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I. CLAIM

1. The Plaintiff claims:

a. A judgment declaring, in rem, that the claims of Canadian Patent No.
3,185,448 (the “‘448 Patent”) are, and always have been, invalid and
void pursuant to Section 60(1) of the Patent Act, RSC 1985, ¢ P-4 (the
“Patent Act”), and directing the Commissioner of Patents to declare the
‘448 Patent void and of no effect pursuant to Section 62 of the Patent

Act;

b. the Plaintiff’s costs of this action together with the Plaintiff’s

disbursements including experts’ fees and applicable taxes; and

c. such further and other relief as this Honourable Court may deem just.

2. This action is not being proceeded with as a simplified action.

I1. THE PARTIES

3. The Plaintiff, Dow Chemical Canada ULC (“Dow”) is a corporation organized
and existing under the laws of Nova Scotia, Canada, with a principal place of business
at 215 2 St SW, Calgary, AB, T2P 0B4. Dow is a world leader in the material sciences,

including the manufacturing and distribution of olefins, including ethylene.

4. ExxonMobil Chemical Patents Inc. (“EMCP”) is a corporation organized and
existing under the laws of Delaware, USA, with a principal place of business at 5200

Bayway Drive, Baytown, TX, 77520-2101, USA. Based on the Patent Office records,



EMCEP is the listed owner of the ‘448 Patent. EMCP either directly, and/or via its
parents, affiliates, subsidiaries, and/or licensees, also manufactures and distributes

olefins, including ethylene.

5. Dow and EMCP are direct and/or indirect competitors in the material sciences

industry.

III. THE ‘448 PATENT

6. The ‘448 Patent entitled “Integration of Hydrogen-Rich Fuel-Gas Production
with Olefins Production Plant” issued to EMCP on January 27, 2026, from a PCT
application filed on August 22, 2022, claiming a priority date of September 24, 2021,
on the basis of U.S. application no. 17/484,042. The application for the ‘448 Patent
became open to public inspection on March 24, 2023. A copy of the ‘448 Patent as

issued is attached hereto as Schedule A.

IV.  DOW IS AN INTERESTED PERSON UNDER S. 60(1) OF THE PATENT

ACT

7. While the ‘448 Patent is invalid for the reasons discussed below, the fact that
the ‘448 Patent was granted by the Canadian Patent Office creates uncertainty in the
market as to Dow’s freedom to manufacture olefins in a manner which might be alleged

by EMCP to fall within the scope of the claims of the ‘448 Patent.

8. In particular, Dow and EMCP (either directly and/or via its parents, affiliates,
subsidiaries, and/or licensees) are both presently and actively engaged in, and have

commercial interests in, olefin manufacturing methods which reduce carbon dioxide



(CO») emissions compared to traditional olefin production processes. As such, Dow
and EMCP are direct and/or indirect competitors in the field of ethylene production

with low or net-zero carbon emissions.

9. As described further below, the ‘448 Patent purports to describe and claim a
process for producing hydrogen (H») rich fuel gas for use as fuel in the steam cracker
of an olefins production plant with a view to reducing the associated CO; emissions.
Considering that the ‘448 Patent purports to grant EMCP the exclusive rights to
perform the process claimed therein, Dow is adversely impacted by the apparent
limitations imposed on its business by the subsistence of the ‘448 Patent. Therefore,
Dow has an immediate interest in resolving any uncertainty as to its ability to perform

such processes by having this Court impeach the ‘448 Patent.

10. Accordingly, Dow is an interested person pursuant to section 60(1) of the Patent

Act.

V. THE ‘448 PATENT IS INVALID

11.  The ‘448 Patent purports to describe and claim, inter alia, a process for
producing H»-rich fuel gas using a syngas producing unit, and integrating the
production of the H»-rich fuel gas in the syngas producing unit with an olefins
production plant, to reduce carbon dioxide (CO2) emissions in the production of

olefins, including ethylene.

12.  The claimed process uses a portion of the Ho-rich stream from the syngas

producing unit as fuel gas for the steam cracker of the olefins production plant.



13.

In particular, the singular independent claim of the ‘448 Patent (claim 1) claims:

A process comprising,

(M

(ID

(111

(Iv)

V)

supplying a hydrocarbon feed and a steam feed into a syngas producing
unit comprising a reforming reactor under syngas producing conditions
to produce a reformed stream exiting the reforming reactor, wherein the
syngas producing conditions include the presence of a reforming

catalyst, and the reformed stream comprises Hz, CO, and steam;

cooling the reformed stream by using a waste heat recovery unit
(“WHRU?) to produce a cooled reformed stream and to generate a high-

pressure steam (“HPS”) stream,;

contacting the cooled reformed stream with a first shifting catalyst in a
first shift reactor under a first set of shifting conditions to produce a first
shifted stream exiting the first shift reactor, wherein the first shifted
stream has a lower CO concentration and a higher CO; concentration

than the cooled reformed stream;

cooling the first shifted stream to obtain a cooled first shifted stream;

contacting the cooled first shifted stream with a second shifting catalyst
in a second shift reactor under a second set of shifting conditions to
produce a second shifted stream exiting the second shift reactor,
wherein the second shifted stream has a lower CO concentration and a

higher CO: concentration than the cooled first shifted stream,;



(VI) reducing steam present in the second shifted stream to produce a crude

gas mixture stream comprising CO> and Ho;

(VII) recovering at least a portion of the CO, present in the crude gas mixture
stream to produce a CO» stream and a H»-rich stream, wherein the H»-
rich stream comprises H» at a concentration of at least 80 mol %, based

on the total moles of molecules in the Hj-rich stream; and

(VIII) supplying a portion of the H»-rich stream to an olefins producing plant
comprising a steam cracker as at least a portion of a steam cracker fuel
gas, and combusting the steam cracker fuel gas to provide thermal

energy to the steam cracker.

14. Further aspects of the purported invention of the ‘448 Patent are set out in
dependent claims 2 to 33 of the ‘448 Patent, which include aspects that (i) utilize or
form process streams or steam streams having specific compositions, temperatures
and/or pressures, (ii) use process streams other than the H»-rich stream formed from
either the syngas production process or the olefins production process as a feedstock,
fuel, or in carrying out associated processes, such as producing shaft power or thermal
energy, (iil) recycle process heat in the form of steam within or between the two
processes, (iv) require the use of specific options for carrying out process steps, such
as the use of a steam methane reformer for reforming the hydrocarbon feed, and (v)
require that a stated portion of the total amount of fuel gas combusted by the olefins

production plant be from hydrogen generated using the claimed process.



