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(57) Abréegée/Abstract:

Process for producing hydrogen where multiple streams are heated Iin parallel with reformate that has passed from the shift reactor.
Each of the multiple streams are heated from a temperature below the dew point of the reformate to a temperature above the dew
point of the reformate by reformate that is cooled from a temperature above the dew point of the reformate to a temperature below

the dew point of the reformate. The multiple streams can Include two or more of water condensate, boller feed water, hydrocarbon
feedstock, and pressure swing adsorption unit by-product gas.
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ABSTRACT OF THE DISCLOSURE

Process for producing hydrogen where multiple streams are heated in paraliel
with reformate that has passed from the shift reactor. Each of the mulitiple streams are
heated from a temperature below the dew point of the reformate to a temperature above
the dew point of the reformate by reformate that is cooled from a temperature above the
dew point of the reformate to a temperature below the dew point of the reformate. The
multiple streams can include two or more of water condensate, boiier feed water,
hydrocarbon feedstock, and pressure swing adsorption unit by-product gas.
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Process for Producing Hydrogen with Improved Energy Efficiency

BACKGROUND

[0001] Hydrogen production by catalytic steam-hydrocarbon reforming is an energy
intensive process. To improve the energy efficiency of the process, reformate formed in
the catalytic steam-hydrocarbon reformer is passed through a series of heat exchangers
to recover heat. The reformate can be used to heat a variety of streams, for example, '
boiler feed water, hydrocarbon feedstock, air to the reformer furnace, and fuel to the
reformer furnace.

[0002] Since the global pinch in the heat exchange network of a catalytic steam-
hydrocarbon reforming process is the dew point of the reformate, using heat exchangers
in series causes a constraint on efficiently recovering heat from the reformate and may
increase equipment cost due to the required size of the heat exchangers.

{0003] Industry desires to produce hydrogen with improved energy efficiency.

*

BRIEF SUMMARY

[0004] There are several aspects of the invention as outiined befow. In the following,
specific aspects of the invention are outlined below. The reference numbers and
expressions set in parentheses are referring to an example embodiment explained
further below with reference to the figures. The reference numbers and expressions are,

however, only illustrative and do not fimit the aspect to any specific component or feature
of the example embodiment.

[0005] Aspect 1. A process for producing a hydrogen product gas (105), the process
comprising:

(a) withdrawing a reformate (25) from a shift reactor (60);
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(0) heating a water condensate (97) by indirect heat transfer with the reformate from
the shift reactor or a first divided portion thereof, the water condensate (97)
heated from a lower temperature, Twc.iower, t0 @n upper temperature, Twe.upper
when being heated by the reformate or the first divided portion, and the
reformate or first divided portion cooled from an upper temperature, T upper,

to a lower temperature, T:0ver, When heating the water condensate (97);

(c) heating boiler feed water (86) by indirect heat transfer with the reformate from the
shift reactor or a second divided portion thereof, the boiler feed water (86)

heated from a lower temperature, Tsrw.iower, 0 @an upper temperature,
Tsrw,upper When being heated by the reformate or the second divided portion,
and the reformate or second divided portion cooled from an upper
temperature, T2 upper, 10 a lower temperature, 7T2wer, when heating the boiler
feed water (86); where

Twc, iower, TBFW. iower, T'1, 1ower, @Nd T2, ower, are less than the dewpoint
temperature of the reformate (25) withdrawn from the shift reactor
(60); and

TWC, upper, TBFW, upper, T4, upper; and T, upper, al'€ greater than the deWpoint
temperature of the reformate (25) withdrawn from the shift reactor
(60);

(d) cooling a mixture comprising at least a portion of the reformate when the
reformate heats the water condensate and the boiler feed water or
comprising at least a portion of the first divided portion and at least a portion
of the second divided portion when the first divided portion heats the water
condensate and the second divided portion heats the boiler feed water, the
mixture cooled in an amount effective to condense at least a portion of the

water in the mixture to form condensed water and a water-depleted

reformate gas;

(e) separating the condensed water from the water-depleted reformate gas (formed
in step (d)) in a separator (90) thereby forming the water condensate (97)
from at least a portion of the condensed water;

(f) passing the water condensate (97) from the separator (90) to a first heat
exchange section (56) for the step of heating the water condensate by

-2 .
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indirect heat transfer with the reformate or the first divided portion, and
passing at least a portion of the water condensate (87) from the first heat
exchange section (56) to a steam drum (120), (where the water condensate
(97} is passed from the separator (90) to the first heat exchange section (56)
prior to being passed from the first heat exchange section (56) to the steam
drum (120)); and

(g) separating a pressure swing adsorption unit feed (95) comprising at least a
portion of the water-depleted reformate gas in a pressure swing adsorption
unit (100) to form the hydrogen product gas (105) and a pressure swing
adsorption unit by-product gas (115).

[0006] Aspect2. The process of aspect 1 wherein the water condensate (97) is
heated by the first divided portion in the first heat exchange section (56) and the boiler
feed water is heated by the second divided portion in a second heat exchange section
(68).

[0007] Aspect3. The process of aspect 1 or aspect 2, the process further
comprising:

passing the reformate from the shift reactor (60) to a feedstock-heating heat
exchanger (70) to heat a hydrocarbon feedstock (75) by indirect heat transfer
with the reformate (25) in the feedstock-heating heat exchanger (70) and
withdrawing the reformate from the feedstock-heating heat exchanger (70);

wherein if the reformate from the shift reactor heats the water condensate in step (b)
and the boiler feed water (86) in step (c), the reformate from the shift reactor
that heats the water condensate in step (b) and the boiler feed water (86) in

step (c) is the reformate withdrawn from the feedstock-heating heat

exchanger (70); and

wherein if the first divided portion of the reformate from the shift reactor heats the
water condensate in step (b) and the second divided portion of the reformate
from the shift reactor heats the boiler feed water (86) in step (C), the first |
divided portion of the reformate from the shift reactor is a first divided portion
of the reformate withdrawn from the feedstock-heating heat exchanger (70)

and the second divided portion of the reformate from the shift reactor is a
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second divided portion of the reformate withdrawn from the feedstock-
heating heat exchanger (70).

[0008] Aspectd4. The process of any one of aspects 1 to 3 wherein the water
condensate is heated by the first divided portion of the reformate from the shift reactor
(60), the process further comprising: |

heating a hydrocarbon feedstock (75) by indirect heat transfer with the first divided

portion, the hydrocarbon feedstock (75) heated from a lower temperature,
THr.ower, 1O @n upper temperature, Thr upper When being heated by the first
divided portion; where

THr, ower 1S 1€8S than the dewpoint temperature of the reformate (25)
withdrawn from the shift reactor (60); and

THe, upper, 18 greater than the dewpoint temperature of the reformate (25)
withdrawn from the shift reactor (60).

[0009] Aspect3. The process of any one of aspects 1 to 3 wherein the boiler feed
water is heated by the second divided portion of the reformate from the shift reactor (60),

the process further comprising:

heating a hydrocarbon feedstock (75) by indirect heat transfer with the second
divided portion of the reformate from the shift reactor (60}, the hydrocarbon

feedstock (75) heated from a lower temperature, Thrower, 10 @n upper
temperature, Turupoer when being heated by the second divided portion;

where

Trr, 1ower 1S less than the dewpoint temperature of the reformate (25)

withdrawn from the shift reactor (60); and

THrF, upper, 18 greater than the dewpoint temperature of the reformate (25)
withdrawn from the shift reactor (60).

[0010] AspectB. The process of any one of aspects 1 to 3, the process further

comprising:

(h) heating a hydrocarbon feedstock (75) by indirect heat transfer with the reformate
from the shift reactor (60) or a divided portion of the reformate (25), the

hydrocarbon feedstock (75) heated from a lower temperature, Txr ower, 10 an -
upper temperature, Turupper When being heated by the reformate or the

-4 -
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divided portion, and the reformate or divided portion cooled from an upper
temperature, 73 upper, t0 @ lower temperature, Tsjower, when heating the
hydrocarbon feedstock (75); where

Thr, 1ower and T3 ower are less than the dewpoint temperature of the reformate
(25) withdrawn from the shift reactor (60); and

THr, upper N T3 upper are greater than the dewpoint temperature of the
reformate (25) withdrawn from the shift reactor (60); and

wherein the mixture comprises at least a portion of the reformate when the
reformate also heats the hydrocarbon feedstock or wherein the mixture

further comprises at least a portion of the divided portion of the reformate
(25) that heats the hydrocarbon feedstock when the divided portion heats the

hydrocarbon feedstock.

[0011] Aspect/7. The process of aspect 6 wherein the hydrocarbon feedstock (75) is
heated by the divided portion in a third heat exchange section (57).

[0012] Aspect8.  The process of aspect 6 or aspéct 7, the process further

comprising:

passing the reformate from the shift reactor (60) to a feedstock-heating heat
exchanger (70) to heat the hydrocarbon feedstock (75) by indirect heat
transfer with the reformate (25) in the feedstock-heating heat exchanger (70)
and withdrawing the reformate from the feedstock-heating heat exchanger

(70);

wherein if the reformate from the shift reactor heats the water condensate in step
(b), the boiler feed water (86) in step (c), and the hydrocarbon feedstock (75)
in step (h), the reformate from the shift reactor that heats the water
condensate in step (b), the boiler feed water (86) in step (¢), and the
hydrocarbon feedstock in step (h) is the reformate withdrawn from the

feedstock-heating heat exchanger (70);

wherein if the first divided portion of the reformate from the shift reactor heats the
water condensate in step (b), and the second divided portion of the reformate
from the shift reactor heats the boiler feed water (86) in step (c), and the
divided portion of the reformate from the shift reactor heats the hydrocarbon
feedstock in step (h), the first divided portion of the reformate from the shift

.5.
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reactor is a first divided portion of the reformate withdrawn from the
feedstock-heating heat exchanger (70), and the second divided portion is a
second divided portion of the reformate withdrawn from the feedstock-
heating heat exchanger (70), and the divided portion is a divided portion of
the reformate withdrawn from the feedstock-heating heat exchanger (70);
and

wherein the hydrocarbon feedstock (79) is heated in step (h) prior to being heated in
the feedstock-heating heat exchanger (70).

[0013] Aspect8. The process of any one of the previous aspects, the process

further comprising:

heating the pressure swing adsorption unit by-product gas (115) by indirect heat
transter with a divided portion of the reformate (25) from the shift reactor (60)
for heating the pressure swing adsorption unit by-product gas, the pressure
swing adsorption unit by-product gas (115) heated from a lower temperature,
Trsaower, 10 @n upper temperature, 7psa,upper When being heated by the
divided portion for heating the pressure swing adsorption unit by-product
gas, and the divided portion for heating the pressure swing adsorption unit
by-product gas cooled from an upper temperature, T4ugoer, to a lower
temperature, Tsower, When heating the pressure swing adsorption unit by-

product gas (115); where

Tesa ower @and T4 1ower are less than the dewpoint temperature of the reformate
(25) withdrawn from the shift reactor (60); and

Trsa, upper @aNd T4, upper are greater than the dewpoint temperature of the
reformate (25) withdrawn from the shift reactor (60);

wherein the mixture further comprises at least a portion of the divided portion of the

reformate that heats the pressure swing adsorption unit by-product gas.

