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[0057] The material of the membrane consists essentially
of'the blend of these copolyimides. Provided that they do not
significantly adversely affect the separation performance of
the membrane, other components can be present in the blend
such as, processing aids, chemical and thermal stabilizers and
the like.

[0058] Inapreferred embodiment, the repeating units of the
Type 1 copolyimide have the composition of formula Ia.

(a)

—R—N

o=0n

[0059] Wherein R, is as defined hereinbefore. A preferred
polymer of this composition in which it is understood that R,
is formula Q in about 16% of the repeating units, formula S in
about 64% of the repeating units and formula T in about 20%
of the repeating units is available from HP Polymer GmbH
under the tradename P84

[0060] In another preferred embodiment, the Type 1
copolyimide comprises repeating units of formula Ib.

(Ib)

—R—N

[0061] Wherein R, is as defined hereinbefore. Preference is
given to using the Type 1 copolyimide of formula Ib in which
R, is a composition of formula Q in about 1-99% of the
repeating units, and of formula ¢ in a complementary amount
totaling 100% of the repeating units.

[0062] In yet another preferred embodiment, the Type 1
copolyimide is a copolymer comprising repeating units of
both formula Ia and Ib in which units of formula Ib constitute
about 1-99% of'the total repeating units of formulas Ia and Ib.
A polymer of this structure is available from HP Polymer
GmbH under the tradename P84-HT325.

[0063] In the Type 2 polyimide, the repeating unit of for-
mula Ila should be at least about 25%, and preferably at least
about 50% of the total repeating units of formula Ila and
formula Jib. Ar' can be the same as or different from Ar.

[0064] The polyimides utilized to form the membranes of
the present process will typically have a weight average
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molecular weight within the range of about 23,000 to about
400,000 and preferably about 50,000 to about 280,000.
[0065] The carbon dioxide selective membranes of the
present process can be fabricated into any membrane form by
any appropriate conventional method as noted hereinbefore
with regard to the hydrogen selective membranes (i.e., flat
sheet membranes or hollow fiber membranes). While the
carbon dioxide selective membranes do not have to be in the
same form as the hydrogen selective membranes, in one pre-
ferred embodiment, the form of the carbon dioxide selective
membranes is in the hollow fiber form and the hydrogen
selective membranes are in the same form.

[0066] As with the hydrogen selective membrane separa-
tion units (4, 11), the carbon dioxide membrane separation
unit (14) includes at least one of the above noted membranes.
With regard to the actual configuration of the carbon dioxide
selective membrane separation unit (14), the carbon dioxide
selective membrane separation unit (14) can take on any
number of different configurations as discussed hereinbefore
with regard to the hydrogen selective membrane separation
units (4, 11).

[0067] As a result of passing the second hydrogen lean
residue stream (13) through the carbon dioxide selective
membrane separation unit (14), two separate streams are
formed—a carbon dioxide enriched permeate stream (15) and
a carbon dioxide depleted residue stream (16) wherein the
enrichment and depletion of carbon dioxide is with reference
to the feed stream fed to the carbon dioxide selective mem-
brane separation unit (14). The carbon dioxide enriched per-
meate stream (15) may be further utilized in a variety of
manners. More specifically, the carbon dioxide enriched per-
meate stream (15) may be recycled to the process stream (1)
from the process unit (0) where is it added to the process
stream (1) prior to the compressor (2) (as shown in FIG. 1) or
within the compressor (2) between two of the stages of com-
pression (not shown in FIG. 1) or optionally compressing the
carbon dioxide enriched permeate stream (15) and recycling
the optionally compressed carbon dioxide enriched permeate
stream (15) to be used as a supplemental feed stream in other
processes such as a supplemental feed stream for a water gas
shift reactor in a hydrogen production plant. The carbon diox-
ide enriched permeate stream (14) may also be recycled
directly back to the carbon dioxide separation unit (8) for
further processing.

[0068] The carbon dioxide depleted residue stream (16)
that is obtained from the carbon dioxide selective membrane
separation unit (14) can be withdrawn for further use. For
example, the carbon dioxide depleted residue stream (12) can
be used as a fuel (for example as a steam methane reformer
fuel), as a feed stream (for example as a steam methane
reformer feed stream) or as both a fuel and a feed stream in
other processes such as in a hydrogen generation plant. In
addition, the carbon dioxide depleted residue stream (16) can
be used to regenerate any dryers that may be positioned
within the process schematic of the present invention to
remove moisture, thereby increasing the efficiency of carbon
dioxide removal in the carbon dioxide separation unit (8) at
lower temperatures.

[0069] The operating temperatures for the hydrogen selec-
tive membranes and the carbon dioxide selective membranes
are each independently selected based on the physical prop-
erties of each membrane such that it is mechanically stable
and a sufficient gas flux can be maintained across the mem-
brane. Typically, the stream being fed to each of the mem-
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brane separation units (4, 11, 14) will be heated or cooled, if
necessary, to a temperature which ranges from about -55° C.
to about 150° C. In other words, the process of membrane
separation in each of these units (4, 11, 14) typically operates
atthe noted temperature. In one alternative, the second hydro-
gen lean reside stream (13) is fed into the carbon dioxide
selective membrane unit (14) at low to sub-ambient tempera-
tures, preferably from -55° C. to about 30° C., preferably
from -55° C. to about 10° C. In such cases, the carbon dioxide
selective membranes are considered cold membranes. In still
another alternative, the carbon dioxide lean non-condensable
stream (10) from the carbon dioxide separation unit (8) is fed
to the second hydrogen selective membrane separation unit
(11) after being heated to a temperature from about 50° C. to
about 150° C. in an optional heat exchanger 33. With regard
to this particular alternative, the heat brought to the carbon
dioxide lean non-condensable stream (10) is taken from the
process stream (1) after the step of compression.

[0070] In an even further still embodiment of the present
invention, it is also possible to incorporate an optional water
gas shift reactor (40) just prior to the first hydrogen membrane
separation unit (4) or just prior to the second hydrogen mem-
brane separation and carbon dioxide membrane separation
units (11, 14) in order to further convert any carbon monoxide
presenting the process stream (1) or the carbon dioxide lean
non-condensable stream (10), respectively. As with the
optional water gas shift reactor located along the hydrogen
rich permeate stream (5, 12), this water gas shift reactor (40)
would also preferably be a low temperature water gas shift
reactor as described hereinbefore. The size of the low tem-
perature water gas shift reactor (40) would depend upon the
amount of the process stream (1) or the carbon dioxide lean
non-condensable stream (5) being processed. Note that when
this option is utilized, the membranes utilized in the hydrogen
and carbon dioxide membrane units (4, 11, 14) will be
designed to address wet syngas.

