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Reforming process

This invention relates to reforming processes in particular to autothermal reforming processes.

Autothermal reforming processes are widely employed in the generation of synthesis gas
(syngas) mixtures comprising hydrogen and carbon oxides (carbon monoxide and/or carbon
dioxide) suitable for the production of e.g. methanol, ammonia and liquid hydrocarbons using
e.g. the Fischer-Tropsch process. In autothermal reforming processes a feed-gas comprising a
hydrocarbon feedstock and optionally steam, carbon dioxide and other gasses is non-
catalytically combusted at elevated pressure with an oxygen-containing gas and the resulting
partially oxidised gas mixture brought to equilibrium by passing it over a reforming catalyst, to
provide a raw synthesis gas mixture. The partial oxidation process is exothermic and the raw
synthesis gas mixture is necessarily cooled, with separation of condensed water, to provide a
synthesis gas suitable for use in methanol, ammonia or liquid hydrocarbon synthesis

processes.

In reforming processes producing synthesis gas for the production of liguid hydrocarbons, the
ratio of hydrogen to carbon monoxide in the synthesis gas is desirably about 2:1. However
operation of the process under conditions necessary to achieve a hydrogen to carbon
monoxide ratio of about 2:1, e.g. a low steam ratio, exposes the operator to a risk of carbon
formation in the partial oxidation step and possibly on the reforming catalyst. Such carbon
formation is undesirable as, in addition to the reduced efficiency of the reforming process, the
carbon can foul the reforming apparatus and catalyst, resulting in higher pressure drop across

the catalyst and reduced effectiveness of the reforming catalyst by physical poisoning.

We have realised that providing a hydrogen-containing gas to the partial oxidation step of an

autothermal reforming process may inhibit carbon formation in the autothermal reformer.

Hydrogen may be provided by a step of steam reforming the hydrocarbon feedstock. However,
this requires considerable investment in steam reforming equipment. Alternatively, hydrogen

may be provided by recycling a hydrogen-containing gas to the partial oxidation step.

US 4938685 describes a process and equipment for producing a hot gas stream wherein a
hydrocarbon-containing feed-gas is subjected to catalytic combustion with air in a bed of
precious metal catalyst and ejector means are incorporated within the combustion apparatus to
recycle the hot combusted gas, that contains hydrogen, to the feed-gas. Because the purpose
of the apparatus is to provide a hot gas stream, e.g. for start-up of a partial oxidation process,
no heat recovery is employed and the process is based upon catalytic combustion rather than
autothermal reforming.
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More typically, hydrogen is provided upstream of steam reforming processes, to perform
hydrodesulphurisation on the hydrocarbon feedstock, by feeding a portion of a cooled, de-
watered synthesis gas mixture, or by feeding a hydrogen-rich gas separated from said cooled,
de-watered synthesis gas mixture, to the hydrodesulphurisation step. For example,
EP-A-1002779 describes a process for providing hydrogen for hydrodesulphurisation wherein a
hydrocarbon feedstock is subjected to steam reforming and a portion of the reformed gas,
which is preferably de-watered, is recycled by means of an ejector driven by the hydrocarbon to
the hydrodesulphurisation stage. It does not however describe an autothermal reforming
process having a recycle of part of the raw synthesis gas mixture to a partial oxidation step.
Furthermore utilising a cooled, de-watered synthesis gas as a source of hydrogen fed to an
autothermal reformer, either by recycle or as a source of a hydrogen-rich gas, will generally
require that the hydrogen-containing gas be re-heated and re-compressed prior to passing it to
the reformer. Such re-heating and recompression requires additional heat-exchange and
compression equipment. In particular, separatidn of water from the raw synthesis gas mixture
changes its composition requiring that, where such de-watered synthesis gas is used as the
source of hydrogen, higher levels of oxygen-containing gas be used in any partial oxidation

process.

We have found that direct recycle of a portion of the raw synthesis gas mixture to the partial
oxidation step in an autothermal reforming process provides an energy- and oxidant-efficient

source of hydrogen.

Accordingly the invention provides a reforming process comprising the steps of;

(a) partially oxidising a feed-gas comprising a hydrocarbon feedstock with an oxygen-
containing gas,

(b) bringing the composition of the resulting partially oxidised gas stream towards equilibrium
by passing said partially oxidised gas stream over a reforming catalyst to provide a raw
synthesis gas mixture,

(c) cooling said raw synthesis gas mixture and

(d) separating condensed water from the raw synthesis gas mixture,

characterised in that prior to the step of separating the condensed water from the raw synthesis

gas mixture, part of said raw synthesis gas mixture is recycled to the partial oxidation step.

