluent containing methanol and unconverted



10

15

20

25

30

WO 2019/238635 PCT/EP2019/065133

synthesis gas. The recycle ratio (recycle gas to fresh syn-

thesis feed gas) is from 2:1 up to 7:1 in normal practice.

When the methanol reactor in an existing methanol plant be-
comes the bottleneck in connection with capacity revamp
projects, the standard solution is to install an extra re-
actor in series or in parallel or to modify the existing
reactor. This is typically all done inside the loop. It
has, however, turned out to be an advantage to install a
once-through pre-converter between the make-up gas compres-
sor and the methanol loop. This concept maintains the ex-

isting loop unchanged.

So, according to a preferred embodiment of the present in-
vention, a once-through pre-converter is installed between
the make-up gas compressor and the methanol loop, said pre-
converter operating within the inventive operational window
limited by a curve describing the relationship between the

partial pressure of CO and the reactor temperature.

As regards prior art, Applicant’s WO 2015/193440 Al de-
scribes a process for producing methanol in reactors con-
nected in series, where one of the aspects is to apply the
process as part of a revamp, thereby providing a way to in-
crease the production capacity of an existing methanol

plant.

In Applicant’s WO 2014/012601 Al, a reaction system for the
preparation of methanol is described, which comprises two
reaction units, of which the first unit is operated on a

mixture of fresh synthesis gas and unconverted synthesis
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gas while the second unit is operated solely on unconverted

synthesis gas.

US 5.631.302 A describes production of methanol on copper-
containing catalysts from a synthesis gas under a pressure
from 20 to 120 bar at a temperature of 200-350°C. The syn-
thesis gas is passed adiabatically through a first synthe-
sis reactor containing a fixed bed of a copper-containing
catalyst without any synthesis gas recycle. Together with
recycle gas, the gas mixture which has not been reacted in
the first synthesis reactor is passed through a second syn-
thesis reactor, which contains a copper-containing catalyst

disposed in tubes and indirectly cooled by boiling water.

In WO 2014/095978 A2, also belonging to the Applicant, a
process for the production of higher (Cs4:) alcohols is de-
scribed, in which the alcohol synthesis gas is optionally
first reacted in a heterogeneous alcohol pre-converter,
whereby methanol is produced, and then the effluent from
the pre-converter - or the synthesis gas in the absence of
the pre-converting step - is reacted in a reactor for syn-

thesis of higher alcohols.

In WO 2017/121981 Al, a methanol synthesis process is de-
scribed, which comprises the steps of (i) passing a first
synthesis gas mixture comprising a make-up gas through a
first synthesis reactor to form a first product gas stream,
(ii) recovering methanol from the first product gas stream,
thereby forming a first methanol-depleted gas mixture,
(iii) combining the first methanol-depleted gas mixture
with a loop recycle stream to form a second synthesis gas

mixture, (iv) passing the second synthesis gas mixture
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through a second synthesis reactor to form a second product
gas stream, (v) recovering methanol from the second product
gas stream, thereby forming a second methanol-depleted gas
mixture, and (vi) using at least part of the second metha-
nol-depleted gas mixture as the loop recycle gas stream. In
this process, the first synthesis reactor has a higher heat
transfer per m® of catalyst than the second synthesis reac-
tor, and none of the loop recycle gas stream is fed to the
first synthesis gas mixture, and the recycle ratio of the
loop recycle gas stream to form the second synthesis gas
mixture is in the range from 1.1:1 to 6:1. It is stated
that the efficiency of multiple-stage methanol synthesis
may be improved by using different recycle ratios for dif-

ferent types of reactor.

The best choice for the pre-converter to be used according
to the invention is a boiling water reactor because of the
very reactive synthesis gas. In order to limit the for-
mation of by-products, a lower boiling water temperature in
the pre-converter than in the existing reactor typically
will be required, which in turn requires a separate steam

drum.

The pre-converter concept according to the invention sup-
plies the extra catalyst needed to process the extra make-
up gas originating from upstream units. The pre-converter
itself operates on fresh make-up gas. It is preferably of
the boiling water reactor (BWR) type and will require an
additional cooling system and possibly also individual
cooling and separation of the condensed methanol from the
pre-converter. The fresh make-up gas is very reactive to-

wards by-product formation. A lower catalyst temperature
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therefore is foreseen compared to the existing reactor,

hence the additional cooling system.

The invention 1s described in more detail with reference to

the figures, where

Fig. 1 shows the operational window to be used in the pro-

cess according to the invention,

Fig. 2 shows an embodiment of the pre-converter concept ac-

cording to the invention, and

Fig. 3 shows an alternative embodiment of the pre-converter

concept according to the invention.

In Fig. 1, the operational window to be used in the process
according to the invention is defined by the area below the
approximately linear, dashed curve (the deactivation curve)
of the partial pressure of carbon monoxide vs. the boiling
water temperature for water temperatures from 210 to 270°C,
where the partial pressure of carbon monoxide increases

from 20 kg/cm? at 210°C to 32.5 kg/cm? at 270°C.

As already mentioned, it is possible to obtain different
methanol grades within the operational window depending on
the combination of partial pressure of CO and boiling water
temperature. In Fig. 1, the solid curve (the byproduct
curve) indicates the upper limit for obtaining grade AA
methanol or methanol of similar high quality. Operating
above the curve will move the methanol product into a more

byproduct-containing methanol product which is, however,
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pure enough to be counted as fuel grade or methanol-to-ole-

fins (MTO) grade methanol.