[0071] While the preferred embodiments would be to place
the optional water gas shift reactor (38) along the permeate
line (5), in a still further embodiment, it would be possible to
place a low temperature water gas shift reactor (not shown)
just prior to the process unit (0) to treat the feed gas (19).

[0072] Additional embodiments of the present invention
are depicted in FIGS. 5 to 7. These embodiments relate to a
process for producing hydrogen in a hydrogen generation
plant from a hydrocarbon containing feed stream (20) (pref-
erably natural gas) and capturing at least 80%, preferably at
least 90%, even more preferably at least 99%, and further still
approaching or obtaining 100% capture, of the overall emis-
sions of carbon dioxide of a feed gas producing unit (34)
utilizing a carbon dioxide separation unit (8) and three mem-
brane separation units (4, 11 and 14). More specifically, in the
process of the present invention, the process can be executed
in a variety of manners including utilizing a feed gas produc-
ing unit (34), a pressure swing adsorption unit (0), a carbon
dioxide separation unit (8), a first hydrocarbon selective
membrane separation unit (4), a carbon dioxide separation
unit (8), a second hydrogen selective membrane separation
unit (11) and a carbon dioxide selective membrane separation
unit (14). As used herein, the phrase “feed gas producing unit”
refers to any unit which produces a feed gas that can be
subjected to treatment for the removal of hydrogen. More
specifically, the feed gas (19) may be a feed gas (19) from a
reformer unit/water gas shift unit, a POx uit, an ATR unit,
syngas from a coal gasification unit, refinery off gas or any
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other gas mixture that contains hydrogen, carbon monoxide
and carbon dioxide as components in the gas mixture. The
present process is preferably executed in a variety of manners
including: A) using one or more pre-reformers (21), a steam
methane reformer (23), a water gas shift reactor (25), a pres-
sure swing adsorption unit (0), a first hydrocarbon selective
membrane separation unit (4), a carbon dioxide separation
unit (8), a second hydrogen selective membrane separation
unit (11) and a carbon dioxide selective membrane separation
unit (14) or B) a steam methane reformer (23), a water gas
shift reactor (25), a first hydrogen selective membrane sepa-
ration unit (4), a pressure swing adsorption unit (0), a carbon
dioxide separation unit (8), a second hydrogen selective
membrane separation unit (11) and a carbon dioxide selective
membrane separation unit (14).

[0073] With regard to these preferred embodiments as
shown in FIGS. 5 and 6, a hydrocarbon containing feed
stream (20) is optionally pre-reformed in at least one pre-
reformer (21) to form a pre-reformed gas stream (22). Pre-
reforming is carried out in those cases where it is considered
to be advantageous to reform the heavier hydrocarbons in the
hydrocarbon containing feed stream (20) thereby reducing
cracking on the catalyst in the main steam methane reformer
(23) and preventing excessive heat rise in the main reformer.
The present process is not meant to be limited by the type of
pre-reformer (21) utilized for carrying out the process of the
present invention. Accordingly, any pre-reformer (21) that is
known in the art may be used in the process of the present
invention. The pre-reformer (21) can be a single high pressure
(typically from about 25 to about 30 bar) adiabatic vessel
where desulfurized natural gas preheated to around 600° C. is
fed to a bed filled with pre-reforming catalyst (typically cata-
lyst with a high nickel content). Such vessels typically have
an outlet temperature around 400° C. The pre-reformer (21)
can also be a series of at least two adiabatic pre-reformers (21)
with heating in between the vessels in order to provide addi-
tional benefits by minimizing the amount of fuel required and
thus the amount of hydrogen to fuel. The advantage of such
pre-reformers (21) is that the overall need for fuel to provide
direct heat to the reforming reaction is reduced, hence natu-
rally decreasing carbon dioxide production in the plant (lead-
ing to the high overall carbon dioxide recovery). In addition,
the pre-reformer (21) may be operated in the same manner
that is known in the art utilizing general conditions, including
temperatures and pressures.

[0074] The next step of the preferred process involves
reforming the pre-reformed gas stream (22) (or in the case
where there is no pre-reforming, the hydrocarbon containing
gas stream (20)) in a stream methane reformer unit (23) in
orderto obtain a syngas stream (24). As with the pre-reformer
(21), the present invention is not meant to be limited by the
steam methane reformer unit (23) or the process for carrying
out the reaction in the steam methane reformer unit (23).
Accordingly, any steam methane reformer unit (23) known in
the art may be used in the process of the present invention. By
way of general description, with regard to the steam methane
reformer unit (23) of FIGS. 5 and 6, the pre-reformed gas
stream (22) (or hydrocarbon containing gas stream (20)) will
be combined with high pressure steam (not shown in FIG. 5)
before entering the steam methane reforming unit (23). Such
steam methane refomer units (23) typically contain tubes (not
shown) packed with catalyst (typically a nickel catalyst)
through which the steam and gas stream (22) mixtures pass.
An elevated temperature of about 860° C. is typically main-
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tained to drive the reaction which is endothermic. As used
throughout with regard to the present invention, the phrase
“steam methane reformer unit” refers not only to the actual
reformer units, but also to all of the additional components
that typically are considered to make up a steam methane
reformer, including, but not limited to, one or more compo-
nents selected from heat exchangers, the reformer, tubes with
one or more types of catalyst, etc. Prior to be introduced into
the actual reformer of the steam methane reformer (23), the
stream to be treated will typically be compressed, e.g. to
about 200 to 600 psig, and combined with the steam as
described hereinbefore. In those instances where pre-reform-
ing is utilized, the stream to be pre-reformed will typically be
compressed to e.g., about 200 to 600 psig, thereby resulting in
apre-reformed gas stream (22) which does not require further
compression before being introduced into the steam methane
reformer (23). The reaction product from the steam methane
reformer unit (23) is principally a hydrogen rich effluent that
contains hydrogen, carbon monoxide, methane, water vapor
and carbon dioxide in proportions close to equilibrium
amounts at the elevated temperature and pressure. This eftflu-
ent is referred to as the syngas stream (24) in the present
process.