The hydrocarbon feedstock may be methane, natural gas, ethane, LPG, naptha or other stream
containing hydrocarbons. The hydrocarbon feedstock is preferably methane, accordingly,
where natural gas is used it preferably contains a high proportion (i.e. >90% by volume) of
methane. Preferably, the hydrocarbon feedstock has been subjected to a step of
desulphurisation. Desulphurisation of the hydrocarbon feedstock prevents poisoning of the

reforming and synthesis catalysts downstream of the reforming process. Desulphurisation may
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be achieved by passing the hydrocarbon through a bed of a hydrodesulphurisation catalyst
such as a cobalt-molybdenum catalyst and then through a bed of hydrogen sulphide absorbent
such as zinc-oxide.

In one embodiment, in particular where hydrocarbons other than methane are present in the
feédstock, it may be desirable to subject the hydrocarbon feedstock to a step of pre-reforming
whereby a hydrocarbon feedstock is mixed with steam and the mixture subjected to adiabatic
low temperature steam reforming. In such a step, the hydrocarbon/steam mixture is heated,
typically to a temperature in the range 400-700°C, and then passed adiabatically through a bed
of a suitable reforming catalyst, usually a catalyst having a high nickel content, for example

above 40% by weight. During such a pre- reforming step, some methane is reformed and any

" hydrocarbons higher than methane react with steam to give a mixture of methane, steam,

carbon oxides and hydrogen. Thus by including a pre-reforming step, the higher hydrocarbons
which can crack to form carbon more readily than methane are eliminated. Thus the feed-gas
to the partial oxidation step may preferably comprise a pre-reformed gas mixture. The pre-
reformed gas mixture will comprise methane, hydrogen, steam, some carbon oxides and any

unreacted higher hydrocarbon.

Steam may be added to the autothermal reforming process to augment the steam formed by
the partial oxidation of the hydrocarbon feedstock. The steam may be added as part of the
feed gas, e.g. by adding steam to the hydrocarbon feedstock, and/or may be added to the
oxygen-containing gas. If the feed-gas to the partial oxidation step is a pre-reformed gas
mixture, this will contain steam but if required, steam may be added to the pre-reformed gas
mixture. Alternatively steam may be added separately to the reformer apparatus. Hence,
steam introduction may be effected by direct injection to the reformer of steam at a suitable
pressure and/or by saturation of the feedstock or pre-reformed gas mixture by contact of the
latter with a stream of heated water, or by mixing with the oxygen-containing gas. Where
steam is added, the amount of éteam introduced is such as to give a steam ratio of 0.2 to 2, i.e.
0.2 to 2 moles of steam per gram atom of hydrocarbon carbon in the feedstock. The amount of
steam is preferably minimised as this leads to a lower cost, more efficient process. Itis

preferred that the steam ratio is 0.2 to1.5 and more preferably 0.2 to 1.0.

The oxygen-containing gas is a gas containing free oxygen (O). The oxygen-containing gas
may be air, oxygen-enriched air (i.. air having >21% by volume oxygen) or substantially pure
oxygen (i.e. oxygen >95% purity). Substantially pure oxygen may be provided by means of an
air-separation unit (ASU) which may be powered for example by turbines driven by the steam
produced in recovering heat from the raw synthesis gas mixture. Where the oxygen

containing-gas is substantially pure oxygen, for metallurgical reasons it is preferably fed to the
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reformer at a temperature below about 250°C, more preferably below 100°C, especially below
50°C. -