15. For the reasons described below, each of claims 1 to 33 of the ‘448 Patent is

invalid.

A. The ‘448 Patent is invalid for lack of novelty

16. The subject-matter defined by each of claims 1 to 33 of the ‘448 Patent is not
new, but rather was disclosed and enabled before the claim date by the patents and
publications listed in Schedule B in such a manner that the subject-matter became

available to the public in Canada or elsewhere.

17.  Accordingly, the ‘448 Patent is invalid for lack of novelty contrary to Section

28.2(1) of the Patent Act.

B. The ‘448 Patent is invalid for obviousness

18.  The subject-matter defined by each of claims 1 to 33 of the ‘448 Patent was
obvious as of the claim date to a skilled person in the art or science to which it pertains,
having regard to the common general knowledge in the art or science as well as the
patents and publications listed in Schedule B and Schedule C, which were each

available to the public in Canada or elsewhere before the relevant date.

19.  In particular, the subject-matter defined by each of claims 1 to 33 of the ‘448
Patent constitutes a mere non-inventive and obvious combination of existing
technology pertaining to the production of H»-rich fuel and olefins, all of which was
known as part of the state of the art and the common general knowledge at the relevant

date.



20. Through the common general knowledge and the state of the prior art, as of the

earliest relevant date, the skilled person knew, at least, the following:

e A process for producing hydrogen can be linked to a process for producing
olefins;

e Steam management is an important consideration in plant design for both
hydrogen and olefins production;

e Many of the processes or plant components in hydrogen and olefins production
can make use of steam, including:

o the various compressors used in the separations train of an olefins
production plant,

o the reforming reactor in a hydrogen production plant,

o associated steam turbines, and

o distillation, stripping, or regeneration columns;

e Hydrogen production via reforming produces a large amount of steam, which
could result in the need for steam removal;

e Olefins production plants may be required to import steam to use in plant
processes to supplement internally produced steam;

e Linking processes that use similar or complementary resources, such as
hydrogen and olefins production, provides an avenue to increasing efficiencies
and/or reducing capital expenditures;

e Using hydrogen to replace hydrocarbons as fuel for a plant process would lead

to reductions in CO> emissions;



e A process for producing hydrogen that employs carbon capture will include a
step of reducing water in product gas stream prior to removing CO»; and
e Waste heat recovery units are commonly used in steam management for cooling
process gas streams.
21. Accordingly, the ‘448 Patent is invalid for obviousness contrary to Section 28.3

of the Act.

C. The ‘448 Patent is invalid for lack of utility

22.  Each of claims 1 to 33 of the ‘448 Patent are invalid for lack of utility contrary
to Section 2 of the Patent Act. The purported invention described and claimed in the
‘448 Patent is purely conceptual and/or theoretical in nature. As of the filing date or
any other relevant date, the inventors had not demonstrated, and it could not have been
soundly predicted, that all embodiments of the alleged invention as claimed would be
capable of any practical purpose (or actual result) relating to the subject matter of the
purported invention, including by (i) providing any advantage related to fuel gas or
steam supply and consumption, (ii) enhancing energy efficiency, (iii) providing any
savings in capital or operational costs, (iv) reducing CO; emissions, or (v) any other
alleged practical purpose or actual result related to the subject matter of the purported

invention as claimed in the ‘448 Patent.

D. Claims 1-24 and 26-33 of the ‘448 Patent are invalid for insufficiency of the

disclosure

23. Contrary to section 27(3) of the Patent Act, each of claims 1-24 and 26-33 of
the ‘448 Patent are invalid on the basis that the ‘448 Patent does not correctly and fully

10



describe the purported invention and its operation or use as claimed by the inventors,
nor does it disclose the purported invention in such clear, concise and exact terms as to

enable any person skilled in the art to make, use, or construct the invention.

24, In particular, the ‘448 Patent fails to disclose the purported invention
sufficiently to enable a person of ordinary skill in the art to make, use, or construct the
purported invention in a manner that uses an autothermal reformer (“ATR”) as the

reforming reactor in the syngas producing unit.

E. Claims 1-24 and 26-33 of the ‘448 Patent are invalid for claim overbreadth

25. Each of claims 1-24 and 26-33 of the ‘448 Patent are invalid on the basis that
the claims are broader than the purported invention (i) disclosed in the specification,

and (i1) made by the inventors.

26.  In particular, a syngas producing unit comprising a steam methane reformer
(“SMR”) is an essential feature that goes to the core of the purported invention of the

‘448 Patent.

27. Accordingly, to the extent that the claims 1-24 and 26-33 as properly construed
are not limited to the claimed process wherein the syngas producing unit comprises an
SMR, the claims are broader than the invention allegedly disclosed in the specification

and broader than the invention purportedly made by the inventors.

28.  The Plaintiff proposes that this action be tried at Montreal, Quebec.

11



DATED AT Ottawa, Ontario this 17th day of February, 2026.

TO:

AND TO:

Mty

SMART &\BIGGAR LLP
55 Metcalfe Street, Suite 1000
P.O. Box 2999 Station D
Ottawa, Ontario K1P 5Y6

Francois Guay
Jeremy E. Want
Daniel S. Davies
Matthew Norton

Tel: 613-232-2486
Fax: 613-232-8440

Solicitors for the Plaintiff

Chief Administrator
Federal Court

EXXONMOBIL CHEMICAL PATENTS INC.
5200 Bayway Drive,

Baytown, TX, 77520-2101

USA
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ABSTRACT

An Horich fuel gas production plant comprising a syngas production unit can be
advantageously integrated with an olefins production plant comprising a steam cracker in at
least one of the following: (i) fuel gas supply and consumption; (ii) feed supply and
consumption; and (iii) steam supply and consumption, to achieve considerable savings in
capital and operational costs, enhanced energy efficiency, and reduced CO: emissions,

compared to operating the plants separately.
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INTEGRATION OF HYDROGEN-RICH FUEL-GAS
PRODUCTION WITH OLEFINS PRODUCTION PLANT

FIELD

[0001] This disclosure relates to processes and systems for producing Ho-rich fuel gas from
hydrocarbons such as natural gas, as well as processes and systems for producing olefins,
BACKGROUND

[0002] There exist many industrial processes that require the generation of very high
temperatures. Many of these processes achieve the required high temperatures by the combustion of
hydrocarbon fuel-gas. A foel-gas commonly used is natural gas, which comprises primarily methane.
In the combustion of methane, approximately 5.8 tons of CO; are generated for each 100 MBtu of
heat released (lower heating value (“LHV”) basis).