[0014] Aspect 10. The process of aspect 9 wherein the pressure swing adsorption
unit by-product gas (115) is heated by the divided portion that heats the pressure swing

adsorption unit by-product gas in a fourth heat exchange section (59).

[0015] Aspect11. The process of aspect 9 or aspect 10, the process further

comprising:



10

15

20

25

30

CA 02929531 2016-05-10

passing the reformate (25) from the shift reactor (60) to a feedstock-heating heat
exchanger (70), preferably the feedstock-heating heat exchanger (70) of
aspect 3 or aspect 8, t0 heat the hydrocarbon feedstock (75) by indirect heat
transfer with the reformate (25) in the feedstock-heating heat exchanger (70)
and withdrawing the reformate from the feedstock-heating heat exchanger
(70); and

wherein the divided portion of the reformate that heats the pressure swing

adsorption unit by-product gas is a divided portion of the reformate
withdrawn from the feedstock-heating heat exchanger (70) that heats the

pressure swing adsorption unit by-product gas.

Aspect 12.  The process of any one of aspects 1 to 11 wherein step (f) comprises
passing the water condensate (97) from the separator (90) to a deaerator (111), from the
deaerator (111) to the first heat exchange section (566), and from the first heat exchange
section (56) to the steam drum (120), the process further comprising:

passing the boiler feed water (86) after being heated in step (¢) to a second steam
drum (121).

[0016] Aspect13. The process of any one of aspects 1 to 11 wherein step (f)
comprises passing the water condensate (97) from the first heat exchange section (56)
to a steam stripper (55), and from the steam stripper (55) to the steam drum (120), the
process further comprising:

passing the boiler feed water (86) after being heated in step (c) to the steam drum
(120).

[0017] Aspect 14. The process of any one of the preceding aspects wherein

the reformate from the shift reactor (60) is divided into the first divided portion and

the second divided portion and, optionally, one or more additional divided

nortions from the shift reactor (60), the first divided portion having a flow rate,
the second divided portion having a flow rate, and, if present, the one or
more additional divided portions each having a respective flow rate;

the water condensate (97) is heated by the first divided portion in step (b) and the
boiler feed water (86) is heated by the second divided portion in step (c); and

wherein
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the flow rate of the first divided portion from the shift reactor (60) and the flow rate of
the second divided portion from the shift reactor (60) and, optionally, the flow
rates of the one or more additional divided portions are controlled such that
Twe,upper aNd Tarw upper @re greater than the dewpoint temperature of the
reformate (25) withdrawn from the shift reactor (60) and T+ jower aNA T2 jower
are less than the dewpoint temperature of the reformate (25) withdrawn from
the shift reactor (60).

[0018] Aspect 15. The process of the preceding aspect wherein the one or more
additional divided portions from the shift reactor (60) include a divided portion for heating
a hydrocarbon feedstock (75) and/or a divided portion for heating the pressure swing
adsorption unit by-product gas (115), the process further comprising the following steps
(k) and/or the following steps (1):

(k) heating a hydrocarbon feedstock (75) by indirect heat transfer with the divided
portion for heating a hydrocarbon feedstock (75), the hydrocarbon feedstock
(75) heated from a lower temperature, Txr jower, 10 @n upper temperature,
TuE upper, When being heated by the divided portion for heating a hydrocarbon
feedstock (75), and the divided portion for heating a hydrocarbon feedstock
(75) cooled from an upper temperature, 73ugper, t0 @ lower temperature,
T3 ower, When heating the hydrocarbon feedstock (75), where Tyriower and
Ta0wer @re less than the dewpoint temperature of the reformate (25)
withdrawn from the shift reactor (60) and Trrupper @aNd T3upper are greater than
the dewpoint temperature of the reformate (25) withdrawn from the shift

reactor (60),

wherein the flow rates of the one or more additional divided portions from the shift
reactor (60) are controlled such that Txr upper IS greater than the dewpoint

temperature of the reformate (25) withdrawn from the shift reactor (60) and
Tsower iS less than the dewpoint temperature of the reformate (25) withdrawn

from the shift reactor (60);

() heating the pressure swing adsorption unit by-product gas (115) by indirect heat
transfer with the divided portion for heating the pressure swing adsorption
unit by-product gas (115), the pressure swing adsorption unit by-product gas
(115) heated from a lower temperature, Tesaower, t0 an upper temperature,
Trsa uoper, When being heated by the divided portion for heating the pressure

_8 -
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swing adsorption unit by-product gas (115), and the divided portion for
heating the pressure swing adsorption unit by-product gas (115) cooled from
an upper temperature, T4.upper, 10 a lower temperature, T4iower, When heating
the pressure swing adsorption unit by-product gas (115), where Tpsa ower and
T410wer are less than the dewpoint temperature of the reformate (25)
withdrawn from the shift reactor (60) and Tesa upper aNA T4 upper are greater
than the dewpoint temperature of the reformate (25) withdrawn from the shift
reactor (60),

wherein the flow rates of the one or more additional divided portions from the shift
reactor (60) are controlled such that Tega upper IS greater than the dewpoint
temperature of the reformate (25) withdrawn from the shift reactor (60) and
T40wer 1S l€SS than the dewpoint temperature of the reformate (25) withdrawn

from the shift reactor (60).
[0019] Aspect 16. The process of any one of aspects 1, 3, 6, 8, 9, and 10 wherein

the reformate from the shift reactor (60)' Is conveyed through a common heat
exchanger; and wherein

the water condensate (97) and the boiler feed water (86) and, optionally, a

hydrocarbon feedstock (75) and, optionally, the pressure swing adsorption
unit by-product gas (115) are conveyed each in a respective heat exchange

structure extending through the reformate from the shift reactor (60) in the

common heat exchanger, thereby being heated in parallel indirect heat
exchange with the reformate in the common heat exchanger.

[0020] Aspect 17. A process for producing a hydrogen product gas (105), the process

comprising:
withdrawing a reformate (25) from a shift reactor (60);

heating a water condensate (97) by indirect heat transfer with a first divided portion
of the reformate from the shift reactor (60), the water condensate (97) heated
from a lower temperature, Twe, ower, t0 @n upper temperature, Twe, upper When
being heated by the first divided portion, and the first divided portion cooled

from an upper temperature, 7+, uoper, t0 @ lower temperature, T4, ower, When

heating the water condensate (97);
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heating boiler feed water (86) by indirect heat transfer with a second divided portion
of the reformate from the shift reactor (60), the boiler feed water (86) heated
from a lower temperature, Tsrw, ower, 10 @n upper temperature, Terw, upper When
being heated by the second divided portion, and the second divided portion
cooled from an upper temperature, T2 ygper, t0 @ lower temperature, 72, ower,

when heating the boiler feed water (86),

heating a hydrocarbon feedstock (75) by indirect heat transfer with a third divided
portion of the reformate (25) from the shift reactor (60), the hydrocarbon
feedstock (75) heated from a lower temperature, Txr, ower, 10 @n upper
temperature, Tue upper When being heated by the third divided portion, and the

third divided portion cooled from an upper temperature, T3 uoper, t0 a lower
temperature, T3, nwer, when heating the hydrocarbon feedstock (75); where

Twoe.jower , TBrwiiower , THF.lower . T11ower , T250wer , @NA T3 10wer , @re less than the
dewpoint temperature of the reformate withdrawn from the shift

reactor; and

Twe,upper , TBFw,upper , THF,upper , T1,upper T2,upper , @NA T3upper are greater than

the dewpoint temperature of the reformate withdrawn from the shift

reactor;

cooling a mixture comprising at least a portion of the first divided portion, at least a
portion of the second divided portion, and at least a portion of the third
divided portion, the mixture cooled in an amount effective to condense at

least a portion of the water in the mixture to form condensed water and a

water-depleted reformate gas;

separating the condensed water from the water-depleted reformate gas in a
separator (90) thereby forming the water condensate (97) from at least a

portion of the condensed water;

passing the water condensate (97) from the separator (80) to a first heat-exchange
section (56) for the step of heating the water condensate by indirect heat
transfer with the first divided portion, and passing at least a portion of the
water condensate (97) from the first heat exchange section (56) to a steam
drum (120), where the water condensate (97) is passed from the separator

-10 -
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(90) to the first heat exchange section (56) prior to being passed from the
first heat exchange section (56) to the steam drum (120); and

separating a pressure swing adsorption unit feed (95) comprising at least a portion
of the water-depleted reformate gas in a pressure swing adsorption unit
(100) to form the hydrogen product gas (105) and a pressure swing
adsorption unit by-product gas (115).

[0021] Aspect 18. The process of aspect 17 further comprising:

passing the reformate (25) withdrawn from the shift reactor (60) to a feedstock-
heating heat exchanger (70) to heat the hydrocarbon feedstock (75) by
indirect heat transfer with the reformate (25) in the feedstock-heating heat
exchanger (70) and withdrawing the reformate (25) from the feedstock-
heating heat exchanger (70); and

dividing the reformate from the feedstock-heating heat exchanger (70) to form the
first divided portion of the reformate (25) from the shift reactor (60), the
second divided portion of the reformate (25) from the shift reactor (60), and
the third divided portion of the reformate (25) from the shift reactor (60).

[0022] Aspect 19. A process for producing a hydrogen product gas (105), the
process comprising:

withdrawing a reformate (25) from a shift reactor (60);

heating a water condensate (97) by indirect heat transfer with a first divided portion
of the reformate from the shift reactor (60), thé water condensate (97) heated
from a lower temperature, Twe, ower, 0 @n upper temperature, Twe, upper When
being heated by the first divided portion, and the first divided portion cooled

from an upper temperature, Ty, yper, 10 @ lower temperature, T4, ower, When

heating the water condensate (97),

heating boiler feed water (86) by indirect heat transfer with a second divided portion
of the reformate from the shift reactor (60), the boiler feed water (86) heated
from a lower temperature, Tarw, iower, 10 @n upper temperature, Tsrw, upper When
being heated by the second divided portion, and the second divided portion
cooled from an upper temperature, T2 upper, t0 @ lower temperature, T2, jower,

when heating the boiler feed water (86),

- 11 -
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heating a hydrocarbon feedstock (75) by indirect heat transfer with a third divided

portion of the reformate (25) from the shift reactor (60), the hydrocarbon
feedstock (75) heated from a lower temperature, Thr, ower, 10 an upper
temperature, Thr, upper when being heated by the third divided portion, and the
third divided portion cooled from an upper temperature, T3 upper, t0 a lOwer

temperature, 73 ower, When heating the hydrocarbon feedstock (75);

heating a pressure swing adsorption unit by-product gas (115) by indirect heat

transfer with a fourth divided portion of the reformate (25) from the shift
reactor (60), the pressure swing adsorption unit by-product gas (115) heated
from a lower temperature, Trsaower, 10 @an upper temperature, 7Tpsa,upper When
being heated by the fourth divided portion of the reformate (25), and the
fourth divided portion cooled from an upper temperature, T4upper, t0 @ lower
temperature, Tsiower, When heating the pressure swing adsorption unit by-
product gas (115); where

TWC,Iower , TBFW,Iower - THE lower | TPSA,Iower . T1,lower ’ T2, lower T3,Iower , and T4,fower alre
less than the dewpoint temperature of the reformate (25) withdrawn
from the shift reactor (60); and

TWC,upper ) TBFW, upper , THF, upper TPSA,upper , T1, upper TZ, upper T3, upper and T4,upper
are greater than the dewpoint temperature of the reformate (25)
withdrawn from the shift reactor (60);

cooling a mixture comprising at least a portion of the first divided portion, at least a

portion of the second divided portion, at least a portion of the third divided
portion, and at least a portion of the fourth divided portion, the mixture cooled
in an amount effective to condense at least a portion of the water in the

mixture to form condensed water and a water-depleted reformate gas;

separating the condensed water from the water-depleted reformate gas in a

separator (90) thereby forming the water condensate (97) from at least a
portion of the condensed water;

passing the water condensate (97) from the separator (90) to a first heat exchange

section (56) for the step of heating the water condensate by indirect heat
transfer with the first divided portion, and passing at least a portion of the
water condensate (97) from the first heat exchange section (56) to a steam

-12 -
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drum (120), where the water condensate (97) is passed from the separator

(90) to the first heat exchange section (56) prior to being passed from the
first heat exchange section (56) to the steam drum (120); and

separating a pressure swing adsorption unit feed (95) comprising at least a portion
of the water-depleted reformate gas in a pressure swing adsorption unit
(100) to form the hydrogen product gas (105) and the pressure swing
adsorption unit by-product gas (115).