The feed-gas is compressed and pre-heated, if necessary, and fed to an autothermal reformer
having burner means where it is mixed with the oxygen-containing gas and possibly steam and
non-catalytically partially oxidised in a flame combustion zone beneath the burner means.
Typically the feed gas is fed to the reformer at a temperature greater than 450°C and ata
pressure in the range 2 to 100, preferably 5 to 60 bar abs. The oxygen-containing gas is fed to
the burner at a temperature below about 250°C and preferably at a pressure typically 1-5bar
above the pressure of the feed-gas. The amount of oxygen used to partially oxidise the
hydrocarbon feedstock effects the temperature of the raw synthesis gas mixture and hence its
composition. In general, increasing the amount of oxygen, thereby increasing the temperature
of the raw synthesis gas mixture leaving the autothermal reformer, causes the [H,] / [CO] ratio
to decrease and the proportion of carbon dioxide to decrease. Decreasing the required amount
of oxygen is advantageous as this means that a smaller, and hence cheaper, air separation
unit can be employed to produce the oxygen. The amount of oxygen-containing gas added is
preferably such that 40 to 90 moles, preferably 50 to 70 moles of oxygen (O,) are added per
100 gram atoms of hydrocarbon feedstock fed to the reformer, i.e. an oxygen to hydrocarbon
ratio of 0.5 t0 0.7.

The pértially oxidised gas mixture formed in the combustion zone is then contacted with a
reforming catalyst that catalytically-reforms the gas mixture towards an equilibrium composition
based upon the temperature, pressure and composition of the partially oxidised gas mixture.
Steam reforming reactions occur, generating hydrogen. The reforming catalyst is preferably
disposed as one or more fixed beds of catalyst, e.g. between 1 and 5 beds, underneath the

flame-combustion zone. In an autothermal reformer the beds may be 1 to 5 metres in depth.

The reforming catalyst is a transition metal catalyst, preferably a first or second row transition
metal catalyst, more preferably a nickel or cobalt catalyst, which may be supported on a
suitable refractory support such as alumina, calcium-aluminate, magnesia, zirconia or the like.
One or more transition metal reforming catalyst may be used in the bed or beds. Preferably the
reforming catalyst comprises a supported nickel catalyst. The catalyst support may be in the
form of rings or cylindrical multi-hole pellets but are preferably clover-leaf multi-hole or fluted-
cylindrical multi-hole pellets of e.g. alumina or calcium aluminate. Such supports provide a
reduced pressure drop through the bed of catalyst than rings or cylindrical multi-hole pellets.

The raw synthesis gas mixture comprising hydrogen, carbon oxides, steam and any unreacted
hydrocarbon and inerts such as nitrogen or argon introduced by the oxygen-containing gas will

be at a temperature in the range 900 to 1100°C. Cooling and subsequent separation of
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condensed water from the raw synthesis gas mixiure is required to provide a synthesis gas
suitable for use in synthesis processes such as methanol synthesis, ammonia synthesis or
liquid hydrocarbon synthesis, e.g. by the Fischer Tropsch process.

in the present invention at least part of the raw synthesis gas mixture is recycled to the partial
oxidation step prior to separation of condensed water. The part of the raw synthesis gas
mixture that may be recycled to the partial oxidation step will depend for example, upon the
composition of the oxygen-containing gas, and may be in the range 1 to 99% by volume,
preferably in the range 10 to 70% by volume, more preferably 10 to 35% by volume. The raw
synthesis gas mixture may be recycled directly by direct injection into the autothermal reformer
or may be mixed with the feed-gas or steam. Accordingly the feed-gas may comprise a mixture
of hydrocarbon and raw synthesis gas mixture, steam and raw synthesis gas mixture,
hydrocarbon, steam and raw synthesis gas mixture or pre-reformed gas (optionally with added
steam) and raw synthesis gas mixture. Alternatively, the raw synthesis gas may be combined

with the hydrocarbon/steam mixture prior to any prereforming step.

Cooling may be effected on the raw synthesis gas mixture to reduce the thermal burden on the
recycling equipment. In some synthesis processes, e.g. the manufacture of hydrogen and
ammonia, it is preferred that the raw synthesis gas mixture is partially cooled, e.g. to below
about 450°C, prior to cooling to below the dew-point and separation of condensed water, so
that the partially-cooled raw synthesis gas mixture may be subjected to the water gas shift
reaction. The water-gas shift reaction can be used to convert carbon monoxide to carbon
dioxide and increase the hydrogen content of the synthesis gas. The water-gas shift reaction
may be berformed for example, using an iron-based high-temperature shift catalyst at about
450°C, or a copper-based low-temperature shift catalyst at about 230°C. Cooling may be
performed by means such as steam raising boilers and other forms of heat-exchange
apparatus known to those skilled in the art. Cooling may extend to below the dew-point of the
steam in the raw synthesis gas mixture, i.e. the temperature at which water condenses from the
pressurised raw synthesis gas mixture. The temperature of the dew-point will be dependant
upon the operating pressure of the process, but typically, the dew-point will typically occur in
the range 20 to 60°C.