[0003] One such large scale manufacturing process is the production of light olefins (e.g.
ethylene, propylene, etc.). The predominant method of manufacturing light olefins is via steam-
cracking, where a hydrocarbon feed is heated to very high temperatures in the presence of steam.
The high temperatures (> 2100 °F) required to provide rapid heat input to steam-cracking furaces
(also known as pyrolysis reactors) are achieved by the combustion of fuel-gas. In many olefins
production facilities the fuel-gas is intemally generated as a byproduct of the cracking process, which
can comprise primarily methane (e.g., 70-90 mol%) with a moderate hydrogen content (e.g., 10-30
mol%). A modermn, world-scale olefins plant may have up to 10 steam-cracking fumaces, each of
which may consume up to 150 MW or 512 MBtwhour of fuel (LHV basis), and each of which has
an individual flue-gas exhanst stack. Thus a modem olefins production facility can generate
considerable quantity of CO: emissions over an extended operation period.

[0004] Various techniques have been proposed to reduce the net CO. emissions from steam
cracking furnaces and olefins plants. Capturing CO, from the individual flue-gas stacks using an
amine absorption and regeneration process has been proposed. This process has been demonstrated
on the flue-gas stacks of electricity generation facilities. Once captured from the flue-gas stack, the
CO» can be compressed, liquefied and can be sequestered in appropriate geological formations (i.e.,
Carbon Capture and Sequestration, “CCS”). Application of this technology to an olefins plant is
extremely expensive given the potential to have 10 (or more) flue-gas stacks from which CO; must
be captured, the low CO2 concentration in the flue-gas, and the lack of available plot-space close to

1
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the steam-cracking fumaces in existing facilities. In particular, the large, intemally insulated flue-gas
ducting, with associated fans and isolation facilities required to transfer the farge flue-gas volumes
from the fumaces to the location of the amine absorption unit greatly increases the cost of the
facilities.

[0005]  An alternative approach has been proposed wherein a high-hydrogen fuel-gas stream is
generated for combustion in the steam-cracking furnaces, thus facilitating the generation of the high
temperatures required by the process but with appreciably reduced CO» emissions from the furnaces.
[0006] Hydrogen generation from natural-gas is practiced on an industrial scale via the process
of steam reforming. A steam-methane reformer passes heated natural-gas (or another suitable
hydrocarbon), in the presence of large volumes of steam, through tubes containing a suitable catalyst,
to produce a synthesis gas containing hydrogen, carbon-monozide, carbon-dioxide and unconverted
methane. The process is typically practiced at pressures in the range of 300 — 400 psig. The process
requires high temperatures, so it is normal for various waste-heat recovery heat exchangers to be
employed in the reformer effluent stream. The waste heat recovery exchangers typically generate
high-pressure steam (~ 600 — 650 psig) which is then superheated in the convection section of the
reformer. Also in the reformer effluent stream, located at appropriate temperature conditions, it is
normal to employ one or more “shift reactors” where, over a suitable catalyst, CO reacts with steam
to produce additional hydrogen and CO:. Following the shift reactor(s), the reformer effluent is
further cooled to condense the contained steam, leaving a stream predominantly containing hydrogen
and COs, but also containing unconverted methane and CO. In most industrial facilities a
pressure-swing-absorption (“PSA”) unit is then employed to recover high purity hydrogen (99+ %)
from the effluent stream. A so-called “PSA reject” stream is also generated, composed of CO», CO,
unconverted methane and some hydrogen. Historically it has been nommal to use the PSA reject
stream as a portion of the fuel-requirement of the reformer.

[0007]  While the steam-methane-reforming process for hydrogen production is well established,
there remain several drawbacks to its use for large scale production of hydrogen rich fuel-gas for
industniat applications. First, from the description above, itis clear that the process has a high capital
cost, employing large reforming furmaces and multiple subsequent processing steps. Second, the
combustion of fuel-gas to provide the igh temperatures required in the reformer itself can be source
of considerable amount of CO» emissions. Third, the PSA reject stream must be sent to a suitable

Date regue/Date received 2023-05-04
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disposition. Historically the PSA reject stream formed part of the fuel-gas supply to the reformer,
but this further adds to the CO: emissions from the reformer itself.
[0008] The CO: emissions from the SMR can be reduced by installing an amine recovery system
on the flue-gas discharged from the reformer stack. This approach further adds to the capital cost and
operating expense of the system, particularly as the reformer stack gas is at low (ambient) pressure.
The low operating pressure translates to large gas volumes and hence the amine contactor required
to absorb the CO, becomes extremely large.
[0009] There is a need, therefore, for improved processes and systems for producing Hp-rich fuel
gas and processes and systems for producing clefins. This disclosure satisfies this and other needs.
SUMMARY
[0010] We have found that an Ho-rich fuel gas production plant including a syngas production
unit and an olefins production plant including a steam cracker can be integrated mm at least one of the
following areas: fuel gas supply and consumption; hydrocarbon feed supply and consumption; and
steam supply and consumption, to achieve a surprisingly high level of savings in capital and
operational costs and considerable improvement in energy efficiency and appreciable reduction in
CO; emissions, compared to operating the two plants separately.
[0011] Thus, a first aspect of this disclosure relates to a process comprising one or more of the
following: (I) supplying a hydrocarbon feed and a steam feed into a syngas producing unit
comprising a reforming reactor under syngas producing conditions to produce a reformed stream
exiting the reforming reactor, wherein the syngas producing conditions include the presence of a
reforming catalyst, and the reformed stream comprises Ha, CQ, and steam,; (IT) cooling the reformed
stream by using a waste heat recovery unit (“WHRU”) to produce a cooled reformed stream and to
generate a high-pressure steam (“HPS”) stream; (I11I) contacting the cooled reformed stream with a
first shifting catalyst in a first shift reactor under a first set of shifting conditions to produce a first
shifted stream exiting the first shift reactor, wherein the first shifted stream has a lower CO
concentration and a higher CO» concentration than the cooled reformed stream; (IV) cooling the first
shifted stream to obtain a cooled first shifted stream; (V) contacting the cooled first shifted stream
with a second shifting catalyst in a second shift reactor under a second set of shifting conditions to
produce a second shifted stream exiting the second shift reactor, wherein the second shifted stream
has a lower CO concentration and a higher COz concentration than the cooled first shifted stream;
(VD) abating steam present in the second shifted stream to produce a crude gas mixture stream
3
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comprising CO: and Ha; (VII) recovering at least a portion of the CO, present in the crude gas
mixture stream to produce a COz stream and a H-rich stream, wherein the Hz-rich stream comprises
H: at a concentration of at least 80 mol%, based on the total moles of molecules in the Hz-rich stream;
and (VIII) supplying a portion of the Harich stream to an olefins production plant comprising a
steam cracker as at least a portion of a steam cracker fuel gas, and combusting the steam cracker fuel
gas to provide thermal energy to the steam cracker.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 schematically illustrates a steam supply/consumption system of a conventional

olefins production plant including one or more steam cracker furnaces.