[0023] Aspect20. The process of aspect 19 further comprising:

passing the reformate (25) withdrawn from the shift reactor (60) to a feedstock-
heating heat exchanger (70) to heat the hydrocarbon feedstock (75) by
indirect heat transfer with the reformate (25) in the feedstock-heating heat
exchanger (70) and withdrawing the reformate (25) from the feedstock-
heating heat exchanger (70); and

dividing the reformate (25) from the feedstock-heating heat exchanger (70) to form
the first divided portion of the reformate from the shift reactor (60), the
second divided portion of the reformate from the shift reactor (60), the third
divided portion of the reformate from the shift reactor (60), and the fourth
divided portion of the reformate from the shift reactor (60).

BRIEF DESCRIPTION OF SEVERAL VIEWS OF THE DRAWINGS

[0024] FIG. 1 is a process flow diagram of a catalytic steam-hydrocarbon reforming

Process.

[0025] FIG. 2 is a process flow diagram of a catalytic steam-hydrocarbon reforming
process where two separate steam drums are used.

[0026] FIG. 3 is a process flow diagram of a comparative catalytic steam-hydrocarbon

reforming process.

[0027] FIG. 4 is a process flow diagram of a comparative catalytic steam-hydrocarbon
reforming process where two separate steam drums are used.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0028] The ensuing detailed description provides preferred exemplary embodiments of the
invention. The ensuing detailed description of the preferred exemplary embodiments will

provide those skilled in the art with an enabling description for implementing the
preferred exemplary embodiments of the invention, it being understood that various
changes may be made in the function and ?arrangement of elements without departing
from scope of the Invention as defined by the claims.

[0029] The articles "a" and "an" as used hereln mean one or more when apgplied to any
feature in embodiments of the present invention described in the specification and
claims. The use of "a" and "an" does not limit the meaning to a single feature uniess
such a limit is specifically stated. The article “the" preceding singular or piural nouns or
noun phrases denotes a particular specified feature or particular specified features and
may have a singular or plural connotation depending upon the context in which it is used.

[0030] The adjective “any” means one, some, or all indiscriminately of whatever
quantity.

[0031] Theterm "and/or" placed between a first entity and a second entity Includes any
of the meanings of (1) only the first entity, (2) only the second entity, and (3) the first
entity and the second entity. The term “and/or” placed between the last two entliies of a
list of 3 or more entities means at least one of the entities in the list including any specific
combination of entities In this list. For example, ‘A, B and/or C" has the same meaning
as "A andfor B and/or C” and comprises the following combinations of A, B and C: (1)
only A, (Z) only B, (3) only C, (4) Aend Band not C, (5) Aand C and not B, (6) Band C
and not A, and (7) Aand B and C.

[0032] The phrase “at least one of" pracading a list of features or entities means one or
more of the features or entities in the [ist of entities, but not necessarily including at least
one of each and every entity specifically listed within the list of entities and not excluding
any combinations of entities in the list of entities. For example, "at least one of A, B, or C”
(or equivalently “at least one of A, B, and C" or equivalently “at least one of A, B, and/or
C") has the same meaning as "A and/or B and/or C" and comprises the following
combinations of A, B and C: (1) only A, (2) only B, (3) only C, (4) A and B and not C, (5)
A and C and not B, (6) B and C and not A, and (7} A and B and C.
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[0033] The term “plurality” means "two or more than two.”

[0034] The phrase “at least a portion” means “a portion or all." The at least a portion of
a stream may have the same composition with the same concentration of each of the
species as the stream from which it is derived. The at least a portion of a stream may
have a different concentration of species than that of the stream from which it is derived.
The at least a portion of a stream may include only specific species of the stream from
which it is derived.

[0035] As used herein a "divided portion™ of a stream is a portion having the same
chemical composition and species concentrations as the stream from which it was taken.

[0036] As used herein a “separated portion” of a stream is a portion having a different
chemical composition and different species concentrations than the stream from which it
was taken.

[0037] As used herein, "first,” "second,” “third,” etc. are used to distinguish from among
a plurality of steps and/or features, and are not indicative of the total number, or relative
position in time and/or,space unless expressly stated as such.

[0038] Inthe aspects, letters may be used to identify steps (e.g. (), (b), and
(c)). These letters are used to ald in referring to the method steps and are not intended
to indicate the order in which steps are performed, unless and only to the extent
that such order Is specifically recited in the aspects.

[0038] As used herein, the term “catalyst” refers to a support, catalytic material, and
any other additives which may be present on the support.

[0040] The term "depleted” means having a lesser mole % concentration of the
indicated gas than the original stream from which it was formed. “Depleted” does not
mean that the stream is completely lacking the indicated gas.

®

[0041] The terms "rich” or “enriched” means having a greater mole % concentration of
the indicated gas than the original stream from which it was formed.

[0042] As used herein, "heat” and "heating” may include both sensible and latent heat
and heating.

[0043] As used herein, “indirect heat transfer” is heat transfer from cne stream to
another stream where the streams are not mixed together. Indirect heat transfer

includes, for example, transfer of heat from a first fluid to a second fluid in a heat
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exchanger where the fluids are separated by plates or tubes. Indirect heat transfer
includes transfer of heat from a first fluid to a second fluid where an intermediate working
fluid is used to carry the heat from the first fluid to the second fluid. The first fluid may.
evaporate a working fluid, e.g. water to steam, in an evaporator, the working fluid passed
to another heat exchanger or condenser, where the working fluid transfers heat o the
second fluid. Indirect heat transfer from the first fluid to a second fluid using a working
fluid may be accommodated using a heat pipe, thermosyphon, kettle boiler, or the like.

[0044] As used herein, “direct heat transfer” is heat transfer from one stream {o another
stream where the streams are intimately mixed together. Direct heat transfer includes,
for example, humidification where water is sprayed directly into a hot air stream and the
heat from the air evaporates the water.

[0045] The present invention relates to a process for producing a hydrogen product
gas. The process utilizes catalytic steam-hydrocarbon reforming. Catalytic steam-
hydrocarbon reforming, also called steam methane reforming (SMR), catalytic steam
reforming, or steam reforming, is defined as any process used to convert reformer
feedstock into reformate by reaction with steam over a catalyst. Reformate, also called
synthesis gas, or simply syngas, as used herein is any mixture comprising hydrogen and
carbon monoxide. The reforming reaction is an endothermic reaction and may be
described generally as CoHm + N H20 — n CO + (m/2 + n) Ha. Hydrogen is generated

when reformate is generated.

[0046] The process is described with reference to the figures each showing process
flow diagrams. Like reference numbers refer to like elements throughout the figures. In
addition, reference numerals that are introduced in the specification in association with a
drawing figure may be repeated in one or more subsequent figures without additional
description in the specification in order to provide context for other features.

[0047] Process flow diagrams for a catalytic steam-hydrocarbon reforming processes
suitable for carrying out the present process are shown in FIG. 1 and FIG. 2. FIG. 1
shows a process flow diagram having a single steam drum 120, whereas FIG. 2 shows a
process flow diagram having two steam drums, 120 and 121. The process flow diagram
of FIG. 2 segregates boiler feed water formed from process condensate from boiler feed
water formed from make-up water 85. Process condensate may contain organic
compounds. The advantage of using a separate steam drum for the process condensate
and a separate steam drum for boiler feed water formed from make-up water is to
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prevent the organic compounds from getting into the export steam 150. Steam formed
from the process condensate may be used to form feed gas mixture 15 where the
presence of the organic compounds can be easily tolerated.

[0048] FIGS. 1 and 2 show required features and optional features, the optional
features providing additional context.

[0049] In FIG. 1 and FIG. 2, a reformer feed gas mixture 15 is introduced into a
plurality of catalyst-containing reformer tubes 20 in a reformer furnace 10, the reformer
feed gas mixture 15 is reacted in a reforming reaction under reaction conditions effective
to form a reformate 25 comprising Hz, CO, CH4, and H20, and the reformate 25 is
withdrawn from the plurality of catalyst-containing tubes 20 of the reformer furnace 10.

[0050] The reformer feed gas mixture 15 may be any feed gas mixture suitable for
introducing into a catalytic steam-hydrocarbon reformer for forming a reformate. The
reformer feed gas mixture 15 may comprise a hydrocarbon feedstock 75 that has been
desulphurized and steam 151,152, and/or a mixture of prereformed hydrocarbon
feedstock and steam. Hydrocarbon feedstock may be natural gas, methane, naphtha,
propane, refinery fuel gas, refinery off-gas, or other suitable reformer feedstock known in
the art. Prereformed hydrocarbon feedstock and steam is produced in a prereformer (not
shown).

[0051] The reforming reaction takes place in the plurality of catalyst-containing
reformer tubes 20 in reformer furnace 10. A reformer furnace, also called a catalytic
steam reformer, steam methane reformer, and steam-hydrocarbon reformer, is defined
herein as any fired furnace used to convert feedstock containing elemental hydrogen and
carbon into reformate by a reaction with steam over a catalyst with heat provided by

combustion of a fuel.

[0052] Reformer furnaces with a plurality of catalyst-containing reformer tubes, i.e.
tubular reformers, are well-known in the art. Any suitable number of catalyst-containing
reformer tubes may be used. Suitable materials and methods of construction are known.

Catalyst in the catalyst-containing reformer tubes may be any suitable catalyst known in
the art, for example, a supported catalyst comprising nickel.