Céoling the raw synthesis gas mixture may however necessitate a subsequent re-heating step
using heat exchange equipment after the recycling equipment in order to bring the recycled raw
synthesis gas mixture to a temperature suitable for feeding to the partial oxidation step.
Furthermore, cooling without separation of condensed water requires that an increased amount
of oxygen-containing gas is required for the partial oxidation step compared to the situation had
it not been cooled. Similarly, performing the water-gas shift reaction on the partially-cooled raw

synthesis gas mixture prior to recycle may require an increased amount of oxygen-containing
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gas at the partial oxidation step. Furthermore, if the raw synthesis gas mixture is cooled to
below its dew-point, additional heat will be required to vapourise the condensed water.
Accordingly, in a preferred embodiment, the raw synthesis gas mixture is recycled to the partial
oxidation step prior to a cooling step. Recycle of raw synthesis gas mixture prior to the cooling
step also has the benefit that lower steam ratios may be employed than would otherwise be
necessary, e.g. a steam ratio of 0.2 to 0.6 may be achieved. Furthermore, such a recycle
reduces the need for a pre-reformer, and may eliminate the need for it with light hydrocarbon
gases such as natural gas. It will be understood that some cooling of the raw synthesis gas
mixture may occur by radiative losses from the recycling equipment and/or connecting
pipework, but it is preferred that the raw synthesis gas mixture is fed to the partial oxidation
step at a temperature in the range 600-1100°C, preferably 800-1100°C.

. Accordingly, the recycle equipment is preferably fabricated using suitable heat-resistant

materials. Raw synthesis gas mixture recycle may be affected by suitable recycle equipment
operatively connected to the autothermal reformer such as compressors or circulators with
suitable flow-control valves, however we have found a particularly suitable method for recycle
is by means of an ejector. Thus in a preferred embodiment the recycle equipment comprises
an ejector operatively connected to the autothermal reformer. An ejector works on the Venturi
principle whereby a driving fluid, such as a gas under pressure, is passed through a
constriction into an expansion region in which the fluid is at a lower pressure than the fluid in
the constriction. Using a suitably pressurised driving fluid, the difference in pressure between
the lower pressure expansion region and the pressure of the raw synthesis gas mixture results
in the desired recycle. Because a pressure drop occurs through the autothermal reformer
apparatus an ejector is able to effect recycle of the raw synthesis gas mixture using the
pressurised feed-gas or steam as the driving fluid. The ejector also provides efficient mixing of

the driving fluid and the raw synthesis gas mixture.

In the present invention, the ejector is external to the autothermal reformer. The driving fluid
therefore may be steam or the feed-gas, said feed-gas comprising the hydrocarbon feedstock
and optionally steam or a pre-reformed gas mixture comprising hydrocarbon, steam, hydrogen
and carbon oxides. Because the cooling step typically may provide high-pressure steam,
preferably, the driving fluid is a steam-containing gas.

Using an ejector to effect recycle has the advantage that there are no moving parts and that the
equipment may be fabricated to tolerate high temperatures. The amount of raw synthesis gas
mixture that is recycled using an ejector may be controlled by altering the pressure of the
driving fluid but preferably the amount is controlled by by-passing a portion of the driving fluid,
e.g. feed-gas, around the ejector or by using a variable throttle ejector having an adjustable



10

15

20

25

30

35

WO 2005/000736 PCT/GB2004/002407
7

constriction. Control valves may be employed in the by-pass line where the temperature of the
raw synthesis gas mixture is below 650°C.

The present invention provides an autothermal reforming process with increased versatility and
economy in respect of steam and oxidant and provides a synthesis gas of appropriate
composition for a number of synthesis processes, particularly for the synthesis of liquid
hydrocarbons by e.g. the Fischer Tropsch process.

The invention is illustrated by reference to the accompanying drawings in which;
Figure 1 is a diagrammatic flowsheet of one embodiment of the invention whereby recycle of
raw synthesis gas mixture is effected by means of an ejector.