[0013] FIG. 2 schematically illustrates a comparative H2 production process/plant including an
SMR.

[0014] FIG. 3 schematically illustrates a comparative process including the comparative H»
production plant of FIG. 2 supplying H> fuel gas to an olefins production plant.

[0015] FIG. 4 schematically illustrates an exemplary Ho-rich fuel gas production process/plant of
this disclosure.

[0016] FIG. S schematically illustrates an inventive process/system of this disclosure integrating
a Harich fuel gas production process/plant with an olefins production plant.

[0017] FIG. 6 schematically illustrates a steam supply/consumption configuration of a
comparative olefins production plant including multiple steam crackers.

[0018] FIG. 7 schematically illustrates an inventive steam supply/consumption configuration of
an olefins production plant modified from the plant of FIG. 6 and steam-integrated with an SMR.
DETAILED DESCRIPTION

[0019]  Various specific embodiments, versions and examples of the invention will now be
described, inchuding preferred embodiments and definitions that are adopted herein for purposes of
understanding the claimed invention. While the following detailed description gives specific
preferred embodiments, those skilled in the art will appreciate that these embodiments are exemplary
only, and that the invention may be practiced in other ways. For purposes of determining
infringement, the scope of the invention will refer to any one or more of the appended claims,
including their equivalents, and elements or limitations that are equivalent to those that are recited.
Any reference to the “invention” may refer to one or more, but not necessarity all, of the mventions
defined by the claims.
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[0020]  In this disclosure, a process is described as comprising at least one “step.” It should be
understood that each step is an action or operation that may be carried out once or multiple times in
the process, in a continuous or discontinuous fashion. Unless specified to the contrary or the context
clearly indicates otherwise, multiple steps in a process may be conducted sequentially in the order as
they are listed, with or without overlapping with one or more other steps, o in any other order, as
the case may be. In addition, one or more or even all steps may be conducted simultaneously with
regard to the same or different batch of material. For example, in a continuous process, while a first
step in a process is being conducted with respect to a raw material just fed into the beginning of the
process, a second step may be carried out simultaneously with respect to an intermediate material
resulting from treating the raw materials fed into the process at an earlier time in the first step.
Preferably, the steps are conducted in the order described.
[0021]  Unless otherwise indicated, all numbers indicating quantities in this disclosure are to be
understood as being modified by the term “about” in all instances. It should also be understood that
the precise numerical values used in the specification and claims constitute specific embodiments.
Efforts have been made to ensure the accuracy of the data in the examples. However, it should be
understood that any measured data inherently contains a certain level of error due to the limitation
of the technique and/or equipment used for acquiring the measurement.
[0022]  Certain embodiments and features are described herein using a set of numerical upper
limits and a set of numerical lower limits. It should be appreciated that ranges including the
combination of any two values, e.g., the combination of any lower value with any upper value, the
combination of any two lower values, and/or the combination of any two upper values are
contemplated unless otherwise indicated.
[0023] The indefiite article “a” or “an”, as used herein, means “at least one” unless specified to
the contrary or the context clearly indicates otherwise. Thus, embodiments using “a reactor” or “a
conversion zone” include embodiments where one, two or more reactors or conversion zZones are
used, unless specified to the contrary or the context clearly indicates that only one reactor or
conversion zone is used.
[0024] The term “hydrocarbon”™ means (i) any compound consisting of hydrogen and carbon
atoms or (i1) any mixture of two of more such compounds in (i). The term “Cn hydrocarbon,” where
n is a positive integer, means (1) any hydrocarbon compound comprising carbon atom(s) in its
molecule at the total number of n, or (i) any mixture of two or more such hydrocarbon compounds
5
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in (). Thus, a C2 hydrocarbon can be ethane, ethylene, acetylene, or mixtures of atleast two of these
compounds at any proportion. A “Cm to Cn hydrocarbon” or “Cm-Cn hydrocarbon,” where m and
n are positive integers and m < n, means any of Cm, Cm+1, Cm+2, ..., Cn-1, Cn hydrocarbons, or
any mixtures of two or more thereof. Thus, a “C2 to C3 hydrocarbon™ or “C2-C3 hydrocarbon” can
be any of ethane, ethylene, acetylene, propane, propene, propyne, propadiene, cyclopropane, and any
mixtures of two or more thereof at any proportion between and among the components. A “saturated
C2-C3 hydrocarbon™ can be ethane, propane, cyclopropane, or any mixture thereof of two or more
thereof at any proportion. A “Cn+ hydrocarbon™ means (i) any hydrocarbon compound comprising
carbon atom(s) in its molecule at the total number of at least n, or (i) any mixture of two or more
such hydrocarbon compounds in (i). A “Cn- hydrocarbon” means (i} any hydrocarbon compound
comprising carbon atoms in its molecule at the total number of at most n, or (ii) any mixture of two
or more such hydrocarbon compounds in (i). A “Cm hydrocarbon stream™ means a hydrocarbon
stream consisting essentially of Cm hydrocarbon(s). A “Cm-Cn hydrocarbon stream” means a
hydrocarbon stream consisting essentially of Cm-Cn hydrocarbon(s).
[0025] For the purposes of this disclosure, the nomenclature of elements is pursuant to the version
of the Periodic Table of Elements (under the new notation) as provided in Hawley's Condensed
Chemical Dictionary, 16% Ed_, John Wiley & Sons, Inc., (2016), Appendix V.
[0026] “Consisting essentially of” means comprising > 60 mol%, preferably > 75 mol%,
preferably > 80 mol%, preferably > 90 mol%, preferably > 95 mol%; preferably 98 mol®, of a given
material or compound, in a stream or mixture, based on the total moles of molecules in the stream or
mixture.
[0027] “High-pressure steam” and “HPS” are used interchangeably to mean a steam having an
absolute pressure of at least 4000 kilopascal (“kPa”). “Super-high-pressure steam™ and “Super-HPS”
are used interchangeably to mean a steam having an absolute pressure of at least 8,370 kPa. Thus, a
Super-HPS is an HPS. “Medium-pressure steam™ and “MPS” are used interchangeably to mean a
steam having an absolute pressure of at least 800 kPa but less than 4,000 kPa. “Low-pressure steam”
and “LPS” are used interchangeably to mean a steam having an absolute pressure of at least 200 kPa
but less than 800 kPa.
[0028] A “back-pressure steam turbine” means a steam turbine receiving a steam feed and
producing no steam stream having an absolute pressure below 100 kPa and supplied to a surface
condenser. Depending on the pressure of the steam feed and its configuration, a back-pressure steam
6
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trbine may produce one or more exhaust streams, e.g., an HPS stream, an MPS stream, and LPS
stream, and combinations thereof. In this disclosure, unless the context clearly indicates otherwise,
a turbine is a steam turbine,