[0075] Once the reforming is carried out, the resulting syn-
gas stream (24) is subjected to a shift reaction in a water gas
shift reactor (25) in order to obtain a feed gas (19). The syngas
stream (24) is subjected to a shift reaction due to the high
amount of carbon monoxide that is often present due to the
steam methane reforming (the amount of carbon monoxide
actually depends upon the composition of the initial stream
injected into the steam methane reformer unit (23)). The
water gas shift reactor (25) functions to form additional
hydrogen and carbon dioxide by further reacting or treating
the syngas stream (24) with additional steam in order to
obtain a feed gas (19) for the process unit (0). The syngas
stream (24) is introduced into the water gas shift reactor (25)
(which can contain a variety of stages or one stage; various
stages not shown) along with steam (not shown) to form
additional hydrogen and carbon dioxide. The water gas shift
reactor (25) converts the carbon monoxide to carbon dioxide
with the liberation of additional hydrogen by reaction at high
temperature in the presence of the additional steam. Such
reactors (25) typically operate at a temperature from about
200° C. to about 500° C. In some cases the stream from the
steam methane reformer (23) will be at a higher temperature
so optionally the stream may first be cooled with a heat
exchanger (typically a steam generator—not shown) before
being passed through the water gas shift reactor (25). In a
preferred alternative, the water gas shift reactor (25) is a
multiple stage water gas shift reactor which includes high
temperature shift (typically about 371° C. or above), medium
temperature shift (typically around 288° C.), low temperature
shift (typically about 177° C. to 204° C.) or any combination
thereof. Such multiple shift water gas shift reactors are known
and are used to concentrate the amount of carbon dioxide in
the resulting gas stream by the manner in which the shifts are
arranged (with the high temperature shift resulting in less
carbon monoxide reaction and the low temperature shift
resulting in more carbon monoxide reaction).

[0076] The feed gas (19) from the water gas shift reactor
(25) is then subjected to the process as described hereinbefore
involving a process unit (0), a first hydrogen selective mem-
brane separation unit (4), a carbon dioxide separation unit (8),
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a second hydrogen selective membrane separation unit (11),
and a carbon dioxide membrane separation unit (14), each as
described hereinbefore.

[0077] Inthis particular embodiment as depicted in FIG. 5,
the feed gas (19) is introduced into the process unit (0) (in this
particular case a pressure swing adsorption unit) where it
undergoes pressure swing adsorption to produce a hydrogen
product stream (27) and a process steam (1). While the hydro-
gen product stream (27) is recovered as product, a portion of
this stream (27) can be recycled for use for hydrogen fueling
of'the steam methane reformer (23). As noted previously, the
process stream (1) may optionally be completely compressed
in the compressor (2) or partially compressed in the compres-
sor (2) or completely compressed in an additional compressor
that forms a part of the carbon dioxide separation unit (8) or
partially compressed in an additional compressor that forms a
part of the carbon dioxide separation unit (8) as described
hereinbefore. The temperature of the process stream (1) is
adjusted in the heat exchanger (3) prior to the process stream
being introduced into the first hydrogen selective membrane
separation unit (4). This membrane separation of the process
stream (1) results in a first hydrogen rich permeate stream (5)
which can be utilized in a variety of manners. The first hydro-
gen rich permeate stream (5) can be recycled after optionally
compressing the stream as a supplemental feed for the steam
methane reformer (23), the water gas shift reactor (25) or the
process unit (0) or it can be recycled as fuel for the steam
methane reformer (23). The hydrogen lean residue stream (6)
from the first hydrogen selective membrane separation unit
(4) is then cooled in the second heat exchanger (7) prior to be
subjected to separation/purification steps of the carbon diox-
ide separation unit (8). As a result of treating the hydrogen
lean residue stream (6) in the carbon dioxide separation unit
(8), a carbon dioxide rich liquid stream (9) (which can be
vaporized) is produced. This steam (9) is withdrawn from the
carbon dioxide separation unit (8) where it can be used as
carbon dioxide product. The remaining components from the
first hydrogen lean residue stream (6) form a carbon dioxide
lean non-condensable stream (10) which is then passed
through a second hydrogen selective membrane separation
unit (11) thereby forming a second hydrogen rich permeate
stream (12) and a second hydrogen lean residue stream (13).
As noted in the previously described process of FIG. 1, the
second hydrogen rich permeate stream (12) may be option-
ally compressed in a compressor (28) and recycled to be used
as supplemental feed for the process unit (0).

[0078] However, when the present embodiment is utilized
in a hydrogen generation plant as shown in FIG. 5, in addition
to being recycled for use as a supplemental feed for the
process unit (0), the hydrogen rich permeate stream (12) may
also be used as supplemental feed stream for a steam methane
reformer (23) and/or for a water gas shift reactor (25) after
optionally compressing the stream (12). Accordingly, with
regard to the preferred embodiment, the hydrogen rich per-
meate stream (5) may be recycled as a supplemental feed for
one or more of 1) the process unit (0), 2) the steam methane
reformer (23) and 3) the water gas shift reactor (25). Also, the
hydrogen rich permeate stream 5 may be utilized as a supple-
mental fuel for a steam methane reformer (23). Itis especially
preferable to use the hydrogen rich permeate stream (12) as a
fuel to the steam methane reformer (23) since doing so can
result boost the percentage of carbon dioxide capture. In
addition, by doing so, it is possible to eliminate or reduce the
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carbon dioxide emissions from the steam methane reformer
(23) as the natural gas fuel has been eliminated/minimized.