[0053] The reaction conditions effective to form the reformate 25 in the plurality of
catalyst-containing reformer tubes 20 may comprise a temperature ranging from 500°C
to 1000°C and a pressure ranging from 203 kPa to 5,066 kPa (absolute). The reaction
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condition temperature may be as measured by any suitable temperature sensor, for
example a type J thermocouple. The reaction condition pressure may be as measured
by any suitable pressure sensor known in the art, for example a pressure gauge as
available from Mensor.

[0064] The reformate 25 may exchange heat with a number of streams and may then
be passed to a shift reactor 60 containing shift catalyst 61. In the exemplary
embodiments shown in FIGS. 1 and 2, the reformate 25 withdrawn from the plurality of
catalyst-containing reformer tubes 20 is passed to heat exchanger 40 (a so-called waste
heat boiler) where the reformate 25 heats a portion of boiler feed water stream 127
thereby forming a two-phase water and steam stream that is reintroduced into steam
drum 120 (FIG. 1) or steam drum 121 (FIG. 2).

[0055] In the exemplary embodiments shown in FIGS. 1 and 2, reformate 25 is passed
from heat exchanger 40 to shift reactor 60. The process may comprise reacting the
reformate 25 from heat exchanger 40 in the presence of a shift catalyst 61 under
reaction conditions effective to form additional hydrogen in the reformate 25. Additional
hydrogen gas may be obtained by the catalytic reaction of carbon monoxide and steam.
This reaction is exothermic and is commonly referred to as the water-gas shift reaction or
shift reaction: CO+H>0O—CO, +H; . The reaction is affected by passing carbon monoxide
and water through a bed of a suitable catalyst. The reaction conditions effective to form
additional hydrogen in the reformate 25 may comprise a second temperature ranging
from 180°C to 500°C and a second pressure ranging from 203 kPa to 5,066 kPa

(absolute).

[0056] Any suitable shift catalyst may be used. The shift reactor may be a so-called
high temperature shift (HTS), low temperature shift (LTS), medium temperature shift
(MTS), or combination. One or more shift reactors may be used.

[0057] For high temperature shift, an inlet temperature in the range 310°C to 370°C,
and an outlet temperature in the range 400°C to 500°C are typical. Usually an iron
oxide/chromia catalyst is used for high temperature shitt.

[0058] For low temperature shift, an inlet temperature in the range 190°C to 230°C,
and an outlet temperature in the range 220°C to 250°C are typical. Usually a catalyst
comprising metallic copper, zinc oxide, and one or more other difficuity reducible oxides

such as alumina or chromia is used for low temperature shift
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[0059] For medium temperature shift, an inlet temperature in the range 190°C to 230°
C and an outlet temperature of up to 350°C are typical. A suitably formulated supported
copper catalyst can be used for medium temperature shift. Medium temperature shift
may be preferred for the exemplary process.

[0060] A combination may include a sequence of high temperature shift, cooling by
indirect heat exchange, and low temperature shift. If desired, either shift stage can be
subdivided with interbed cooling.

[0061] As shown in the exemplary embodiments in FIGS. 1 and 2, after passing
through the shift reactor 60, the reformate 25 may be passed to optional heat exchanger
70 where hydrocarbon feedstock 75 is heated and reformate 25 is cooled. Since the
articles “a” and “the” mean “one or more,” heat exchanger 70 may comprise one or more

heat exchangers.

[0062] The reformate 25 from the shift reactor 60 subsequently heats at least two
streams in parallel. The reformate may heat the at least two streams after being cooled
in optional heat exchanger 70.

[0063] The water condensate 97 and the boiler feed water 86 are heated in parallel by
indirect heat transfer with the reformate from the shift reactor (after the reformate is
cooled in the heat exchanger 70, if present).

[0064] The water condensate 97 and the boiler feed water 86 may be heated in a
common heat exchanger (not shown) or the reformate may be divided with a first divided
portion heating the water condensate 97 in a first heat exchange section 56 and a
second divided portion heating the boiler feed water 86 in a second heat exchange
section 58. For the case where a common heat exchanger is used, the common heat
exchanger effectively contains both heat exchange section 56 and heat exchange
section 58. A common heat exchanger has essentially the same effect as two separate
heat exchangers: one heat exchanger containing heat exchange section 56 and a
separate heat exchanger containing heat exchange section 58. The common heat
exchanger may have separate heat exchange tubes for maintaining separation of the
water condensate and the boiler feed water 86 so that the reformate heats the water
condensate and the boiler feed water in parallel. In a common heat exchanger the boiler
feed water 86 and the water condensate 97 and, optionally, one or more further streams
of the process for producing the hydrogen product gas may be conveyed each through a

respective heat exchange structure, such as a respective tubing system, extending
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through the reformate from the shift reactor, thereby heating the boiler feed water 66 and
the water condensate 97 and, optionally, the one or more further streams in parallel
indirect heat exchange with the reformate. The reformate is conveyed through the
common heat exchanger in heat exchange contact with the heat exchange structures.

[0065] Each heat exchange structure conveying one of the process streams to be
heated through the common heat exchanger is a respective heat exchange section of
the common heat exchanger. A heat exchange structure conveying water condensate 97
through the common heat exchanger is a first heat exchange section and a heat
exchange structure conveying the boiler feed water 86 through the common heat
exchanger is a second heat exchange section of the common heat exchanger. The term
"common heat exchanger” is used whenever two or more of the process streams to be
heated are conveyed each in a separate heat exchange structure through an undivided
stream of reformate from the shift reactor conveyed through that heat exchanger. in a
common heat exchanger only the process streams to be heated are separated from one
another whereas the reformate is conveyed through the heat exchanger as an undivided
reformate stream. For example, the water condensate 97 may be heated in a first heat
exchange section 56 and the boiler feed water 86 may be heated in a second heat
exchange section 58 of the common heat exchanger whereas one or more further
process streams, for example, the hydrocarbon feedstock 75 and/or a pressure swing
adsorption unit by-product gas 115 may be heated by indirect heat exchange with a
divided portion of the reformate from the shift reactor each in a further heat exchange
section external to the common heat exchanger for the water condensate 97 and the
heating boiler feed water 86 and in paraliel heat exchange to these two process streams.

[0066] The water condensate is heated from a lower temperature, Twe, ower, 10 @n upper
temperature, Twe, upper When being heated by reformate where Tuc, ower IS less than the

dewpoint temperature of the reformate and Twe, upper is greater than the dewpoint
temperature of the reformate. In case all of the reformate from the shift reactor heats
both the water condensate 97 and the boiler feed water 86, the reformate is cooled from
T1uoper 10 T110wer When heating the water condensate 97. In case the first divided portion
of the reformate heats the water condensate, the first divided portion of the of the
reformate is cooled from Ty uower 10 T1i0wer When heating the water condensate 97. T4, upper
is greater than the dewpoint temperature of the reformate and T, jower is less than the

dewpoint temperature of the reformate.
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[0067] The dewpoint temperature or dew point is the temperature at which the water
vapor in the reformate will start to condense out of the gaseous phase at the pressure of
the reformate in the respective heat exchange process.

[0068] For the instance where the reformate is heating the water condensate, the
dewpoint temperature is the dewpoint temperature of the reformate at the conditions of
the reformate when heating the water condensate. Likewise, the dewpoint temperature
of the reformate when heating other streams is the dewpoint temperature of the
reformate at the respective conditions of the reformate when heating each respective
sfream.

[0069] The boiler feed water 86 is heated from a lower temperature, Tarw, iower, 10 a@n
upper temperature, Tarw upper When being heated by reformate 25, where Tarw, iower IS €8S
than the dewpoint temperature of the reformate and Tzrw.upper is greater than the
dewpoint temperature of the reformate. In case all of the reformate from the shift reactor
heats both the water condensate 97 and the boiler feed water 86, the reformate is cooled
from T upper, 10 T2ower When heating the boiler feed water 86. In case the second divided
portion of the reformate heats the boiler feed water 86, the second divided portion of the
of the reformate is cooled from Taz,upper 10 T2i0wer When heating the boiler feed water 86.
T2 upperiS greater than the dewpoint temperature of the reformate and T2, iower IS less than
the dewpoint temperature of the reformate.

[0070] The water condensate 97 and the boiler feed water 86 are heated in parallel
through the dewpoint temperature of the reformate.

[0071] The boiler feed water 86 may be formed by heating a water feed 85 (so-called
make-up water) by indirect heat transfer with reformate 25 in heat exchanger 80, thereby
cooling the reformate 25 in heat exchanger 80. The water feed 85 may be distilled water,

treated water (decalcified, filtered, etc.) or other suitable water known in the art.

[0072] After being heated in heat exchanger 80, water feed 85 may be passed to
deaerator 110 where dissolved gases are removed. Dissolved gases are stripped from
the water feed in the deaerator 110. Steam 11 may be introduced into the deaerator 110
or steam may be formed in-situ by heating or flashing. Steam aids in stripping the
dissolved gases. A vent stream 17 is withdrawn from deaerator 110. The vent stream 17

comprises steam and gases formed from the dissolved gases stripped from the water
feed 85. Boiler feed water 86 withdrawn from deaerator 110 may be pumped to a higher
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pressure, heated in heat exchange section 58 by indirect heat transfer with the reformate
or second portion of the reformate 25, and passed to steam drum 120.

[0073] In case the reformate is divided into the first divided portion and the second
divided portion, the flow rates of the first divided portion and the second divided portion
may be controlled by one or more valves (not shown). The flow rates may be controlled
on any basis, e.g. mass, molar, or volume basis. The flow rates may be controlled so
that the outlet temperature of the reformate leaving heat exchange section 56 and the
outlet temperature of the reformate leaving heat exchange section 58 are less than the
dewpoint temperature of the reformate. The flow rates of the divided portions may be
controlled so that the outlet temperatures of the streams being heated are greater than
the dewpoint temperature and at their respective design temperatures.

[0074] The hydrocarbon feedstock 75 may be heated in a heat exchanger (not shown)
by indirect heat transfer with the reformate that heated both the water condensate and
the boiler feed water, i.e. in series with the reformate that heated both the water
condensate and the boiler feed water. After being heated, the hydrocarbon feedstock
may then be passed from this heat exchanger to the heat exchanger 70 for further

heating of the hydrocarbon feedstock.

[0075] The hydrocarbon feedstock 75 may be heated in a heat exchanger (not shown)
by indirect heat transfer with either the first portion of the reformate 25 from heat
exchange section 56 or the second portion of the reformate 25 from heat exchange
section 58. The feedstock 75 may then be passed from this heat exchanger to the heat
exchanger 70 for further heating of the hydrocarbon feedstock.

[0076] A mixture comprising the reformate or the first and second portions of the

|

reformate (25), as applicable, is then cooled.

[0077] The mixture may be passed to heat exchanger 80 to heat make-up water 85
thereby cooling the mixture.

[0078] The mixture is cooled in trim cooler 81 in an amount effective to condense at
least a portion of the water in the mixture to form condensed water and a water-depleted

reformate gas.

[0079] At least a portion of the water-depleted reformate gas is passed as a pressure
swing adsorption unit feed 95 to pressure swing adsorption unit 100 and separated
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therein to form hydrogen product gas 105 and pressure swing adsorption unit by-product
gas 115.