[0029] An“extraction steam turbine” means a steam turbine receiving a steam feed and producing
at least two exhaust steam streams having differing pressures. Depending on the pressure of the
steam feed and its configuration, an extraction steam turbine may produce two or more steam streams
including one or more of, e.g., an HPS stream, an MPS stream, an LPS stream, and an condensable
stream having an absolute pressure below 100 kPa supplied to a surface condenser.

L The Process and Plant for Producing a H,-Rich Fuel Gas

[0030] One aspect of this disclosure is directed to a process for producing H>-rich fuel gas

comprising the following steps: (I) supplying a hydrocarbon feed and a steam feed into a syngas
producing unit comprising a reforming reactor under syngas producing conditions to produce a
reformed stream exiting the reforming reactor, wherein the syngas producing conditions include the
presence of a reforming catalyst, and the reformed stream comprises Ha, CO, and steam; (IT) cooling
the reformed stream by using a waste heat recovery unit (“WHRU”) to produce a cooled reformed
stream and to generate a high-pressure steam (“HPS”) stream; (IIT) contacting the cooled reformed
stream with a first shifting catalyst in a first shift reactor under a first set of shifting conditions to
produce a first shifted stream exiting the first shift reactor, wherein the first shifted stream has alower
CO concentration and a higher CO» concentration than the cooled reformed stream; (IV) cooling the
first shifted stream to obtain a cooled first shifted stream; (V) contacting the cooled first shifted
stream with a second shifting catalyst in a second shift reactor under a second set of shifting
conditions to produce a second shifted stream exiting the second shift reactor, wherein the second
shifted stream has a lower CO concentration and a higher CO2 concentration than the cooled first
shifted stream; (VI) abating steam present in the second shifted stream to produce a crude gas mixture
stream comprising CO. and Ha; and (VII) recovering at least a portion of the CO» present in the
crude gas mixture stream to produce a CO: stream and a Ha-rich stream, wherein the Hz-rich stream
comprises Hz at a concentration of at least 80 mol%, based on the total moles of molecules in the
Ha-rich stream. A system for producing such an H>-rich stream, preferably using the above process,
may be called an Hx-rich fuel gas production plant in this disclosure.

[0031] Step (I) of this process includes supplying a hydrocarbon feed and a steam feed into a
syngas producing unit comprising a reforming reactor under syngas producing conditions to produce

7
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a reformed stream exiting the reforming reactor, wherein the syngas producing conditions include
the presence of a reforming catalyst, and the reformed stream comprises Haz, CO, and steam. The
hydrocarbon feed can consist essentially of C1-C4 hydrocarbons (preferably saturated), preferably
consists essentially of C1-C3 hydrocarbons (preferably saturated), preferably consists essentially of
C1-C2 hydrocarbons (preferably saturated), and preferably consists essentially of CHs. The
hydrocarbon feed and the steam feed may be combined to form a joint stream before being fed into
the syngas producing unit. Altematively, they may be fed into the syngas producing unit as separate
streams, in which they admix with each other to form a mixture. The feed stream(s) can be pre-
heated by, e.g., a furnace, a heat exchanger, and the like, before being fed into the syngas producing
unit. The syngas producing unit can comprise a pre-reformer first receiving the feed stream(s),
especially if the hydrocarbon feed comprises significant amount of C2+ hydrocarbons. In a
pre-reformer, the hydrocarbon feed/steam feed mixture contacts a pre-reforming catalyst under
conditions such that the C2+ hydrocarbons are preferentially converted into CHs. The inclusion of
a pre-reformer can reduce coking and fouling of the down-stream reforming reactor. The
hydrocarbon feed may have a temperature from, eg., 15 °C, 20 °C, 30 °C, 40 °C, to 50 °C, 60 °C,
70 °C, 80 °C, 90 °C, to 95 °C, 100 °C, 110 °C, 120 °C, 130 °C, 140°C, , or even 150 °C, and an
absolute pressure from e.g., 1,300 kPa, 1,400 kPa, 1,500 kPa, 1,600 kPa, 1,700 kPa, 1,800kPa, 1,900
kPa, 2,000 kPa, to 2,100 kPa, 2,200 kPa, 2,300 kPa, 2,400 kPa, 2,500 kPa, 2,600 kPa, 2,700 kPa,
2,800 kPa, 2,900 kPa, 3,000 kPa, to 3,000 kPa, 3,200 kPa, 3,400 kPa, 3,500 kPa, 3,600 kPa, 3,800
kPa, 4,000 kPa, to 4,200 kPa, 4,400 kPa, 4,500 kPa, 4,600 kPa, 4,800 kPa, or even 5,000 kPa. The
steam feed may have a temperature from, e.g., 250 °C, 260 °C, 270 °C, 280 °C, 290 °C, 300 °C, to
310°C, 320°C, 330°C, 340 °C, 350 °C, 360 °C, 370 °C, 380 °C, 390 °C, t0 400 °C, 410 °C, 420 °C,
430 °C, 440 °C, or even 450 °C, and an absolute pressure from e.g,, 1,300 kPa, 1,400 kPa, 1,500 kPa,
1,600 kPa, 1,700 kPa, 1,800 kPa, 1,900 kPa, 2,000 kPa, to 2,100 kPa, 2,200 kPa, 2,300 kPa, 2,400
kPa, 2,500 kPa, 2,600 kPa, 2,700 kPa, 2,800 kPa, 2,900 kPa, 3,000 kPa, to 3,000 kPa, 3,200 kPa,
3,400 kPa, 3,500 kPa, 3,600 kPa, 3,800 kPa, 4,000 kPa, to 4,200 kPa, 4,400 kPa, 4,500 kPa, 4,600
kPa, 4,800 kPa, or even 5,000 kPa. Preferably, the steam feed is a superheated steam.