[0079] In another embodiment as depicted in FIG. 6, the
hydrogen rich permeate stream (5) can be used as a supple-
mental feed for the process unit (0) with the objective of
increasing hydrogen production. In a still further alternative
embodiment also depicted in FIG. 6, the hydrogen rich per-
meate stream (5) can be used as a supplemental feed for the
water gas shift reactor (25) with the objective of driving the
reaction towards the production of more carbon dioxide and
hydrogen (converting more of the carbon monoxide into car-
bon dioxide and hydrogen). In a still further embodiment also
depicted in FIG. 6, the process unit (0) is a pressure swing
adsorption unit (0) and the hydrogen rich permeate stream (5)
is utilized as two separate fractions—as a first hydrogen rich
permeate fraction (5.1) to be used as a supplemental feed
stream in the water gas shift reactor (25) and as a second
hydrogen rich permeate fraction (5.2) to be used as a supple-
mental feed stream in the pressure swing adsorption unit (0).
For purposes of FIG. 6, the remaining recycle streams that are
noted in FIG. 5 have been omitted in order to concentrate
specifically upon the recycle of the fractions (5.1, 5.2) of the
hydrogen rich permeate stream (5). With regard to this par-
ticular embodiment, the objective is to optimize the use of the
recycle stream (5) in order to maximize the conversion of
carbon monoxide to carbon dioxide and hydrogen while at the
same time maximizing the production of hydrogen product.

[0080] With regard to this particular embodiment, the pro-
portion of each fraction recycled to the corresponding devices
(0, 25) depends upon the percentage of production (the load)
from the steam methane reformer (23). Those of ordinary
skill in the art will recognize that a number of factors can
contribute to the determination of the load for the steam
methane reformer (23) including, but not limited to, the
design ofthe plant, the size of the various components such as
the steam methane reformer (23), water gas shift reactor (25),
the pressure swing adsorption unit (0), heat exchangers, car-
bon dioxide removal unit, etc. With regard to this particular
embodiment, the shift reaction is maximized utilizing a por-
tion of the recycle stream (5.1) while the remaining portion of
the recycle stream (5.2) is sent to the pressure swing adsorp-
tion unit (0). This is accomplished by first directing the flow
of the hydrogen rich permeate stream (5) to be added to the
syngas stream (24) that is to be fed into the water gas shift
reactor (25). As noted, the quantity of this first fraction (5.1)
is determined by the load of the steam methane reformer unit
(23). More specifically, when the steam methane reformer
unit (23) is running at full load or capacity, amuch higher flow
is being sent to the water gas shift unit (25) and consequently,
amuch higher flow is being sent further downstream. Accord-
ingly, for plants that are retrofitted and not specifically
designed to handle this degree of flow of recycle, there may
exist limitations on shift capacity, heat exchanger duties, etc.
Therefore, in some instances, there may be limitations when
the entire recycle (5) is added prior to the water gas shift unit
(25). However, it is desirable to recycle to the water gas shift
reactor (25) as an ultimate increase in hydrogen production
can be seen (an increase of up to 15% or more). In those
instances where the recycle (5) is simply sent to the stream
(19) before the pressure swing adsorption unit (0), there may
still be capacity issues with regard to the actual pressure
swing adsorption unit (0) and the downstream compressors.
Even so, this option is also desirable as an increase in hydro-
gen production can also be obtained with this option.
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[0081] The optimum solution is to split the hydrogen rich
permeate stream (5) with one part or fraction going to the
water gas shift reactor (23) and the other part or fraction going
to the pressure swing adsorption unit (0). With regard to this
embodiment, it is preferable to first direct as much as possible
of the flow of the recycle (5.1) to the syngas stream (24)
before the water gas shift reactor (25) until the water gas shift
reactor (25) reaches it maximum capacity (being determined
in part by the steam methane reformer (23) load) or unit 100%
of the recycle stream (5.1) is recycled to the water gas shift
reactor (25) and then directing the remaining fraction (5.2), if
any, to the pressure swing adsorption unit (0). Note that with
regard to each of these options, the permeate stream is option-
ally first compressed in a compressor (17) before being
recycled to the noted point.

[0082] As used herein the phrase “steam methane reformer
load” refers to the actual volume of the gas stream processed
in the steam methane reformer (23) compared to the volume
that the steam methane reformer (23) is capable of process-
ing. For example, if the steam methane reformer is capable of
processing 50,000 standard cubic meters of natural gas but
only processes 45,000 standard cubic meters of natural gas,
then the load would be considered to be 90%. When the load
from the steam methane reformer unit (23) is considered to be
relatively low, a larger proportion of the recycle will go to the
water gas shift reactor (25) rather than to the pressure swing
adsorption unit (0). Those skilled in the art will recognize that
the load for the steam methane reformer (23) will depend
upon any number of a variety of variables such as the size of
the plant, the size of the steam methane reformer (23), the size
of the equipment utilized downstream, and the composition
of the natural gas stream. Accordingly, the phrase “relatively
low” when used in terms of the steam methane reformer load
operated under standard conditions that are known to those
skilled in the art, refers to those instances where the load with
regard to the steam methane reformer (23) is, for example,
less than or equal to 85%. In such instances, often the first
hydrogen rich permeate fraction (5.1) will be greater than the
second hydrogen rich permeate fraction (5.2) in terms of
quantity. In other words, the first hydrogen rich permeate will
comprise greater than 50% of the total amount of the hydro-
gen rich permeate stream (5). Otherwise, in those instances
where the steam methane reformer (23) load is greater than
85%, preferably greater than 90%, the second hydrogen rich
permeate stream will range from greater than 50% of the
hydrogen rich permeate stream (5) up to 100% of the hydro-
gen rich permeate stream (5).

[0083] In astill further modification to this embodiment, it
is advantageous to further heat the first hydrogen rich perme-
ate fraction (5.1) prior to this stream being added as a supple-
mental feed to the syngas stream of line (24). This combined
fraction (5.1) and syngas stream (24) are then fed into the
water gas shift reactor (25). While this heating may be carried
out in any manner known in the art, preferably the first hydro-
gen rich permeate fraction (5.1) is heated utilizing a heat
exchanger (36) specifically for this permeate fraction (5.1). In
addition to heating this first hydrogen rich permeate fraction
(5.1) before adding the fraction to the syngas stream (24),
steam can be injected into this fraction (5.1) via line (35) just
prior to the fraction (5.1) being mixed with the syngas stream
(24). The heating of'this first hydrogen rich permeate fraction
(5.1) further improves the efficiency of the recycle. By inject-
ing steam into this fraction (5.1), it is possible to avoid steam
condensation (which is detrimental to the catalyst in the water
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gas shift reactor (25)) when mixed with the syngas stream
(24). In addition, by injecting steam at this point, it will be
possible to further drive the carbon monoxide shift.