[0080] The condensed water is separated from the water-depleted reformate gas in
separator 90 to form water condensate 97 from at least a portion of the condensed
water. A slip stream of condensed water may be removed from the separator, if desired.

[0081] Water condensate 97 is passed from separator 90 to heat exchange section 56
and at least a portion of water condensate 97 Is passed from heat exchange section 56
to steam drum 120. The water condensate 97 is passed from the separator 90 to the

heat exchange section 56 prior to being passed from the heat exchange section 56 to
the steam drum 120.

[0082] In FIG. 1, waler condensate 97 is passed from heat exchange section 56 to
steam stripper 55 prior to the water condensate 97 being passed to steam drum 120.
Steam from the steam drum 120 or other source is added to steam stripper 55 to strip
organic compounds from the condensate. The water condensate 97 portion is passed {0
steam drum 120. The vapor phase steam component 152 from stripper 55 is blended
with desulphurized feedstock 76 and passed as reformer feed gas mixture 15 to the
pluraiity of catalyst-containing tubes 20.

[0083] InFIG. 2, water condensate 97 is passed from separator 90 to heat exchanger
82 to be heated by indirect heat exchange with reformate, and then passed to deaerator
111 where dissolved gases are removed. Dissolved gases are stripped from the
condensate 97 in deaerator 111. Steam 12 may be introduced into the deaerator 111 or
steam may be formed in-situ by heating or flashing. Steam may be provided from steam
drum 121 or any other available steam source. Steam aids in stripping the dissolved
gases. A vent stream 18 comprises steam and gases formed from the dissolved gases

stripped from the condensate 97. Condensate 97 may then be pumped and passed to
heat exchange section 56, and then to steam drum 120.

[0084] To reduce VOC emisslons from tﬁe hydrogen production facility, the deaerator
vent streams from deaerator 110 and/or deaerator 111 may be injected into the reformer
furnace 10 as described in the “Report on Emission Limits for Rule 1189 — Emissions

from Hydrogen Plant Process Vents,” South Coast Air Quality Management District, June
7, 2001, and "Final Environmental Assessment: Proposed Rule 1189 -

Emissions from Hydrogen Plant Process Vents” SCAQMD No. 1189JDN021199,
South Coast Alr Quality Management
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District December 17, 1999

[0085] As shown in FIG. 1, when the water condensate is heated in parallel in heat
exchange section 56 and stripped by steam in stripper 55, the water condensate can be
pumped and fed directly to a steam drum. A small pump may be capable to provide the
pressure head needed to pump the water condensate to a steam drum. The water
condensate may be blended with another water stream before introducing the water

condensate into the steam drum so that the temperature of the water entering the sleam
drum is at a desirable level.

[0086] Asshownin FIG. 1and FIG, 2, t?e reformate 25 may heat additional streams in
parallel. The reformate may in addition heat the hydrocarbon feedstock 75 and/or the

pressure swing adsorption unit by-product gas 115 in paralle! with the water condensate
97 and the boiler feed water B6.

[0087] The water condensate 97, the boller feed water 86, and the hydrocarbon
feedstock 75 may be heated in a common heat exchanger (not shown) or the reformate
may be divided with a divided portion heating the water condensate 97 in heat exchange
section 56, ancther divided portion heating the boiler feed water 86 in heat exchange

section 58, and yet another divided portion heating the hydrocarbon feedstock 75 in heat
exchange section 57.

[0088] In the case where water condensate is heated by the first divided portion of the
reformate in the first heat exchange section 56 in a first heat exchanger and the boiler
feed water is heated by the second divided portion of the reformate in the second heat
exchange section 58 in a second heat exchanger, the hydrocarbon feedstock may be
heated in a third heat exchange section where the third heat exchange section 57 is in

the same heat exchanger with the first heat exchange section 56 or the same heat
exchanger with the second heat exchange section 58.

[0088] The hydrocarbon feedstock 75 may be heated from a lower temperature,

THF, lower, t0 @n upper temperaturs, Trr, uppef When being heated by reformale, where

THr, 1ower IS less than the dewpoint temperature of the reformate and Tir upper IS greater
than the dewpoint temperature of the reformate. In case all of the reformate from the shift
reactor heats the water condensate 97, the boiler feed water 86, and the hydrocarbon
feedstock 75, the reformate is cooled from Ts, uppertd T3, 1ower When heating the
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hydrocarbon feedstock75. In case a divided portion of the reformate heats the
hydrocarbon feedstock 75, the divided portion of the of the reformate is cooled from

T3, upper 10 T3 10wer when heating the hydrocarbon feedstock 75. T3, upeeris greater than the
dewpoint temperature of the reformate and T, ower IS less than the dewpoint temperature
of the reformate. '

[0090] In case the reformate is divided into the multiple divided portions, the flow rates
of the divided portions may be controlled by one or more valves (not shown). For
example, the flow rates may be controlled so that the outlet temperature of the reformate
leaving heat exchange section 56, the outlet temperature of the reformate leaving heat
exchange section 57, and the outlet temperature of the reformate leaving heat exchange
section 58 are less than the dewpoint temperature of the reformate. The flow rates of the
divided portions may also be controlled so that the outlet temperatures of the stream
being heated are greater than the dewpoint temperature and at their respective design

temperatures.

[0091] For the case where a divided portion heats the hydrocarbon feedstock 75 in
heat exchange section 57, the mixture cooled in heat exchanger 80, which comprises the
reformate or the portion that heated the condensate and the portion that heated the
boiler feed water, may also comprise the divided portion that heats the hydrocarbon
feedstock 795.

[0092] The pressure swing adsorption unit by-product gas 115 may also be heated by
indirect heat transfer with a divided portion of the reformate from the shift reactor 60 (by
way of heat exchanger 70, if present). The pressure swing adsorption unit by-product
gas 115 may be heated in heat exchange section 59.

[0093] The pressure swing adsorption unit by-product gas 115 may be heated from a

lower temperature, Tesasower, t0 @n upper temperature, Tesa uoper, When being heated by
reformate, where Tpsa ower is less than the dewpoint temperature of the reformate and

Trsa uoper IS greater than the dewpoint temperature of the reformate. In case all of the
reformate from the shift reactor heats the water condensate 97, the boiler feed water 86,
and the pressure swing adsorption by-product gas 115, the reformate is cooled from

T4 uopert0 T4, 1ower when heating the pressure swing adsorption by-product gas 115. In
case a divided portion of the reformate heats the pressure swing adsorption by-product
gas 115, the divided portion of the of the reformate is cooled from T upper t0 T4 i0wer When
heating the pressure swing adsorption unit by-product gas 115, where 74 upper IS greater
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than the dewpoint temperature of the reformate and 7T4wer IS l€SS than the dewpoint
temperature of the reformate.

[0094] In case the reformate is divided into the multiple divided portions, the flow rates
of the divided portions may be controlled by one or more valves (not shown). For
example, the flow rates may be controlled so that the outlet temperature of the reformate
leaving heat exchange section 56, the outlet temperature of the reformate leaving heét
exchange section 57, if present, the outlet temperature of the reformate leaving heat
exchange section 58, and the outlet temperature of the reformate leaving heat exchange
section 59 are less than the dewpoint temperature of the reformate. The flow rates may
be controlled so that the outlet temperatures of the streams being heated are greater
than the dewpoint temperature and at their respective design temperatures.

[0095] For the case where a divided portion heats the pressure swing adsorption unit
by-product gas 115 in heat exchange section 59, the mixture cooled in heat exchanger
80, which comprises the reformate or the portion that heated the condensate and the
portion that heated the boiler feed water, may also comprise the divided portion that

heats the pressure swing adsorption unit by-product gas 115.

[0096] As shown in FIG.1 and FIG.2, the reformate or a combined stream comprising
divided portions of the reformate heats the make-up water 85 in heat exchanger 80.
There may be other heat exchangers to heat other streams by the reformate as well,
such as a heat exchanger (not shown) to generate low pressure steam for deaerator
use, and/or a heat exchanger (not shown) to heat recirculating boiler feed water that is
used as a heating medium in the process. All these streams, make-up water plus water
condensate in FIG. 2 can be heated in many different ways by the reformate after it has
been cooled by heating water condensate 97 in heat exchanger 56, boiler feed water 86,
and optionally hydrocarbon feedstock 75, and/or pressure swing adsorption unit by-
product 115. For example, they can be heated in series by the reformate or the
combined stream of all divided portions of the reformate. Or they can be heated in

various serial and/or parallel arrangements by four, three or two reformate streams,
depending on the number of divided portions used for heating water condensate 97 in
heat exchanger 56 and boiler feed water 86, and, optionally, hydrocarbon feedstock 75
and/or pressure swing adsorption unit by-product 115, and how these divided portions
are recombined to form combined reformate streams.
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[0097] The hydrocarbon feedstock 75 after being heated by indirect heat transfer with
at least a portion of the reformate from the shift reactor 60 may be passed to
hydrodesulphurization unit 300 to remove sulfur from the hydrocarbon feedstock. As is
well-known in the art, sulfur may poison catalyst in the process. Hydrogen 106 for
hydrodesulphurization may be added to the feedstock before or after heating the
hydrocarbon feedstock 75. Hydrogen product 105 may used to provide hydrogen 106. At
least a portion 76 of the desulphurized feedstock may be blended with steam 151, 162
and then further heated by combustion product gas 35 in the convection section 45 of
reformer 10 prior to being introduced into the catalyst-containing reformer tubes 20 as
reformer feed gas mixture 15.

[0098] A fuel 5 may be combusted with an oxidant gas 3 in a combustion section 30 of
the reformer furnace 10 external to the plurality of catalyst-containing reformer tubes 20
under conditions effective to combust the fuel 5 to form a combustion product gas 35
comprising CO- and H20. Any suitable burner may be used to introduce the fuel 5 and
the oxidant gas 3 into the combustion section 30. Combustion of the fuel 5 with the
oxidant gas 3 generates heat to supply energy for reacting the reformer feed gas mixture
15 inside the plurality of catalyst-containing reformer tubes 20. The combustion product
gas 35 is withdrawn from the combustion section 30 of the reformer furnace 10 and
passed to the convection section 45 of the reformer furnace to supply heat to other
process streams. The combustion section (also called the radiant, radiation, or radiative
section) of the reformer furnace is that part of the reformer furnace containing the
plurality of catalyst-containing reformer tubes. The convection section of the reformer
furnace is that part of the reformer furnace containing heat exchangers other than the
plurality of catalyst-containing reformer tubes. The heat exchangers in the convection
section may be for heating process fluids other than reformate, such as water/steam, air,
pressure swing adsorption unit by-product gas, reformer feed gas prior to introduction
into the catalyst-containing reformer tubes, elc.