In figure 1, a pressurised hydrocarbon/steam mixture, prepared for example by saturation of a
natural gas feedstock by hot water in a saturator, is fed via line 10 to a heat exchanger 12
whére it is heated to between 400-700°C and then fed via line 14 to a pre-reformer 16
containing a bed of a supported nickel pre-reforming catalyst 18. The hydrocarbon/steam
mixture undergoes partial steam reforming whereby some methane is reformed and higher
hydrocarbons are converted to methane. The pre-reforming reaction is endothermic and the
pre-reformed gas mixture, comprising methane, steam, carbon oxides and hydrogen is fed via
line 20 to a heat exchanger 22 where it is heated to >400°C and fed via line 24 as the driving
fluid to an ejector 26 wherein the pre-reformed gas mixture passes through a constriction into
an expansion region thereby creating a lower pressure region that may be used to effect
recycle of a raw synthesis gas mixture stream fed to the ejector 26 via line 28. The mixed pre-
reformed gas and raw synthesis gas mixture are then fed via line 30 as the hydrocarbon-
containing feed-gas to the top of an autothermal reformer 32. Substantially pure oxygen at a
temperature of <250°C is fed via line 34 to burmer means 36 located at the top of the
autothermal reformer. Non-catalytic partial oxidation of the feed-gas occurs underneath the
burner in a flame-combustion zone 38. The resulting partially oxidised gas stream is then
passed through a bed of a supported nickel reforming catalyst 40 that brings the composition of
the partially-oxidised gas mixture towards equilibrium thereby generating a raw synthesis gas
mixture comprising hydrogen, steam and carbon oxides at a temperature in fhe range 900-
1100°C. The raw synthesis gas mixture leaves the reformer 32 via line 42. The recycle line 28
from line 42 conveys the part of the raw synthesis that is recycled to the ejector 26. The
remaining raw synthesis gas mixture is cooled in one or more heat exchangers 44, such as a
steam raising boiler followed by further heat exchangers that cool the raw synthesis gas
mixture to below the dew-point of the steam. The cooled raw synthesis gas mixture is then fed
via line 46 to a separator 48 wherein the condensed water is separated from the synthesis gas.
The condensed water is taken from the separator 48 via line 50 and may be recycled, e.g. to a
saturator. The synthesis gas leaves the separator 48 via line 52 and is fed to a synthesis

process, e.g. a Fischer-Tropsch process.
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The invention is further illustrated by reference to the following calculated example based upon
the process depicted in Figure 1 and comparative examples 1-3 having modifications described

below to the process as depicted in figure 1.

Four cases were examined based on an autothermal reformer operated under conditions
suitable to generate synthesis gas for synthesis of liquid hydrocarbons via the Fischer-Tropsch

process. In all four cases the following conditions were fixed;

1. The hydrocarbon feedstock was desulphurised natural gas, at a fixed flowrate of
5000 kmol/h. The steam flowrate was fixed at 2809 kmol/h. The feedstock steam ratio
was 0.525.

2. The natural gas at 400°C and steam at 250°C were mixed at circa 27bar abs. and heated
up to 520°C in the heat exchanger 12.

3. The mixed natural gas/steam mixture was pre-reformed in pre-reformer 16 where the
higher hydrocarbons were reformed to give a pre-reformed gas at circa 490°C and 26.5 bar
abs.

4. The heat exchanger 22 was operated in each case to achieve a feed-gas temperature in
line 24 of 650°C.

5. Oxygen was provided to the burner 36 at a temperature of 200°C and at a variable flowrate
to achieve a raw synthesis gas mixture exit temperature of 1050°C.

Comparative example 1 — no recycle of raw synthesis gas mixture (base case)

The scheme is as depicted in Figure 1 but without ejector 26 and recycle line 28.

The pre-reformed gas mixture is the hydrocarbon-containing feed-gas to the autothermal
reformer. It is fed to the autothermal reformer at 650°C and circa 25.5 bar abs.

The raw synthesis gas mixture is produced at a pressure of 25 bar abs.

The reformed gas is cooled in heat exchangers 44, e.g. firstly in a waste heat boiler, cooling the
gas to 350°C that raises steam at 105 bar abs. from boiler feed water at its bubble point. The
synthesis gas is then cooled in further heat exchangers down to 50°C, at which temperature
most of the water content of the synthesis gas has been condensed. The process condensate
is then separated in the separator 48 and sent for reuse. The synthesis gas, which has a

H,:CO ratio of 2.10:1 is then fed via line 52 to the Fisher Tropsch synthesis loop.
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Comparative example 2 —recycle of cooled and de-watered synthesis gas

The scheme is as depicted in Figure 1 but without ejector 26 and recycle line 28. Rathera
recycle of cooled, de-watered synthesis gas is taken from line 52, via a compressor to the pre-

reformed gas mixture in line 20 (prior to heat exchanger 22).