[0084] Withregard toboth FIGS.5and 6, the hydrogen lean
residue stream (6) from the first hydrogen selective mem-
brane separation unit (4) is then cooled in the second heat
exchanger (7) prior to be subjected to separation/purification
steps of the carbon dioxide separation unit (8). As a result of
treating the hydrogen lean residue stream (6) in the carbon
dioxide separation unit (8), a carbon dioxide rich liquid
stream (9) (which can be vaporized) is produced. This steam
(9) is withdrawn from the carbon dioxide separation unit (8)
where it can be used as carbon dioxide product. The remain-
ing components from the first hydrogen lean residue stream
(6) form a carbon dioxide lean non-condensable stream (10)
which is then passed through a second hydrogen selective
membrane separation unit (11) thereby forming a second
hydrogen rich permeate stream (12) and a second hydrogen
lean residue stream (13). In both FIGS. 5 and 6, this second
hydrogen permeate stream (12) is optionally compressed in a
compressor (28) and recycled to be used as supplemental feed
for the process unit (0).

[0085] In FIG. 5, the hydrogen rich permeate stream (12)
may also be used as supplemental feed stream for a steam
methane reformer (23) and/or for a water gas shift reactor (25)
after optionally compressing the stream and/or or as a supple-
mental fuel for a steam methane reformer (23). As with regard
to stream (5) in FIG. 5, it is especially preferable to use the
hydrogen rich permeate stream (12) as a fuel to the steam
methane reformer (23) since doing so can result in a boost of
percentage of carbon dioxide capture. In addition, by doing
s0, it is possible to eliminate or reduce the carbon dioxide
emissions from the steam methane reformer (23) as the natu-
ral gas fuel has been eliminated/minimized.

[0086] In the more preferred embodiment of the present
process as depicted in FIG. 6, the second hydrogen rich per-
meate stream (12) is treated in the same manner as the first
hydrogen permeate stream (5) as set forth in FIG. 6. In one
alternative, the hydrogen rich permeate stream (12) is used as
a supplemental feed for the process unit (0) with the objective
of increasing hydrogen production. In a still further alterna-
tive as also depicted in FIG. 6, the hydrogen rich permeate
stream (12) is used as a supplemental feed for the water gas
shift reactor (25) with the objective of driving the reaction
towards the production of more carbon dioxide and hydrogen
(converting more of the carbon monoxide into carbon dioxide
and hydrogen). In a still further embodiment also depicted in
FIG. 6, the process unit (0) is a pressure swing adsorption unit
(0) and the hydrogen rich permeate stream (12) is utilized as
two separate fractions—as a first-second hydrogen rich per-
meate fraction (12.1) to be used as a supplemental feed stream
in the water gas shift reactor (25) and as a second-second
hydrogen rich permeate fraction (12.2) to be used as a supple-
mental feed stream in the pressure swing adsorption unit (0).
As noted hereinbefore, with regard to this particular embodi-
ment, the objective is to optimize the use of the recycle stream
(12) in order to maximize the conversion of carbon monoxide
to carbon dioxide and hydrogen while at the same time maxi-
mizing the production of hydrogen product. This is in addi-
tion to the recycle of the first hydrogen rich permeate stream
3.

[0087] With regard to this particular embodiment, one pre-
ferred manner of achieving the objective is to combine the
firsthydrogen rich permeate stream (5) and the second hydro-
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gen rich permeate stream (12). Accordingly, in this embodi-
ment, stream (12) would simply be fed into stream (5) (not
shown). However, these two streams (5, 12) may also be
utilized separately. For purposes of the description and as
noted in FIG. 6, they shall be treated as two separate streams.
As with stream (5), the proportion of each fraction (12.1,
12.2) recycled to the corresponding devices (0, 25) depends
upon the percentage of production (the load) from the steam
methane reformer (23). As noted before, a number of factors
can contribute to the determination of the load for the steam
methane reformer (23). With regard to this particular embodi-
ment, the shift reaction is maximized utilizing a portion of the
recycle stream (12.1) while the remaining portion of the
recycle stream (12.2) is sent to the pressure swing adsorption
unit (0). This is accomplished by first directing the flow of the
hydrogen rich permeate stream (12) to be added to the syngas
stream (24) that is to be fed into the water gas shift reactor
(25). When the stream methane reformer unit (23) is running
at full load or capacity, a much higher flow is being sent to the
water gas shift unit (25) and consequently, a much higher flow
is being sent further downstream. Accordingly, for plants that
are retrofitted and not specifically designed to handle this
degree of flow of recycle, there may exist limitations on shift
capacity, heat exchanger duties, etc. Therefore, in some
instances, there may be limitations when the entire recycle
(12) is added prior to the water gas shift unit (25).

[0088] The optimum solution is to split the hydrogen rich
permeate stream (12) with one part or fraction going to the
water gas shift reactor (23) and the other part or fraction going
to the pressure swing adsorption unit (0). With regard to this
embodiment, it is preferable to first direct as much as possible
of the flow of the recycle (12.1) to the syngas stream (24)
before the water gas shift reactor (25) until the water gas shift
reactor (25) reaches it maximum capacity (being determined
in part by the steam methane reformer (23) load) or unit 100%
of'the recycle stream (12.1) is recycled to the water gas shift
reactor (25) and then directing the remaining fraction (12.2),
if any, to the pressure swing adsorption unit (0). Note that
with regard to each of these options, the permeate stream is
optionally first compressed in a compressor (28) before being
recycled to the noted point.

[0089] In astill further modification to this embodiment, it
is advantageous to further heat the first hydrogen rich perme-
ate fraction (12.1) prior to this stream being added as a supple-
mental feed to the syngas stream of line (24). This combined
fraction (12.1) and syngas stream (24) are then fed into the
water gas shift reactor (25). While this heating may be carried
out in any manner known in the art, preferably the first hydro-
gen rich permeate fraction (12.1) is heated utilizing a heat
exchanger (37) specifically for this permeate fraction (12.1).
In addition to heating this first hydrogen rich permeate frac-
tion (12.1) before adding the fraction to the syngas stream
(20), steam can be injected into this fraction (12.1) via line
(35) just prior to the fraction (12.1) being mixed with the
syngas stream (24). The heating of this first hydrogen rich
permeate fraction (12.1) further improves the efficiency of the
recycle. By injecting steam into this fraction (12.1), it is
possible to avoid steam condensation (which is detrimental to
the catalyst in the water gas shift reactor (25)) when mixed
with the syngas stream (24). In addition, by injecting steam at
this point, it will be possible to further drive the carbon
monoxide shift.