[0032]  The effluent from the pre-reformer can be then fed into the reforming reactor operated
under syngas producing conditions, wherein the forward reaction of the following is favored and

desirably occurs in the presence of the reforming catalyst:
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Reforming Catalyst

CH, + H,0 CO+3H,

®-1)
[0033] The syngas producing condition can include a temperature of, e.g., from 750 °C, 760 °C,
780 °C, 800 °C, 850 °C, 900 °C, to 950 °C, 1,000 °C, 1,050 °C, 1,100 °C, to 1150°C, or even 1200
°C, and an absolute pressure of, e.g., from 700 kPa, 800 kPa, 900 kPa, 1,000 kPa, to 1,500 kPa, 2,000
kPa, 2,500 kPa, 3,000 kPa, to 3,500 kPa, 4,000 kPa, 4,500 kPa, or even 5,000 kPa, in the reforming
reactor, depending on the type of the reforming reactor and the syngas producing conditions. A lower
pressure in the reformed stream, and hence a lower pressure in the reforming reactor, is conducive
to a higher conversion of CHa in reforming reactor and hence a lower residual CH4 concentration in
the reformed stream. The reformed stream exiting the reforming reactor therefore comprises CO, Ha,
residual CHs and H20, and optionally CO: at various concenirations depending on, among others,
the type of the reforming reactor and the syngas producing conditions. The reformed stream can have
a temperature of, e.g., from 750 °C, 760 °C, 780 °C, 800 °C, 850 °C, 900 °C, to 950 °C, 1,000 °C,
1,050 °C, 1,100 °C, to 1150°C, or even 1200 °C, and an absolute pressure of, e.g., from 700 kPa,
800 kPa, 900 kPa, 1,000 kPa, to 1,500 kPa, 2,000 kPa, 2,500 kPa, 3,000 kPa, to 3,500 kPa, 4,000
kPa, 4,500 kPa, or even 5,000 kPa, depending on the type of the reforming reactor and the syngas
producing conditions.

[0034] A preferred type of the reforming reactor in the syngas producing unit is an SMR. An
SMR typically comprises one or more heated reforming tubes containing the reforming catalyst
nside. The hydrocarbon/steam feed stream enters the tubes, heated to a desired elevated temperature,
and passes through the reforming catalyst to effect the desirable reforming reaction mentioned above.
While an SMR can have many different designs, a preferred SMR comprises a furace enclosure, a
convection section (e.g., an upper convection section), aradiant section (e.g., a lower radiant section),
and one or more burners located in the radiant section combusting a fuel to produce a hot flue gas
and supply thermal energy to heat the radiant section and the convection section. The
hydrocarbon/steam feed stream enters the reforming tube at a location in the convection section,
winds downwards through the convection section, whereby it is pre-heated by the ascending hot flue
gas produced from fuel combustion at the bumer(s), and then enters the radiant section proximate
the bumers combustion flames, whereby it contacts the reforming catalyst loaded in the reforming
tube(s) in the radiant section, to produce a reformed stream exiting the SMR from a location in the
radiant section. The syngas producing conditions in the reforming tube(s) in the radiant section can

9
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include a temperature of, e.g., from 750 °C, 760 °C, 780 °C, 800 °C, to 820 °C, 840 °C, 850 °C, to
860 °C, 880°C, or even 900 °C, and an absolute pressure of, e.g., from 700 kPa, 800 kPa, 800 kPa,
900 kPa, 1,000 kPa, to 1,500 kPa, 2,000 kPa, 2,500 kPa, 3,000 kPa, or even 3,500 kPa. To achieve
a high CH4 conversion in the SMR, and a low CH4 concentration in the Ha-rich stream produced
from the process, the syngas producing conditions in the SMR preferably includes an absolute
pressure of 2,169 kPa (300 psig), more preferably 1,825 kPa (250 psig). Description of an SMR
can be found in, e.g, The International Energy Agency Greenhouse Gas R&D Program
(“IEAGHG"”), “Techno-Economic Evaluation of SMR Based Standalone (Merchant) Plant with
CCS”, February 2017; and IEAGHG, “Reference data and supporting literature Reviews for SMR
based Hydrogen production with CCS”, 2017-TR3, March 2017.
[0035] The reforming reactor in the syngas producing vmit may comprise an autothermal
reformer (“ATR”). An ATR typically receives the hydrocarbon/steam feed(s) and an O- stream into
a reaction vessel, where a portion of the hydrocarbon combusts to produce thermal energy, whereby
the mixture is heated to an elevated temperature and then allowed to contact a bed of reforming
catalyst to effect the desirable reforming reaction and produce a reformed stream exiting the vessel.
An ATR can be operated at a higher temperature and pressure than an SMR. The syngas producing
conditions in the ATR and the reformed stream exiting an ATR can have a temperature of, e.g., from
800 °C, 850 °C, 900°C, to 950 °C, 1,000 °C, 1050 °C, to 1,100 °C, 1,150 °C, or even 1,200 °C, and
an absolute pressure of, e.g., from 800 kPa, 900 kPa, 1,000 kP4, to 1,500 kPa, 2,000 kPa, 2,500 kPa,
3,000 kPa, to 3,500 kPa, 4,000 kPa, 4,500 kPa, or even 5,000 kPa. Commercially available ATRs,
such as the Syncor™ ATR available from Haldor Topsoe, having an address at Haldor Topsees Allé
1, DK-2800, Kgs. Lyngby, Denmark (“Topsoe™), may be used in the process of this disclosure.
[0036]  The syngas producing unit used in step (I) of the process of this disclosure can include
one or more SMR only, one or more ATR only, or a combination of one or more of both,
[0037] The reformed stream exiting the reforming reactor has a high temperature and high
pressure as indicated above. Itis highly desirable to capture the heat energy contained therein. Thus,
in step (IT), the reformed stream passes through a waste heat recovery unit (“WHRU”) to produce a
cooled reformed stream and to generate a high-pressure steam (“HPS”) stream. The cooled reformed
stream can have a temperature from, e.g., 285 °C, 290°C, 300 °C, to 310 °C, 320 °C, 330 °C, 340°C,
350 °C, to 360 °C, 370 °C, 380 °C, 390 °C, or even 400 °C. The cooled reformed stream can have a
pressure substantially the same as the reformed stream exiting the reforming reactor. The WHRU
10
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can include, e.g., one or mote heat exchanger and one or more steam drum n fluid communication
with the heat exchanger. The steam drum supplies a water stream to the heat exchanger, where it is
heated and a water/steam stream can be then retumed to the steam drum, where steam is separated
from liquid phase water. The HPS stream can have an absolute pressure from, e.g., 4,000 kPa, 5,000
kPa, 6,000 kPa, 7,000 kPa, 8,000 kPa, to 9,000 kPa, 10,000 kPa, 11,000 kPa, 12,000 kPa, 13,000
kPa, or even 14,000 kPa. The thus produced HPS stream is a saturated steam stream. To make the
HPS stream more useful, it may be further heated to produce a superheated HPS (“SH-HPS’) stream
in, e.g., a furnace. In case the syngas producing unit comprises an SMR having a convection section
as described above, the saturated HPS stream may be advantageously superheated in the convection
section of the SMR and/or in an auxiliary furnace. In case the syngas producing unit comprises one
ormore ATR but no SMR, the saturated HPS stream can be superheated in an auxiliary fumace. The
auxiliary furnace can include one or more burners combusting a fuel gas stream to supply the needed
thermal energy as is known to one skilled in the art. The SH-HPS siream can have one of both of: (i)
a temperature from, e.g., 350 °C, 360 °C, 370 °C, 380 °C, 390 °C, 400 °C, to 410 °C, 420 °C, 430
°C, 440 °C, 450 °C, t0 460 °C, 470 °C, 480 °C, 490 °C, 500 °C, to 510 °C, 520 °C, 530 °C, 540 °C,
or even 550 °C; and (ii) an absolute pressure from, e.g., 4,000 kPa, 5,000 kPa, 6,000 kPa, 7,000 kPa,
8,000 kPa, to 9,000 kPa, 10,000 kPa, 11,000 kPa, 12,000 kPa, 13,000 kPa, or even 14,000 kPa.
[0038] In step (III) of the process of this disclosure, the cooled reformed stream contacts a first
shifting catalyst in a first shift reactor under a first set of shifting conditions to produce a first shifted
stream exiting the first shift reactor. The first set of shifting conditions includes the presence of a first
shift catalyst. Any suitable shift catalyst known to one skilled in the art may be used. Non-limiting
examples of suitable shift catalyst for the first shifting catalyst are high temperature shift catalysts
available from, e.g., Topsoe. The forward reaction of the following preferentially occur in the first
shift reactor:

First Shift Catalyst

(R-2)

[0039]  As such, the first shifted stream has a lower CO concentration and a higher CO2

concentration than the cooled reformed stream. The forward reaction of (R-2) is exothermic,

resulting in the first shifted stream having a temperature higher than the cooled reformed stream

entering the first shift reactor. The first shifted stream exiting the first shift reactor can have a

temperature from, e.g., 335 °C, 340 °C, 350 °C, 360 °C, to 370 °C, 380 °C, 400 °C, 420 °C, to 440
11
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°C, 450 °C, 460 °C, 480 °C, or even 500 °C. The first shifted stream can have an absolute pressure
substantially the same as the cooled reformed stream.

[0040] While a single stage of shift reactor may convert sufficient amount of CO in the cooled
reformed stream to COz resulting in a low CO concentration in the first shifted stream, it is preferable
to include at least two stages of shift reactors in the processes of this disclosure to achieve a high
level of conversion of CO to COz, and eventually to produce a Hz-rich fuel gas stream with low CO
concentration. It is further preferred that a subsequent stage, such as the second shift reactor
downstream of the first shift reactor is operated at a temperature lower than the first shift reactor,
whereby additional amount of CO in the first shifted stream is further converted into CO2 and
additional amount of Hs is produced. To that end, the first shifted stream is preferably first cooled
down in step (IV) to produce a cooled first shifted stream. Such cocling can be effected by one or
more heat exchangers using one or more cooling streams having a temperature lower than the first
shifted stream. In one preferred embodiment, the first shifted stream can be cooled by the
hydrocarbon stream or a split stream thereof to be fed into the syngas producing unit. Akternatively
or additionally, the first shifted stream can be cooled by a boiler water feed stream to produce a
heated boiler water stream, a steam stream, and/or a water/steam mixture stream. The thus heated
boiler water stream can be heated in a boiler to produce steam at various pressure. The thus heated
boiler water stream, steam stream, and/or water/steam mixture stream can be further heated by
another process stream in another heat exchanger to produce steam. In one preferred embodiment,
the heated boiter water stream and/or steam stream can be fed into the steam drum of the WHRU
extracting heat from the reformed stream as described above, where the boiler feedwater can be sent
to the WHRU exchanger for further heating, and any steam separated in the steam drum can be
further superheated. The cooled first shifted stream can have a temperature from, e.g., 150 °C,
160 °C, 170 °C, 180 °C, 190 °C, 200 °C, to 210 °C, 220 °C, 230 °C, 240 °C, or even 250 °C, and a
pressure substantially the same as the first shifted stream.

[0041]  The cooled first shifted stream is then subjected to a low-temperature shifting in a second
shift reactor under a second set of shifting conditions to produce a second shifted stream. The second
set of shifting conditions includes the presence of a second shift catalyst, which may be the same or
different from the first shift catalyst. Any suitable shift catalyst known to one skilled in the art may
be used. Non-limiting examples of suitable catalyst for the second shifting catalyst are low
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preferentially occur in the second shift reactor:

Second Shift Catalyst
CO+H0 = = CO,+H,

(R-3)