[0099] Conditions effective to combust the fuel may comprise a temperature ranging
from 600°C to 1500°C and a pressure ranging from 99 kPa to 101.4 kPa (absolute). The

temperature may be as measured by a thermocouple, an optical pyrometer, or any other
calibrated temperature measurement device known in the art for measuring furnace

temperatures. The pressure may be as measured by any suitable pressure sensor

known in the art, for example a pressure gauge as available from Mensor.
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[0100] The fuel 5 may comprise a by-product gas 115 from a pressure swing adsorber
100 and a supplemental fuel 118. By-product gas from a pressure swing adsorber Is
often called pressure swing adsorber tail gas, and supplemental fuel is often called trim
fuel. The by-product gas 115 and supplemental fuel 118 may be heated before being
used as fuel 5. By-product gas 115 and supplemental fuel 118 may be blénded and
introduced together through a burner to the combustion section, or they may be
introduced separately through different ports in the burner. Alternatively, the by-product
gas may be introduced through the primary burner and the supplemental fuel may be
introduced through lances near the burner.

[0101] The oxidant gas 3 is a gas containing oxygen and may be air, oxygen-enriched
air, oxygen-depleted air such as gas turbine exhaust, industrial grade oxygen, or any
other oxygen-containing gas known for use in a reformer furnace for combustion. For
example, as shown in FIGS. 1 and 2, air 130 may be compressed in forced draft fan 135,
heated by combustion product gas 35 in the convection section 45, and passed to the

reformer furnace as oxidant gas 3.

[0102] Combustion product gas 35 may heat a number of different process streams in

the convection section 45 of the reformer furnace 10. The combustion product gas 35
may heat the streams in various different configurations (order of heating).

[0103] FIG. 1 shows the combustion product gas 35 heating the reformer feed gas
mixture 15, followed by superheating the steam 125 from steam drum 120. A portion of
the superheated steam may be used to form the reformer feed gas mixture 15 and
another portion used to form a steam product 150 (i.e. export steam). After heating the
steam, the combustion product gas then heats a portion of boiler feed water 127 from
steam drum 120 in a heat exchanger to form a two-phase mixture of steam and water of
which at least a portion is returned to the steam drum 120. The combustion product gas

then heats the combustion oxidant 3. The combustion product gas 35 may then be
passed to an induced draft fan 140 and exhausted.

[0104] FIG. 2 shows the combustion product gas 35 heating the reformer feed gas
mixture 15, followed by superheating the steam 125 from steam drum 121. A portion of
the superheated steam may be used to form the reformer feed gas mixture 15 and
another portion used to form a steam product 150 (i.e. export steam). The combustion
product gas then heats a portion of boiler feed water 127 from steam drum 121 to form a

two-phase mixture of steam and water of which at least a portion is returned to the steam
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drum 121. After heating boiler feed water from steam drum 121, the combustion product
gas heats water condensate from steam drum 120 to form a two-phase mixture of steam
and water which is returned to the steam drum 120. The combustion product gas then
heats the combustion oxidant 3. The combustion product gas 35 may then be passed {o
an induced draft fan 140 and exhausted.

[0105] Examples

[0106] The examples illustrate the benefits of the heat exchanger networks of the
present invention compared to prior art heat exchange networks. Among the benefits of
the present process are the reduced thermal energy consumption for hydrogen
production, reduced heat exchanger capital cost, and reduced electricity consumption.
The thermal energy consumption for hydrogen production can be compared using the
net specific energy (NSE) having units J/Nm?*, which can be defined

HHVfueI *Ffuef t HHered " Ffeed - AH* Fsteam

NSE =- . where
HPR

HHVwe is the higher heating value of the supplemental fuel introduced into the
combustion section (J/Nm?®),

Fue is the flow rate of the fuel (Nm°/h),

HHVeo is the higher heating value of the reformer feedstock introduced into the
reformer (J/INm?),

Freq'is the flow rate of the reformer feedstock (Nm®/h),
AH is the enthalpy difference between the export steam and water at 25°C (J/kg),

Fsteam is the mass flow of the export steam (kg/h), and

HPR is the hydrogen production rate (Nm°/h).

[0107] The heat exchanger capital cost can be measured by the sum of the heat

axchanger surface area of all heat exchangers (Total Area). The NSE, Total Area and

the electricity consumption of all four examples are summarized in Table 1. The NSE,
Total Area, and electricity consumption of the two comparative examples are set to 100

to make the comparison on the normalized basis.

[0108] Aspen Plus® by Aspen Technology, Inc. was used to simulate the processes
described in the examples. Typical conditions for commercial catalytic steam-
hydrocarbon reforming are used, such as natural gas feedstock, a steam-to-carbon ratio
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of 2.7, and a reformate temperature leaving the catalyst-containing tubes of 865°C. Each
example includes a high temperature shift reactor and does not include a prereformer.
The dew point of the reformate downstream of the high temperature shift reactor is about
175°C.

[0109] Example 1 (comparative case)

[0110] The heat exchange network for example 1 is shown in FIG. 3. Reformate 25
exits high temperature shift reactor 60 at 417°C. The heat in the reformate is then
recovered by heating various streams. First, the reformate is cooled in heat exchanger
70 to 352°C while heating hydrocarbon feedstock 75 from 147°C to 371°C. The
reformate is then further cooled in boiler feed water heat exchanger 78 to 158°C, in
which the reformate reaches its dew point (175°C) and the steam in the reformate starts
to condense. Boiler feed water 86 is heated in heat exchanger 78 from 108°C to 232°C.
The temperature difference in heat exchanger 78 between the hot and cold streams
reaches its allowable design minimum (e.g., 11°C), or pinch, at the dew point of the
reformate stream. The reformate then heats feedstock 75 in heat exchanger 77 from
37°C to 147°C, and the feedstock is then further heated in heat exchanger 70 by the

reformate to 3771°C.

[0111] This example shows that both boiler feed water and hydrocarbon feedstock

need to be heated from below the dewpoint temperature of the reformate to above the
dewpoint temperature, and this is accomplished by a serial arrangement of boiler feed
water heating in heat exchanger 78 sandwiched between hydrocarbon feedstock heating
in heat exchangers 70 and 77. it is known that, for the steam reforming process, heat
exchange between a hot stream above the dew point of the reformate and a cold stream

" below the dew point (“cross heat exchanger”) will impair thermal efficiency (or increase
NSE) and needs to be minimized. In the serial arrangement of example 1, heat

exchange bhetween boiler feed water and reformate is carried out efficiently since heat
exchanger 78 is pinched at the dew point of the reformate, indicating that "cross heat
exchange” is minimized. However, heat exchange between reformate and feedstock in
heat exchanger 70 is not efficient because the reformate, which is far above the dew
point (e.g., > 352°C), is used to heat feedstock that is far below the dew point (e.g., as
low as 147°C). This cross heat exchange results in greater NSE. And it is obvious that

cross heat exchange cannot be avoided in a serial arrangement.
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[0112] Furthermore, in the heat exchange network of FIG. 3, pressure swing

adsorption unit by-product gas 115 is heated from 32°C to 221°C by a secondary heat
source, hot boiler feed water, which is heated by primary heat sources such as reformate
and flue gas. Water condensate 97 is heated and cooled by itself in heat exchanger 53,
blended with boiler feed water, heated in heat exchanger 76, passed to deaerator 110,
heated in heat exchanger 78 by reformate, and passed to steam drum 120. The
“repetitive” heating steps for heating pressure swing adsorption unit by-product gas and
water condensate result in not only thermal efficiency loss or greater NSE, but also
higher capital cost.

[0113] The performance of this comparative heat exchange network is summarized in
Table 1 as the basis for comparing to the results for Example 2 which utilizes an

improved heat exchanger network according to the present invention.

Table 1: Comparison of different heat exchanger networks

Exafnple 1 Example 2 Example 3 Example 4
Net Specific Energy 100 99.4 100 99.4
Total Area 100 90.2 100 99.8
Electricity Consumption 100 99.6 100 95.1

[0114] Example 2

[0115] The heat exchange network for Example 2 is shown in FIG. 1. Optional heat
exchangers 57 and 59 are used in this example.

[0116] Reformate 25 exits high temperature shift reactor 60 at 417°C. The heat in the
reformate is then recovered by heating various streams. First, the reformate is cooled In
heat exchanger 70 to 368°C thereby heating hydrocarbon feedstock 75 from 208°C to
371°C. The reformate is then divided into four portions. The first divided portion of the
reformate is cooled in heat exchanger 56 to 129°C thereby heating water condensate 97

from 38°C to 247°C. The second divided portion of the reformate is cooled in heat

' exchanger 58 to 154°C thereby heating the boiler feed water 86 from 109°C to 229°C. |
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The third divided portion of the reformate is cooled in heat exchanger 57 to 58°C thereby
heating hydrocarbon feedstock 75 from 37°C to 208°C. The fourth divided portion of the
reformate is cooled to 104°C in heat exchanger 59 thereby heating pressure swing
adsorption unit by-prdduct gas 115 from 32°C to 224°C. The divided fractions for the first
portion, the second portion, the third portion, and the fourth portion are 0.27, 0.55, 0.07,
and 0.11, respectively.

[0117] The reformate enters these four heat exchangers above the dew point of the
reformate and leaves each heat exchanger below the dew point of the reformate. All four
cold streams are heated from below the dew point of the reformate to above the dew
point of the reformate. All four heat exchangers are pinched to the design minimums at
the dew point of the reformate. These results indicate that the heat exchange between
the reformate and the four cold streams are carried out with minimal cross heat
exchange or in the most efficient way that can be achieved, thus resulting in 0.6%
reduction in NSE compared to the heat exchange network in Example 1, as shown in
Table 1. Heating water condensate and pressure swing adsorption unit by-product gas
by the primary heat source (reformate) also contributes to the NSE reduction, and results
in the 9.8% reduction in Total Area or heat exchanger capital cost as compared to the
heat exchange network in Example 1. The electricity consumption is also reduced by
0.4% compared to Example 1, because the pumping associated with repetitive heating of
process condensate and pressure swing adsorption unit by-product gas is eliminated.

[0118] Example 3 — comparative case with dual stream drums

[0119] The process of this comparative example is shown in FIG. 4. With regard to
heat exchange, the main difference between this comparative example and comparative
example 1 is that water condensate 97 and make-up boiler feed water 86 are heated
separately by reformate 25. Example 3 utilizes multiple stream drums 120 and 121 to
segregate boiler feed water containing water condensate from boiler feed water made
solely from make up water. The steam made from the make up water is used to make
the export steam 150. Reformate 25 leaves high temperature shift reactor 60 at 416°C
and is then used to heat cold streams in series in the following order: hydrocarbon
feedstock 75 in heat exchanger 70, water condensate in heat exchanger 79, make-up
boiler feed water in heat exchanger 78, hydrocarbon feedstock 75 in heat exchanger 77,
and water condensate 97 in heat exchanger 76. Table 2 summarizes the temperatures of
the hot and cold streams at the cold and hot ends of each one of these heat exchangers.
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Table 2: Temperature summary for Example 3

Heat Hot End Cold End
Exchanger Stream Temp Stream Temp

reformate 416 reformate 352
o feedstock 371 feedstock 149
- reformate 352“ reforr;ate 26%
79 water condensate 242 water condensate 154
reformate 266 ;form ate 168
78 make-up BFW 215 make-up BFW 108
reformate _1_6-5; ;eform ate 165

& feedstock 149 feedstock 37
reformate o 165 reformate 159
o water condensate 183 water condensate 109

[0120] Similar to the comparative case in Example 1, all four cold streams need to be
finally heated to above the dew point of the reformate (175°C), and this is accomplished
by a serial arrangement of heat exchangers. As shown in Table 2, only make-up boiler
feed water heat exchanger 78, among all 5 heat exchangers, experiences the dew point
of the reformate, indicating efficient heat transfer between reformate and make-up boiler
feed water. Substantial cross heat exchange occurs in heat exchangers 70 and 79,
resulting in thermal efficiency loss or high NSE. Again, it is obvious that this cross heat
exchange is unavoidable for the serial arrangement of heat exchangers. It can be
mitigated by using staged heating of feedstock (exchangers 77 and 70) and water
condensate (heat exchangers 76 and 79); but staging adds to the heat exchange capital

cost or Total Area.