[0090] As note, the most preferred embodiment would be to
add the second hydrogen rich permeate stream (12) to the first
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hydrogen rich permeate stream (5) and to treat the two
streams as one stream, the treatment being as set forth in the
description for the first hydrogen rich permeate stream (5)
hereinbefore.

[0091] Note that with regard to the hydrogen production
and carbon dioxide capture embodiments, an optional water
gas shift reactor (38, 39) may also be utilized to shift away
carbon monoxide in the hydrogen permeate stream (5, 12) as
discussed hereinbefore. Preferably such a water gas shift unit
(38, 39) would be a low temperature water gas shift unit as
defined hereinbefore. In addition with regard to these
embodiments, an optional water gas shift reactor (40) may
also be utilized prior to the first hydrogen membrane separa-
tion unit (4) or the second hydrogen and carbon dioxide
membrane units (11, 14) as defined hereinbefore. Finally, a
low temperature water gas shift reactor (not shown) may also
be considered to be placed just prior to the process unit (0) to
treat the feed gas (19).

[0092] In the next step of the process of FIGS. 5 and 6, the
hydrogen lean residue stream (13) is passed through the car-
bon dioxide selective membrane separation unit (14) thereby
forming a carbon dioxide enrich permeate stream (15) and a
carbon dioxide depleted residue stream (16) as described
hereinbefore. The carbon dioxide enriched permeate stream
(15) can be recycled in a variety of manners including 1) to the
process stream (1) from the process unit (0) where is it added
to the process stream (1) just prior to the compressor (2) (as
shown in FIG. 5) or within the compressor (2) between two of
the stages of compression (not shown in FIG. 5); 2) optionally
compressing the carbon dioxide enriched permeate stream
(15) and recycling the optionally compressed carbon dioxide
enriched permeate stream (15) to be used as a supplemental
feed stream for processes other than the present process; or
recycled directly back to the carbon dioxide separation unit
(8) for further processing after being compressed in a com-
pressor (not shown). The carbon dioxide depleted residue
stream (16) that is recovered, after optionally being turbo
expanded in a turbo expander (26) (in order to recover com-
pressed gas energy and use this energy to drive other compo-
nents of the process) can be used as a supplemental feed for
the pre-reformer (21) or the steam methane reformer (23).
While it is also possible to use the carbon dioxide depleted
residue stream (16) as a supplemental fuel for the steam
methane reformer (23), when higher levels of capture are
desirable, the amount of residue stream (16) used as fuel will
need to be minimized (when levels approaching 90% are
desired) or eliminated (when levels of carbon dioxide capture
approaching 100% are desired).

[0093] With regard to this particular process, it is possible
to achieve an overall capture rate of carbon dioxide that is
equal to or greater than 80%, preferably equal to or greater
than 90%, even more preferably equal to or greater than 99%,
and even still more preferably approaching or achieving
100% capture, when hydrogen fueling is utilized. Those of
ordinary skill in the art will recognize that in order to elimi-
nate possible issues such as build up of inerts (e.g., nitrogen)
downstream of the pressure swing adsorption unit in the
system, it may be desirable to configure the pressure swing
adsorption unit to allow for selectivity for those inerts thereby
creating a hydrogen stream which is rich in inerts, this hydro-
gen stream that is rich in inerts to be used as fuel for the steam
methane reformer unit (23).

[0094] Inastill broader aspect of the present invention, the
process for producing hydrogen and capturing carbon dioxide
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from a hydrocarbon containing feed stream (16) in a hydro-
gen generation plant may be carried out utilizing any feed gas
producing unit (34) (see FIG. 7). As noted above, the pre-
ferred method is carried out using a steam methane reformer
(19) with a water gas shift reactor (21) and an optional pre-
reformer (17). However, such feed gas producing units (31)
may also include coal gasification units or refinery process
units (where the feed gas (19) results from refinery process-
ing; a refinery off gas) or any other feed gas producing unit
that produces a gas mixture that contains at least hydrogen,
carbon monoxide and carbon dioxide. With regard to the
embodiments which contain a gasification unit or a refinery
process unit which produces a feed gas, in addition to the
hydrogen rich permeate stream (5 and/or 12) being recycled
for use as a supplemental feed for the process unit (0), the
hydrogen rich permeate stream (5 and/or 12) may also be
recycled back to the source (feed gas producing unit 34) that
produces the feed gas (19) that is supplied to the process unit
(0) (feed gas producing unit 34) to be used as a supplemental
feed stream. More specifically, in addition to the hydrogen
permeate stream (5 and/or 12) being used in a schematic
where it can be used as a supplemental feed stream for the
steam hydrocarbon reformer unit/water gas shift unit, this
stream (5 and/or 12) may also be used as a supplemental feed
stream for a coal gasification unit or refinery process unit or
other unit which produces a feed gas stream (19).

[0095] Note that the use of the hydrogen selective mem-
branes and the carbon dioxide selective membranes in the
manner noted is in order to increase the recovery of hydrogen
and carbon dioxide. This can boost hydrogen production and
reduce carbon dioxide emissions for the existing plants. It can
also reduce the size of reformer, natural gas consumption for
the same size new plants with reduced carbon dioxide emis-
sions.