Furthermore, the dashed deactivation curve depicts the
limit for catalyst deactivation. Operating above the curve
will lead to a fast deactivation of the catalyst.

In Fig. 2, compressed make-up synthesis gas 1 (compressor
not shown) is heated in the feed/effluent heat exchanger
(hex1l) before it enters the pre-converter (A). After being
passed through the pre-converter, the gas 2 is cooled in
the feed/effluent heat exchanger (hexl) and sent to a con-
denser cl, optionally sent to another condenser c2 as
stream 9. As much as possible of the methanol is condensed
in condenser cl before the two-phase flow is separated in a
first separator (sl). The gas 3 from the separator (sl) is
then mixed with the gas 4 from a second separator (s2) or
optionally sent directly downstream the recirculator (R) as

stream 5.

After mixing, the gas is compressed in said recirculator
(R). The resulting feed gas 6 to the reactor (B) is pre-
heated in the feed/effluent heat exchanger (hex2) before it

enters the reactor (B).

The outgoing gas 7 is cooled in the feed/effluent heat ex-
changer (hex2?2) prior to being cooled as much as possible in
condenser c¢2 in order to condense as much methanol as pos-
sible. Then the two-phase flow is separated in the second

separator (s2).

A small amount 8 of the gas from the separator (s2) is sent

to purge to avoid build-up of inert constituents. The rest
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of the gas flow from the separator (s2) is mixed with the
gas from the separator (sl). Finally, the liquids from the
two separators (sl) and (s2) are mixed, and the mixture is
sent to a low pressure separator before being sent out of

the methanol section.

Fig. 3 shows another embodiment, different from the one
shown in Fig. 2. Here, the make-up synthesis gas (1') is
compressed (compressor not shown), and the compressed gas
is mixed with part of the recycled gas from the recircula-
tor R’ and heated in the feed/effluent heat exchanger
(hex1’) before it enters the pre-converter (A’). After
passing through the pre-converter, the gas 2’ is cooled in
the feed/effluent heat exchanger (hexl’). Then the cooled
gas from the pre-converter (A’) is mixed with cooled gas
from the reactor (B’). After the mixing, the two-phase flow
is cooled further in condenser cl’ to condense as much

methanol as possible.

When the gas has cooled as much as possible, the two-phase
flow is separated in a separator (sl’). Some of the out-
going gas from the separator is sent to purge to avoid
build-up of inert constituents. The rest of the gas is sent
to the recirculator R’ and used as feed gas to the reactor
(B’). The feed gas to reactor (B’) is heated in the
feed/effluent heat exchanger (hex2’) before it enters the
reactor. After reactor (B’), the gas is cooled in the
feed/effluent heat exchanger (hex2’) and mixed with cooled

gas from the pre-converter (A’).

Optionally, the cooled gas from the pre-converter (A’) is

fed to another condenser c2’ to condense as much methanol
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as possible. After the gas has cooled, the two-phase flow
is separated in another separator (s2’), from where the gas
phase is sent to the inlet of the recirculator R’, while
the liquid phase is mixed with the liquid phase from sepa-

rator sl’.

The fresh make-up gas is very reactive towards formation of
by-products. A lower catalyst temperature compared to the
existing reactor can therefore be foreseen; hence the addi-

tional cooling system.
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Claims:

1. A process for the production of methanol from synthe-
sis gas via an equilibrium reaction proceeding at elevated
temperatures under elevated pressure according to the syn-

thesis reactions

CO + 2H, <—> CHsOH + heat (1)
CO, + 3H, <-> CH30OH + H,O + heat (2)
CO + Hy0 <> CO, + H; + heat (3)

in the presence of a catalyst, said process being conducted
in a methanol pre-converter within an operational window,

said operational window being

- defined by the area below an approximately linear curve
of the partial pressure of carbon monoxide vs. the boiling
water temperature for water temperatures from 210 to 270°C,
where the partial pressure of carbon monoxide increases

from 20 kg/cm? at 210°C to 32.5 kg/cm? at 270°C, and

- divided into two areas by an estimated by-product curve
of the partial pressure of carbon monoxide vs. the boiling
water temperature, said areas leading to the production of

methanol of different product qualities.

2. Process according to claim 1, which is conducted in an
area within the operational window to the left of and below
the by-product curve, which indicates the upper limit for

obtaining grade AA methanol or methanol of similar quality.
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3. Process according to claim 1, which is conducted in an
area within the operational window to the right of and
above the by-product curve, where the methanol product is a
more byproduct-containing methanol product which is still
pure enough to be a fuel grade or methanol-to-olefins (MTQO)

grade methanol.

4, Process according to claim 1, wherein the catalyst is

a Cu/ZnO-based catalyst.

5. A plant for the production of methanol by the process
according to claim 1 or 2, said plant comprising a make-up
gas compressor and a synthesis reactor in a methanol loop,
wherein a once-through pre-converter is installed between
the make-up gas compressor and the methanol loop, said pre-
converter operating within the operational window defined
by the area below the approximately linear, dashed curve of
the partial pressure of carbon monoxide vs. the boiling wa-
ter temperature for water temperatures from 210 to 270°C,
where the partial pressure of carbon monoxide increases

from 20 kg/cm? at 210°C to 32.5 kg/cm? at 270°C.
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