20.3% volume of the cooled, de-watered synthesis gas is recycled from line 52 back to the pre-
reformed gas mixture in line 20. Hence the hydrocarbon-containing feed-gas in line 24 is a
mixture of pre-reformed gas and de-watered synthesis gas which has been heated in heat
exchanger 22 to 650°C and is at a pressure of circa 25.5 bar abs. Because the synthesis gas
is cool, this increases the overall heat input required. The compression requirements are
modest, with the recycled cold de-watered synthesis gas being available at circa 23 bar abs.

The remaining 79.7% vol. synthesis gas is fed via line 52 to the Fisher Tropsch synthesis loop.
Due to the changed composition of the cooled, de-watered synthesis gas compared to the raw
synthesis gas mixture, the product raw synthesis gas mixture has a different composition from
that with no recycle (H,:CO ratio = 2.02) and therefore produces less final product in the
Fiécher-Tropsch process. Furthermore, as the recycle gas passes through the autothermal
reformer and has a sensible heat demand, the required oxygen flow to achieve 1050°C is

greater than the oxygen flow without recycle.

Comparative example 3 — recycled hydrogen separated from cooled, de-watered synthesis gas

The scheme is as depicted in Figure 1 but without ejector 26 and recycle line 28. ‘Rather a
recycle of cooled, de-watered synthesis gas is taken from line 52 to a hydrogen-separation unit
utilising e.g. membranes, to provide a hydrogen-rich gas and a hydrogen-depleted cold, de-
watered synthesis gas. The hydrogen-rich gas is recycled via a compressor to the pre-
reformed gas mixture in line 20 (prior to heat exchanger 22) while the hydrogen-depleted, cool,
de-watered synthesis gas is returned to line 52.

This arrangement further also requires that the cold, de-watered synthesis gas is re-heated
above the dew point prior to the hydrogen separation unit to prevent contamination of the
membranes with moisture. The membranes remove about 17.6% by volume of the total
hydrogen production, which is recycled to the pre-reformed gas mixture. As the hydrogen is
the permeate, it is at lower pressure, e.g. ca. 5 bar abs. and requires compression to the feed
pressure of circa 25.5 bar abs. This is a greater compression duty than that of comparative
example 2. The remaining synthesis gas (which consists of the synthesis gas bypassing the
recycle plus the membrane retentate) is fed via line 52 to the Fisher Tropsch synthesis loop.
The recycled cold hydrogen-rich gas is combined with the pre-reformed gas mixture in line 20
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and these form the hydrocarbon-containing feed-gas to the autothermal reformer. This mixture
is fed via line 24 to the autothermal reformer at 650°C and circa 25.5bar abs. Again, because

the synthesis gas is cool, this increases the overall heat input required.

Furthermore, due to the changed composition of the recycled synthesis gas compared to the
raw synthesis gas mixture, the product raw synthesis gas mixture has a different composition
(H,:CO ratio = 2.01:1) and therefore produces less final product in the Fischer-Tropsch
process. As the recycle gas passes through the autothermal reformer and has a sensible heat
demand, the required oxygen flow to achieve 1050°C is greater than the oxygen flow without
recycle.

Example 1 — Recycle of raw synthesis gas mixture by means of an ejector

The scheme is as depicted in Figure 1.

21.6% by volume of the hot raw synthesis gas mixture is recycled via line 28 back to the re-
heated pre-reformed gas mixture in'line 24 (i.e. after it has passed through heat exchanger 22).
The compression requirements are very low for this recycle duty, with the recycled gas being
available at circa 25 bar abs. in line 28 and the feed pressure to.the ATR is circa 25.5 bar abs
in line 30. The compression power is supplied by an ejector 26 driven by the re-heated pre-
reformed gas at 650°C. The pressure of the re-heated pre-reformed gas is 27.0 bar abs in line
24 compared to the comparative example 1 pressure of 25.5 bar abs, a modest increase in the
feed-gas feed pressure. The remaining 78.4% vol raw synthesis gas mixture is cooled in the
heat exchangers 44, and because the cooling is performed after the recycle stream 28 is split
off, the cooling duties are the same as comparative example 1. The recycled raw synthesis
gas mixture is at 1050°C and when mixed with the pre-heated pre-reformed gas 24 (650°C)
forms the hydrocarbon-containing feed-gas for the autothermal reformer at approximately
750°C. As the recycled raw synthesis gas mixture does not flow through the heat exchanger
22 the overall heating duty is the same as that in comparative example 1.