LIST OF ELEMENTS
[0096] 0 process unit
[0097] 1 process stream
[0098] 2 first compressor
[0099] 3 first heat exchanger
[0100] 4 first hydrogen selective membrane separation unit
[0101] 4.1 permeate side of hydrogen selective membrane
[0102] 4.2 residue side of hydrogen selective membrane
[0103] 5 first hydrogen rich permeate stream
[0104] 5.1 primary fraction of the first hydrogen rich per-

meate stream
[0105] 5.2 secondary fraction of the first hydrogen rich
permeate stream

[0106] 6 first hydrogen lean residue stream

[0107] 7 second heat exchanger

[0108] 8 carbon dioxide separation unit

[0109] 9 carbon dioxide rich liquid stream

[0110] 10 carbon dioxide lean non-condensable stream

[0111] 11 second hydrogen selective membrane separation
unit

[0112] 11.1 permeate side of hydrogen selective membrane

[0113] 11.2 residue side of hydrogen selective membrane

[0114] 12 second hydrogen rich permeate stream

[0115] 12.1 first-second hydrogen rich permeate stream

[0116] 12.2 second-second hydrogen rich permeate stream

[0117] 13 hydrogen lean residue stream

[0118] 14 carbon dioxide selective membrane separation
unit
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[0119] 14.1 permeate side of carbon dioxide selective
membrane

[0120] 14.2 residue side of carbon dioxide selective mem-
brane

[0121] 15 carbon dioxide enrich permeate stream

[0122] 16 carbon dioxide depleted residue stream

[0123] 17 second compressor

[0124] 18 liquefaction unit

[0125] 18.1 first liquefaction unit

[0126] 18.2 second liquefaction unit

[0127] 19 feed gas

[0128] 20 hydrocarbon containing feed stream

[0129] 21 pre-reformer

[0130] 22 pre-reformed gas stream

[0131] 23 steam methane reformer unit

[0132] 24 syngas stream

[0133] 25 water gas shift reactor

[0134] 26 turbo expander

[0135] 27 hydrogen product stream from pressure swing
adsorption

[0136] 28 third compressor

[0137] 29 distillation column

[0138] 30 additional compressor

[0139] 31 additional heat exchanger

[0140] 32 cooling element for additional compressor

[0141] 33 optional heat exchanger

[0142] 34 feed gas producing unit

[0143] 35 line for injecting steam into the primary fraction

fo the first hydrogen rich permeate stream

[0144] 36 heat exchanger for recycle stream (5)
[0145] 37 heat exchanger for recycle stream (12)
[0146] 38 optional second water gas shift reactor
[0147] 39 optional third water gas shift reactor
[0148] 40 optional fourth water gas shift reactor

What is claimed is:

1. A process for producing hydrogen and capturing carbon
dioxide from a hydrocarbon containing feed stream (20) in a
hydrogen generation plant, the process comprising the steps
of:

a) reforming the hydrocarbon containing feed stream (20)
in a stream methane reformer unit (23) to obtain a syngas
stream (24);

b) subjecting the syngas stream (24) to a shift reactionin a
water gas shift reactor (25) to obtain a feed gas (19);

¢) subjecting the feed gas (19) to hydrogen purification in
a process unit (0) to obtain a hydrogen product stream
(27) and a hydrogen depleted process stream (1);

d) withdrawing the hydrogen product stream (27) and
using a portion of this hydrogen product stream (27) as
a fuel for the steam methane reformer unit (23) or as a
fuel for steam generation;

e) optionally compressing at least a portion of the process
stream (1) in a first compressor (2);

f) adjusting the temperature of the optionally compressed
portion of the process stream (1) in a heat exchanger (3)
to a temperature from 20° C. to 150° C.;

g) passing the temperature adjusted process stream (1)
through a first hydrogen selective membrane separation
unit (4) to form a first hydrogen rich permeate stream (5)
with the remaining components in the process stream (1)
forming a first hydrogen lean residue stream (6);

h) optionally compressing the first hydrogen rich permeate
stream (5) in a second compressor (17) and then recy-
cling the first hydrogen rich permeate stream (5) for use
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as a supplemental feed stream in the water gas shift
reactor (25), the process unit (0) or in both the water gas
shift reactor (25) and the process unit (0);

1) cooling the first hydrocarbon lean residue stream (6) in a
heat exchanger (7) to a temperature equal to or less than
-10°C,

j) separating and purifying the cooled first hydrocarbon
lean residue stream (6) in a carbon dioxide separation
unit (8) to produce a carbon dioxide rich liquid stream
(9) and a carbon dioxide lean non-condensable stream
(10);

k) withdrawing the carbon dioxide rich liquid stream (9) as
carbon dioxide product for further use;

1) withdrawing the carbon dioxide lean non-condensable
stream (10) from the carbon dioxide separation unit (8)
and passing the carbon dioxide lean non-condensable
stream (10) through a second hydrogen selective mem-
brane separation unit (11) to form a second hydrogen
rich permeate stream (12) with the remaining compo-
nents in the carbon dioxide lean non-condensable stream
(10) forming a second hydrogen lean residue stream
13);

m) passing the hydrogen lean residue stream (13) through
a carbon dioxide selective membrane separation unit
(14) to form a carbon dioxide enriched permeate stream
(15) with the remaining components in the hydrogen
lean residue stream (13) forming a carbon dioxide
depleted residue stream (16); and

n) optionally compressing the second hydrogen rich per-
meate stream (12) in a third compressor (28) and recy-
cling the second hydrogen rich permeate stream (12) for
use as a supplemental feed stream in the water gas shift
reactor (25), the process unit (0) or both the water gas
shift reactor (25) and the process unit (0), recycling the
carbon dioxide enriched permeate stream (15) to the
process stream (1) prior to the compressor (2) or within
the compressor (2) between stages of compression or
optionally compressing the carbon dioxide enriched per-
meate stream (15) and recycling the carbon dioxide
enriched permeate stream (15) to be used in the carbon
dioxide separation unit (8) and recycling the carbon
dioxide depleted residue stream (16) to be used as a fuel
for the steam methane reformer (23), as a supplemental
feed stream for the pre-reformer (21) or the steam meth-
ane reformer (23) or as both a fuel and a feed stream in
the present process or in other processes.

2. The process of claim 1, wherein the overall capture rate
of carbon dioxide from the hydrogen production process is
equal to or greater than 80%.

3. The process of claim 1, wherein the overall capture rate
of carbon dioxide from the hydrogen production process is
equal to or greater than 90%.

4. The process of claim 1, wherein the overall capture rate
of carbon dioxide from the hydrogen production process is
equal to or greater than 99%.

5. The process of claim 2, wherein prior to step a), the
hydrocarbon containing feed stream (20) is pre-reformed in at
least one pre-reformer to form a pre-reformed gas stream that
is then reformed in the steam methane reformer.

6. The process of claim 1, wherein the process unit (0) is a
pressure swing adsorption unit and the process stream (1) is a
tail gas from the pressure swing adsorption unit.
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7. The process of claim 6, wherein the first hydrogen rich
permeate stream (5) is recycled to be used as a supplemental
feed stream in the water gas shift reactor (25).