[0121] Similar to example 1, pressure swing adsorption unit by-product gas 115 in this
example is heated, not by a primary heat source, but by hot boiler feed water from 16°C

to 221°C. This repetitive heating costs both NSE and Total Area.
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[0122] The performance of this comparative heat exchange network is summarized in
Table 1 as the basis for comparing to the results for Example 4 which utilizes an
improved heat exchanger network according to the present invention.

[0123] Example 4

[0124] The heat exchange network of example 4 is shown in FIG. 2. it is very similar to
Example 2 since water condensate is already heated there separately from make-up
boiler feed water. Reformate 25 leaves high temperature shift reactor 60 at 417°C. The
heat in the reformate is then recovered by heating various streams. First, it is cooled in
heat exchanger 70 to 368°C thereby heating feedstock 75 from 222°C fo 371°C. The
reformate is then divided into four portions. The first divided portion of the reformate
stream Is cooled in heat exchanger 56 to 162°C thereby heating water condensate 97
from 115°C to 242°C. The second divided portion of the reformate stream is cooled in
heat exchanger 58 to 162°C thereby heating the boiler feed water from 110°C to 250°C.
The third portion of the reformate stream is cooled in heat exchanger 57 to 18°C thereby
heating feedstock 75 from §°C to 222°C. The fourth divided portion of the reformate |s
cooled to 114°C in heat exchanger 59 thereby heating pressure swing adsorption unit
by-product gas 115 from 16°C to 232°C. The divided fractions for the first portion, the
second portion, the third portion, and the fourth portion are 0.36, 0.45, 0.08, and 0.11,
respectively.

[0125] Similar to Example 2, the heat exchange between the reformate and the four
cold streams are carried out in the most efficient way that can be achieved. As shown in
Table 1, the benefits of this heat exchange network include 0.6% reduction in NSE, 0.2%
reduction in Total Area and 4.9% reduction in electricity consumption compared to the
comparative case in Example 3.
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The embodiments of the present invention for which an exclusive property or privilege is

claimed are defined as follows:

1. A process for producing a hydrogen product gas, the process comprising:

(a) withdrawing a reformate from a shift reactor, the reformate comprising H20, Hz, CO, and
COy;

(b) heating a water condensate in a first heat exchange section by indirect heat transter
with the reformate from the shift reactor or a first divided portion thereof, the water
condensate heated from a lower temperature, Twc iower, {0 an upper temperature,
Twe.upper, When being heated by the reformate or the first divided portion, and the
reformate or first divided portion cooled from an upper temperature, T1,upper, 10 a

lower temperature, T1ower, Wwhen heating the water condensate;

(¢) heating boiler feed water withdrawn from a deaerator in a second heat exchange section
by indirect heat transfer with the reformate from the shift reactor or a second divided
portion thereof, the boiler feed water heated from a lower temperature, Tsrw iover, t0
an upper temperature, Tarw upper, When being heated by the reformate or the second
divided portion, and the reformate or second divided portion cooled from an upper

temperature, Toumer, 10 @ lower temperature, T2 ower, When heating the boiler feed

water:

where

Twe ower, Tarwiower, 1 1.0wer, aNd T2i0wer, a@re less than the dewpoint temperature of the

reformate withdrawn from the shift reactor; and

Twe uoper, TaEwupper, T1,upper, @NA Taupeer, are greater than the dewpoint temperature of the

reformate withdrawn from the shift reactor;

(d) cooling a mixture comprising at least a portion of the reformate when the reformate
heats the water condensate and the boiler feed water or comprising at least a
portion of the first divided portion and at least a portion of the second divided portion
when the first divided portion heats the water condensate and the second divided
portion heats the hoiler feed water, the mixture cooled in an amount eftective to

condense at least a portion of the water in the mixture to form condensed water and

a water-depleted reformate gas;
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(e) separating the condensed water from the water-depleted reformate gas in a separator
thereby forming the water condensate from at least a portion of the condensed

water:;

() passing the water condensate from the separator to the first heat exchange section for
the step of heating the water condensate by indirect heat transfer with the reformate
or the first divided portion, and passing at least a portion of the water condensate

from the first heat exchange section to a steam drum; and

(g) separating a pressure swing adsorption unit feed comprising at least a portion of the
water-depleted reformate gas in a pressure swing adsorption unit to form the

hydrogen product gas and a pressure swing adsorption unit by-product gas.

2. The process of claim 1 wherein the water condensate is heated by the first divided

portion in the first heat exchange section and the boiler feed water is heated by the second

divided portion in the second heat exchange section.

3. The process of claim 1, the process further comprising:

passing the reformate withdrawn from the shift reactor to a feedstock-heating heat
exchanger to heat a hydrocarbon feedstock by indirect heat transfer with the

reformate in the feedstock-heating heat exchanger and withdrawing the reformate

from the feedstock-heating heat exchanger;

wherein if the reformate from the shift reactor heats the water condensate in step (b) and
the boiler feed water in step (c), the reformate from the shift reactor that heats the
water condensate in step (b) and the boiler feed water in step (¢) is the reformate

withdrawn from the feedstock-heating heat exchanger; and

wherein if the first divided portion of the reformate from the shift reactor heats the water
condensate in step (b) and the second divided portion of the reformate from the shift
reactor heats the boiler feed water in step (c), the first divided portion of the
reformate from the shift reactor is a first divided portion of the reformate withdrawn
from the feedstock-heating heat exchanger and the second divided portion of the
reformate from the shift reactor is a second divided portion of the reformate

withdrawn from the feedstock-heating heat exchanger.
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4 The process of claim 1 wherein the water condensate is heated by the first divided

portion of the reformate from the shift reactor, the process further comprising:

heating a hydrocarbon feedstock by indirect heat transfer with the first divided portion, the
hydrocarbon feedstock heated from a lower temperature, Turower, 10 @n upper

temperature, Turupper when being heated by the first divided portion; where

THr ower 1S l€Ss than the dewpoint temperature of the reformate withdrawn from the shift

reactor: and

Tur upper, 1S greater than the dewpoint temperature of the reformate withdrawn from the shift
reactor.

5. The process of claim 1 wherein the boiler feed water is heated by the second divided

portion of the reformate from the shift reactor, the process further comprising:

heating a hydrocarbon feedstock by indirect heat transfer with the second divided portion of
the reformate from the shift reactor, the hydrocarbon feedstock heated from a lower
temperature, Turower, t0 @an upper temperature, The uoper, When being heated by the
second divided portion; where

Thr ower 1S lE€SS than the dewpoint temperature of the reformate withdrawn from the shift

reactor: and

Tue uoper 1S greater than the dewpoint temperature of the reformate withdrawn from the shift
reactor.

6. The process of claim 1, the process further comprising:

(h) heating a hydrocarbon feedstock by indirect heat transfer with the reformate from the
shift reactor or a divided portion of the reformate, the hydrocarbon feedstock heated
from a lower temperature, Threower, 10 an Uupper temperature, Thruser, When being
heated by the reformate or the divided portion, and the reformate or divided portion
cooled from an upper temperature, Tsuper, 10 a lower temperature, 73 wower, When

heating the hydrocarbon feedstock; where

THrower @Nd T3 0wer are less than the dewpoint temperature of the reformate withdrawn from
the shift reactor: and
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T Heupper @aNd T 3upper are greater than the dewpoint temperature of the reformate withdrawn

from the shift reactor:

wherein the mixture comprises at least a portion of the reformate when the reformate also
heats the hydrocarbon feedstock or wherein the mixture further comprises at least a
portion of the divided portion of the reformate that heats the hydrocarbon feedstock

when the divided portion heats the hydrocarbon feedstock.

7. The process of claim 6 wherein the hydrocarbon feedstock is heated by the divided

portion in a third heat exchange section.

3. The process of claim 6, the process further comprising:

passing the reformate withdrawn from the shift reactor to a feedstock-heating heat
exchanger to heat the hydrocarbon feedstock by indirect heat transfer with the
reformate in the feedstock-heating heat exchanger and withdrawing the reformate

from the feedstock-heating heat exchanger;

wherein if the reformate from the shift reactor heats the water condensate in step (b), the
boiler feed water in step (c), and the hydrocarbon feedstock in step (h), the
reformate from the shift reactor that heats the water condensate in step (b), the
boiler feed water in step (¢), and the hydrocarbon feedstock in step (h) 1s the

reformate withdrawn from the feedstock-heating heat exchanger;

wherein If the first divided portion of the reformate from the shift reactor heats the water
condensate in step (b}, and the second divided portion of the reformate from the

shift reactor heats the boiler feed water in step (c), and the divided portion of the
reformate from the shift reactor heats the hydrocarbon feedstock in step (h), the first
divided portion of the reformate from the shift reactor is a first divided portion of the
reformate withdrawn from the feedstock-heating heat exchanger, and the second
divided portion is a second divided portion of the reformate withdrawn from the

feedstock-heating heat exchanger, and the divided portion is a divided portion of the

reformate withdrawn from the feedstock-heating heat exchanger; and

wherein the hydrocarbon feedstock is heated in step (h) prior to being heated in the

feedstock-heating heat exchanger.
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9. The process of claim 1, the process further comprising:

heating the pressure swing adsorption unit by-product gas by indirect heat transfer with a
divided portion of the reformate from the shift reactor for heating the pressure swing
adsorption unit by-product gas, the pressure swing adsorption unit by-product gas
heated from a lower temperature, Tpsaiower, 10 an upper temperature, Tpga upper When
being heated by the divided portion for heating the pressure swing adsorption unit
by-product gas, and the divided portion for heating the pressure swing adsorption
unit by-product gas cooled from an upper temperature, T4 upper, t0 @ lOwWer

temperature, T 0wer, when heating the pressure swing adsorption unit by-product

gas; where

Tesatower aNd Taower are less than the dewpoint temperature of the reformate withdrawn

from the shift reactor; and

Tesaupper aNd T4 upper are greater than the dewpoint temperature of the reformate withdrawn
from the shift reactor;

wherein the mixture further comprises at least a portion of the divided portion of the

reformate that heats the pressure swing adsorption unit by-product gas.

10. The process of claim 9 wherein the pressure swing adsorption unit by-product gas is
heated by the divided portion that heats the pressure swing adsorption unit by-product gas in a
fourth heat exchange section.