Since the composition of the recycled raw synthesis gas mixture is exactly the same as the
autothermal reformer effluent, and it is recycled at full temperature, the product raw synthesis
gas mixture has exactly the same composition (H,:CO ratio = 2.10) as the comparative
example 1. Therefore, Example 1 produces the same final Fischer-Tropsch product as the
base case but with no increase in sensible heat demand in the autothermatl reformer or, the

required oxygen flow to achieve a raw synthesis gas mixture temperature of 1050°C.

The results are summarised in the following table;
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(P[H2])?/P[CH,]
bar abs.
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Comparative 1 | Comparative 2 | Comparative 3 Example 1
(base case)
Natural gas flow 5000 5000 5000 5000
kmol/hr
Steam flow 2809 2809 2809 2809
kmol/hr
Oxygen flow 2803 2907 2854 2804
kmol/hr
Feedstock 0.525 0.525 0.525 0.525
steam:carbon ratio
Potential (CH,), FT | 4684 4539 4544 4684
product rate kmol/hr
Product H,:CO ratio | 2.10 2.02 2.01 2.10
Total heating load 39.9 59.9 51.6 39.8
MW
Total cooling load 198 236 220 198
MW
Steam raised 335 404 374 335
Telhr
Feed-gas pressure | 25.5 25.5 255 27.0
Bar abs
ATR 0.436 0.436 0.435 0.580
Steam:carbon ratio
Carbon-potential 0.26 3.82 3.36 417

The above table shows that comparative example 1 (no recycle) has a reaction quotient for the

methane cracking reaction of 0.26. A low value of the reaction quotient indicates that carbon

formation is thermodynamically possible. At a temperature of 650°C, the equilibrium reaction

quotient is 3.25, i.e. a value less than 3.25 may lead to thermal cracking of the feed gas.

Therefore, the base case scheme could potentially give rise to carbon formation from methane

cracking should there be an active surface present for this reaction. Although each of the

comparative examples has a reaction quotient above the equilibrium value, Example 1 has the

highest reaction quotient of all the examples and therefore is the furthest from the equilibrium

value. Furthermore, the steam to carbon ratio of the hydrocarbon-containing gas as it flows

into the autothermal reformer is the same for all the comparative examples but is higher for

Example 1. Therefore, this case exhibits an additional improvement over and above the

comparative examples, as the additional steam will further suppress the formation of carbon.
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Claims.

1. Areforming process comprising the steps of;

(a) partially oxidising a feed-gas comprising a hydrocarbon feedstock with an oxygen-
containing gas,

(b) bringing the composition of the resulting partially oxidised gas stream towards
equilibrium by passing said partially oxidised gas stream over a reforming catalyst to
provide a raw synthesis gas mixture,

(c) cooling said raw synthesis gas mixture and

(d) separating condensed water from the raw synthesis gas mixture,

characterised in that prior to the step of separating the condensed water from the raw

synthesis gas mixture, part of said raw synthesis gas mixture is recycled to the partial

oxidation step.

2. A proceés according to claim 1 wherein the feed-gas comprises a pre-reformed gas
mixture.

3. A process according to claim 1 or claim 2 wherein the part of raw synthesis gas mixture
that is be recycled to the partial oxidation step is in the range 1 to 99% by volume.

4. A process according to any one of claims 1 to 3 wherein the reforming catalyst comprises a

supported nickel catalyst.
5. A process according to any one of claims 1 to 4 wherein the raw synthesis gas mixture is
cooled to below 450°C and subjected to the water gas shift reaction prior to separation of

condensed water.

6. A process according to any one of claims 1 to 5 wherein the raw synthesis gas mixture is
recycled prior to the cooling step.

7. A process according any one of claims 1 to 6 wherein the raw synthesis gas mixture is

recycled to the partial oxidation step by means of an ejector.
8. A process according to claim 7 wherein the ejector is driven by the feed gas.

9. A process according to claim 7 or claim 8 wherein the ejector is driven by a steam
containing gas.
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10. A process according to any one of claims 1 to @ wherein the oxygen containing gas is
substantially pure oxygen and is fed to the process at a temperature below 250°C.
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