8. The process of claim 6, wherein the first hydrogen rich
permeate stream (5) is recycled to be used as a supplemental
feed stream in the process unit (0).

9. The process of claim 6, wherein the first hydrogen rich
permeate stream (5) is split into a primary fraction of the first
hydrogen rich permeate stream (5.1) to be used as a supple-
mental feed stream to be added to the syngas stream (24) prior
to being introduced into the water gas shift reactor (25) and a
secondary fraction of the first hydrogen rich permeate stream
(5.2) to be used as a supplemental feed stream to be added to
the feed gas (19) prior to being introduced into the pressure
swing adsorption unit (0) with the proportion of each fraction
depending upon the percentage of production in the steam
methane reformer (19).

10. The process of claim 9, wherein the primary fraction of
the first hydrogen rich permeate stream (5.1) is optionally
heated prior to being added to the syngas stream (24).

11. The process of claim 10, wherein the primary fraction
of the first hydrogen rich permeate stream (5.1) is heated
utilizing a heat exchanger (36).

12. The process of claim 11, wherein the primary fraction
of the first hydrogen rich permeate stream (5.1) is heated
using steam.

13. The process of claim 12, wherein the proportion of the
fraction forming the primary fraction of the first hydrogen
rich permeate stream (5.1) is greater than the secondary frac-
tion of'the first hydrogen rich permeate stream (5.2) when the
load for the steam methane reformer is relatively low.

14. The process of claim 13, wherein the quantity of the
fraction forming the primary fraction of the first hydrogen
rich permeate stream (5.1) is determined by the load of the
steam methane reformer unit (23) and the maximum capacity
of'the water gas shift reactor (25) with the remaining fraction
of'thehydrogen rich permeate stream (5) being directed to the
pressure swing adsorption unit (0) once this determination is
made.

15. The process of claim 14, wherein the separation and
purification of the cooled process stream in the carbon diox-
ide separation unit (8) is carried out by single or multi-step
partial liquefaction, compression and distillation or any com-
bination of single or multi-step partial liquefaction, compres-
sion and distillation.

16. The process of claim 15, wherein the first hydrogen
selective membrane separation unit (4) includes one or more
hydrogen selective membranes, each membrane having a per-
meate side (4.1) and a residue side (4.2) and allowing for the
passing of hydrogen to the permeate side (4.1) of the mem-
brane to form the hydrogen rich permeate stream (5) with the
remaining components in the process stream (1) forming the
hydrogen lean residue stream (6) on the residue side (4.2) of
the membrane.

17. The process of claim 16, wherein the second hydrogen
selective membrane separation unit (11) includes one or more
hydrogen selective membranes, each membrane having a per-
meate side (11.1) and a residue side (11.2) and allowing for
the passing of hydrogen to the permeate side (11.1) of the
membrane to form the hydrogen rich permeate stream (12)
with the remaining components in the carbon dioxide lean
non-condensable stream (10) forming the hydrogen lean resi-
due stream (13) on the residue side (11.2) of the membrane.
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18. The process of claim 17, wherein the carbon dioxide
lean non-condensable stream (10) from the carbon dioxide
separation unit (8) is heated to a temperature from 50° C. to
150° C. before being fed to the second hydrogen selective
membrane separation unit (11).

19. The process of claim 16, wherein the carbon dioxide
selective membrane separation unit (14) includes one or more
carbon dioxide selective membranes, each membrane having
a permeate side (14.1) and a residue side (14.2) and allowing
for the passing of carbon dioxide to the permeate side (14.1)
of'the membrane to form a carbon dioxide enriched permeate
stream (15) with the remaining components in the hydrogen
lean residue stream (13) forming a carbon dioxide depleted
residue stream (16) on the residue side (14.2) of the mem-
brane.

20. The process of claim 19, wherein the one or more
hydrogen selective membranes are polymeric membranes
selected from one or more polyamides, polyaramides, poly-
benzimidazoles, polybenzimidazole blends with polyimides,
polyamides/imides and the one or more carbon dioxide selec-
tive membranes are polymeric membranes selected from
selected from one or more polyimides, polyetherimides
polysulfone, polyethersulfones, polyarylsulfone, polycar-
bonate, tetrabromo-bisphenol A polycarbonate, tetrachloro-
bisphenol A polycarbonate, polydimethylsiloxane, natural
rubber, cellulose actetate, cellulose triacetate, ethyl cellulose,
PDD-TFE and polytriazole.

21. The process of claim 20 wherein the one or more
hydrogen selective membranes and the one or more carbon
dioxide selective membranes are each membranes of the fiber
type.

22. The process of claim 20, wherein the one or more
hydrogen selective membranes are different in type from the
one or more carbon dioxide selective membranes.
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23. The process of claim 13, wherein the carbon dioxide
rich liquid stream (9) that is withdrawn is vaporized to pro-
duce a carbon dioxide rich gas stream.

24. The process of claim 13, wherein the pre-reforming is
performed with the supply of heat.

25. The process of claim 13, wherein the pre-reforming is
performed in two or more adiabatic steps with heat supply
between the two or more steps.

26. The process of claim 1, wherein prior to the compres-
sion in step 1), the process stream is passed through a filter.

27. The process of claim 1, wherein one or both of the
following occur: the first hydrogen rich permeate stream (5) is
subjected to a shift reaction in an optional second water gas
shift reactor (38) prior to being recycled to the water gas shift
reactor (25), the process unit (0) or in both the water gas shift
reactor (25) and the second hydrogen rich permeate stream
(12) is subjected to a shift reaction in an optional third water
gas shift reactor (39) prior to being recycled to the water gas
shift reactor (25), the process unit (0) or both the water gas
shift unit (25) and the process unit (0).

28. The process of claim 27, wherein each water gas shift
reactor (38, 39) is a low temperature water gas shift reactor.

29. The process of claim 1, wherein the process stream (1)
and/or the carbon dioxide lean non-condensable stream (10)
are subjected to a shift reaction in an optional fourth water gas
shift reactor (40) prior to being passed thorough the first
hydrogen membrane separation unit (4) or the second hydro-
gen membrane separation and carbon dioxide membrane
separation units (11, 14).

30. The process of claim 29, wherein the each water gas
shift reactor is a low temperature water gas shift reactor.
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