11. The process of claim 9, the process further comprising:

passing the reformate withdrawn from the shift reactor to a feedstock-heating heat
exchanger to heat the hydrocarbon feedstock by indirect heat transfer with the
reformate in the feedstock-heating heat exchanger and withdrawing the reformate
from the feedstock-heating heat exchanger; and

wherein the divided portion of the reformate that heats the pressure swing adsorption unit
by-product gas is a divided portion of the reformate withdrawn from the feedstock-

heating heat exchanger that heats the pressure swing adsorption unit by-product

gas.
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12. The process of claim 1 wherein step (f) comprises passing the water condensate from

the separator to the deaerator, from the deaerator to the first heat exchange section, and from

the first heat exchange section to the steam drum, the process further comprising:

passing the boiler feed water after being heated in step (¢) to a second steam drum.

13. The process of claim 1 wherein step (f) comprises passing the water condensate from
the first heat exchange section to a steam stripper, and from the steam stripper to the steam

drum, the process further comprising:

passing the boiler feed water after being heated in step (¢) to the steam drum.

14. The process of claim 1 wherein:

the reformate from the shift reactor is divided into the first divided portion and the second
divided portion and, optionally, one or more additional divided portions from the shift
reactor, the first divided portion having a flow rate, the second divided portion having
a flow rate, and, if present, the one or more additional divided portions each having
a respective flow rate;

the water condensate is heated by the first divided portion in step (b) and the boiler feed
water is heated by the second divided portion in step (c); and wherein

the flow rate of the first divided portion from the shift reactor and the flow rate of the second
divided portion, and optionally, the flow rates of the one or more additional divided
portions from the shift reactor are controlled such that Twe upper aNd Terw,upper are
greater than the dewpoint temperature of the reformate withdrawn from the shift
reactor and T1wer and T2 ower are less than the dewpoint temperature of the

reformate withdrawn from the shift reactor.

135. The process of claim 14 wherein the one or more additional divided portions from the
shift reactor include a divided portion for heating a hydrocarbon feedstock, the process further

comprising:
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heating the hydrocarbon feedstock by indirect heat transfer with the divided portion for

heating a hydrocarbon feedstock, the hydrocarbon feedstock heated from a lower
temperature, Thrower, 10 @an upper temperature, Thruser, When being heated by the
divided portion for heating a hydrocarbon feedstock, and the divided portion for
heating a hydrocarbon feedstock cooled from an upper temperature, 73 upper, 10 @
lower temperature, [zower, When heating the hydrocarbon feedstock, where Tre ower
and T3 wer are less than the dewpoint temperature of the reformate withdrawn from
the shift reactor and 7qrupper and T3 upper @re greater than the dewpoint temperature

of the reformate withdrawn from the shift reactor,

wherein the flow rate of the divided portion for heating the hydrocarbon feedstock Is
controlled such that Txrupper 1S greater than the dewpoint temperature of the
reformate withdrawn from the shift reactor and 75 wer 1S l€ss than the dewpoint

temperature of the reformate withdrawn from the shift reactor.

16. The process of claim 14 wherein the one or more additional divided portions from the
shift reactor include a divided portion for heating the pressure swing adsorption unit by-product

gas, the process further comprising:

heating the pressure swing adsorption unit by-product gas by indirect heat transfer with the
divided portion for heating the pressure swing adsorption unit by-product gas, the
pressure swing adsorption unit by-product gas heated from a lower temperature,
Tesa.iower, t0 an upper temperature, Tesa upper, When being heated by the divided
portion for heating the pressure swing adsorption unit by-product gas, and the
divided portion for heating the pressure swing adsorption unit by-product gas cooled
from an upper temperature, Tsupper, to a lower temperature, T4ower, when heating the
pressure swing adsorption unit by-product gas, where Tpsa jower aNd T4 ower are less
than the dewpoint temperature of the reformate withdrawn from the shift reactor anad
Trsa upper aNd T4 upper are greater than the dewpoint temperature of the reformate

withdrawn from the shift reactor,

wherein the flow rate of the divided portion for heating the pressure swing adsorption unit
by-product gas is controlled such that 7rsa upper IS greater than the dewpoint
temperature of the reformate withdrawn from the shift reactor and T4 ower is less than

the dewpoint temperature of the reformate withdrawn from the shift reactor.
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17. A process for producing a hydrogen product gas, the process comprising:
withdrawing a reformate from a shift reactor;

heating a water condensate by indirect heat transfer with a first divided portion of the
reformate from the shift reactor, the water condensate heated from a lower
temperature, Tweower, 10 an upper temperature, T'weupper When being heated by the
first divided portion, and the first divided portion coocled from an upper temperature,

T1uvoper, tO @ lower temperature, T1ower, When heating the water condensate;

heating boiler feed water by indirect heat transfer with a second divided portion of the
reformate from the shift reactor, the boiler feed water heated from a lower
temperature, Tarwiower, t0 @an upper temperature, Tarw uoper When being heated by the
second divided portion, and the second divided portion cooled from an upper
temperature, Taupper, 10 a lower temperature, T, wer, when heating the boller feed

water:

heating a hydrocarbon feedstock by indirect heat transfer with a third divided portion of the
reformate from the shift reactor, the hydrocarbon feedstock heated from a lower
temperature, Turower, t0 @an upper temperature, Turupeer When being heated by the
third divided portion, and the third divided portion cooled from an upper temperature,

T3upper, t0 a lower temperature, Tiower, When heating the hydrocarbon feedstock;
where

Tweiower, 1Brwiower, THEower, T110wer, T2iower, @NA T3 ower, @re less than the dewpoint

temperature of the reformate withdrawn from the shift reactor; and

TWC'upper, TBFWIupper, THF'Uppef, T‘['upper, Tz,uppe;’, and T3,upper are greater thaﬂ the deWpOInt

temperature of the reformate withdrawn from the shift reactor;

cooling a mixture comprising at least a portion of the first divided portion, at least a pbrtion
of the second divided portion, and at least a portion of the third divided portion, the
mixture containing water, the mixture cooled in an amount effective to condense at

least a portion of the water in the mixture to form condensed water and a water-

depleted reformate gas;
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separating the condensed water from the water-depleted reformate gas in a separator
thereby forming the water condensate from at least a portion of the condensed

water:

passing the water condensate from the separator to a first heat exchange section for the
step of heating the water condensate by indirect heat transfer with the first divided
portion, and passing at least a portion of the water condensate from the first heat
exchange section to a steam drum, where the water condensate is passed from the

separator to the first heat exchange section prior to being passed from the first heat

exchange section to the steam drum; and

separating a pressure swing adsorption unit feed comprising at least a portion of the water-
depleted reformate gas in a pressure swing adsorption unit to form the hydrogen
product gas and a pressure swing adsorption unit by-product gas.

18. The process of claim 17 further comprising:

passing the reformate withdrawn from the shift reactor to a feedstock-heating heat
exchanger to heat the hydrocarbon feedstock by indirect heat transfer with the
reformate in the feedstock-heating heat exchanger and withdrawing the reformate

from the feedstock-heating heat exchanger; and

dividing the reformate from the feedstock-heating heat exchanger to form the first divided
portion of the reformate from the shift reactor, the second divided portion of the
reformate from the shift reactor, and the third divided portion of the reformate from

the shift reactor.

10. A process for producing a hydrogen product gas, the process comprising:
withdrawing a reformate from a shift reactor;

heating a water condensate by indirect heat transfer with a first divided portion of the
reformate from the shift reactor, the water condensate heated from a lower
temperature, Twc ower, 10 an upper temperature, T'we upper When being heated by the
the first divided portion, and the first divided portion cooled from an upper

temperature, T1upper, t0 @ lower temperature, T1ower, When heating the water

condensate:;

- 43 -

CA 2929531 2017-08-11



heating boiler feed water by indirect heat transfer with a second divided portion of the
reformate from the shift reactor, the boiler feed water heated from a lower
temperature, Tgrwower, t0 @an upper temperature, Tarw upper When being heated by the
second divided portion, and the second divided portion cooled from an upper
temperature, 72 u00er, 10 a lower temperature, Tz wer, Wwhen heating the boiler feed

water;

heating a hydrocarbon feedstock by indirect heat transfer with a third divided portion of the
reformate from the shift reactor, the hydrocarbon feedstock heated from a lower
temperature, Tueower, t0 an upper temperature, Thrupper When being heated by the
third divided portion, and the third divided portion cooled from an upper temperature,

T3.upper, 10 @ lower temperature, T3 ower, when heating the hydrocarbon feedstock;

heating a pressure swing adsorption unit by-product gas by indirect heat transter with a
fourth divided portion of the reformate from the shift reactor, the pressure swing
adsorption unit by-product gas heated from a lower temperature, [psa pwer, 10 an
upper temperature, Tpsaupper when being heated by the fourth divided portion of the
reformate, and the fourth divided portion cooled from an upper temperature, T4upger,
to a lower temperature, T40wer, When heating the pressure swing adsorption unit by-

oroduct gas;
where

Twc jower, Teew tower, THE lower, TPSA fower, 11 tower, T2 1ower, T 3 jower, and T4,Iower are less than the

dewpoint temperature of the reformate withdrawn from the shift reactor; and

Twe.uopen, TBrw uppen THF.upper, TPSAupper, T 1.upper, T2.upper, T3.upper, and T4,upper are greater than the

dewpoint temperature of the reformate withdrawn from the shift reactor,;

cooling a mixture comprising at least a portion of the first divided portion, at least a portion
of the second divided portion, at least a portion of the third divided portion, and at
least a portion of the fourth divided portion, the mixture containing water, the mixture
cooled in an amount effective to condense at least a portion of the water in the

mixture to form condensed water and a water-depleted reformate gas;

separating the condensed water from the water-depleted reformate gas in a separator

thereby forming the water condensate from at least a portion of the condensed

water:
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passing the water condensate from the separator to a first heat exchange section for the
step of heating the water condensate by indirect heat transfer with the first divided
portion, and passing at least a portion of the water condensate from the first heat
exchange section to a steam drum, where the water condensate is passed from the
separator to the first heat exchange section prior to being passed from the first heat
exchange section to the steam drum; and

separating a pressure swing adsorption unit feed comprising at least a portion of the water-
depleted reformate gas in a pressure swing adsorption unit to form the hydrogen

product gas and the pressure swing adsorption unit by-product gas.

20. The process of claim 19 further comprising:

passing the reformate withdrawn from the shift reactor to a feedstock-heating heat
exchanger to heat the hydrocarbon feedstock by indirect heat transfer with the
reformate in the feedstock-heating heat exchanger and withdrawing the reformate

from the feedstock-heating heat exchanger; and

dividing the reformate from the feedstock-heating heat exchanger to form the first divided
portion of the reformate from the shift reactor, the second divided portion of the

reformate from the shift reactor, the third divided portion of the reformate from the

shift reactor, and the fourth divided portion of the reformate from the shift reactor.

21. The process of claim 1 wherein

the reformate from the shift reactor is conveyed through a common heat exchanger

comprising the first heat exchange section and the second heat exchange section; and

wherein the water condensate is conveyed to the first heat exchange section and the bolier
feed water is conveyed to the second heat exchange section, thereby being heated in

parallel indirect heat exchange with the reformate in the common heat exchanger.
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