[0042]  As such, the second shifted stream has a lower CO concentration and a higher CO:
concentration than the cooled first shifted stream. The forward reaction of (R-3) is exothermic,
resulting in the second shifted stream having a temperature higher than the cooled first shifted stream
entering the second shift reactor. The second shifted stream exiting the second shift reactor can have
a temperature from, e.g., e.g., 150 °C, 160 °C, 170 °C, 180 °C, 190 °C, 200 °C, 10 210 °C, 220 °C,
230 °C, 240 °C, 250 °C, to 260 °C, 270 °C, 280 °C, 290 °C, or even 300 °C. The second shifted
stream can have an absolute pressure substantially the same as the cooled first shifted stream.
[0043]  The second shifted stream comprises Ha, COs, CO, steam, and optionally CHs. In step
(VD), steam is then abated from it by cooling and separation. Similar to step (IV) of cooling the first
shifted stream, such cooling of the second shifted stream can be effected by one or more heat
exchangers using one or more cooling streams having a temperature lower than the second shifted
stream. In one preferred embodiment, the second shifted stream can be cooled by the hydrocarbon
stream or a split stream thereof to be fed into the syngas producing unit. Altematively or additionally,
the second shifted stream can be cooled by a boiler water feed stream to produce a heated boiler
water stream, a steam stream, and/or a water/steam mixture stream. The thus heated boiler water
stream can be heated in a boiler to produce steam at various pressure. The thus heated boiler water
stream, steam stream, and/or water/steam mixture stream can be further heated by another process
stream in another heat exchanger to produce steam. In one preferred embodiment, the heated boiler
water stream and/or steam stream can be fed into the steam drum of the WHRU extracting heat from
the reformed stream as described above, where the boiler feedwater can be sent to the WHRU
exchanger for further heating, and any steam separated in the steam drum can be further superheated.
Alternatively or additionally, cooling water exchangers or air-fin heat exchangers can be used to at
least partly cool the second shifted syngas stream. The cooled second shifted stream can preferably
comprise water condensate, which can be separated to produce a crude gas mixture stream
comprising steam at a significantly lower concentration than the second shifted stream exiting the

second shift reactor.,
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[0044]  The crude gas mixture stream thus consists essentially of COs, Hz, optionally CH4 at
various amounts, and steam and CO as minor components. The crude gas mixture stream can have
an absolute pressure from, e.g., 700 kPa, 800 kPa, 800 kPa, 900 kPa, 1,000 kPa, to 1,500 kPa, 2,000
kPa, 2,500 kPa, 3,000 kPa, to 3,500 kPa, 4,000 kPa, 4,500 kPa, or even 5,000 kPa. In step (VII), one
can recover a portion of the CO; therein to produce a CO; stream and a Ho-rich stream. Any suitable
COz recovery process known to one skilled in the art may be used in step (VII), including but not
limited to: (i) amine absorption and regeneration process; (ii) a cryogenic CO, separation process;
(111) a membrane separation process; (iv) a physical absorption and regeneration process; and (iv)
any combination any of (1), (i1), and (iii) above. In a preferred embodiment, an amine absorption and
regeneration process may be used. Due to the elevated pressure of the crude gas mixture stream, the
size of the COx recovery equipment can be much smaller than otherwise required to recover CO»
from a gas mixture at atmospheric pressure.

[0045] The CO: stream preferably comprises COz at a molar concentration of from, e.g., 90%,
91%, 92%, 93%, 94%, to 95%, 96%, 97%, 98%, or even 99%, based on the total moles of molecules
in the CO» stream. The CO» stream can comprise at least one and preferably all of, on a molar basis:
(1) e.g., from 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.6%, 0.7%, 0.8%, 0.9%, to 1.0%, 1.5%, 2.0%, 2.5%,
3.0%, 3.5%, 4.5%, or even 5.0% of CO; (ii) e.g., from 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.6%, 0.7%,
0.8%, 0.9%, to 1.0%, 1.5%, 2.0%, 2.5%, 3.0%, 3.5%, 4.5%, 5.0%, 5.5%, or even 6.0% of H20; and
(i) e.g., from 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.6%, 0.7%, 0.8%, 0.9%, to 1.0%, 1.5%, 2.0%, 2.5%,
3.0%, 3.5%, 4.5%, ot even 5.0% of CH4. The COz stream can have an absolute pressure from, e.g.,
700 kPa, 800 kPa, 800 kPa, 900 kPa, 1,000 kPa, to 1,500 kPa, 2,000 kPa, 2,500 kPa, 3,000 kPa, to
3,500 kPa, 4,000 kPa, 4,500 kPa, or even 5,000 kPa. The CO» stream can be compressed, liquefied,
conducted away, stored, sequestered, or utilized in any suitable applications known to one skilled in
the art. In one embodiment, the CO, stream, upon optional compression, can be conducted away in
a CO, pipeline. In another embodiment, the CO; stream, upon optional compression and/or
liquefaction, can be injected and stored in a geological formation. In yet another embodiment, the
CO, stream, upon optional compression and/or liquefaction, can be used in extracting hydrocarbons
present in a geological formation. Another exemplary use of the CO; stream is in food applications.
[0046]  The Ha-tich stream can have an absolute pressure from, e.g., 700 kPa, 800 kPa, 800 kPa,
900 kPa, 1,000 kPa, to 1,500 kPa, 2,000 kPa, 2,500 kPa, 3,000 kPa, to 3,500 kPa, 4,000 kPa, 4,500
kPa, or even 5,000 kPa. The Hy-rich stream preferably comprises Hz at a molar concentration of
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from, e.g., 80%, 81%, 82%, 83%, 84%, 85%, to 86%, 87%, 88%, 89%, 90%, to 91%, 92%, 93%,
94%, 95%, to 96%, 97%, or even 98%, based on the total moles of molecules in the Hz-nich stream.
The Hz-rich stream can comprise at least one and preferably all of, on a molar basis: (i) e.g., from
0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.6%, 0.7%, 0.8%, 0.9%, to 1.0%, 1.5%, 2.0%, 2.5%, or even 3.0%,
of CO; (i) e.g., from 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, to 0.6%, 0.7%, 0.8%, 0.9%, or even 1.0%, of
COs; and (iii) e.g., from 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.6%, 0.7%, 0.8%, 0.9%, to 1.0%, 1.5%,
2.0%, 2.5%, 3.0%, 3.5%, 4.5%, or even 5.0% of CH4. One specific example of a Ha-rich stream that
may be produced from the process of this disclosure has the following molar composition: 0.25% of
COz; 1.75% of CO; 93.87% of Ha; 0.23% of Na; 3.63% of CHy; and 0.29% of H2O.
[0047]  Where an even higher purity H stream is desired, a portion of the H>-rich stream can be
further purified by using processes and technologies known to one skilled in the art, eg.,
pressure-swing-separation.
[0048]  Preferably, however, the Hz-rich stream, notwithstanding the optional low concentrations
of CO, CO», and CH,, is used as a fuel gas stream without further punfication to provide heating in
step (VIH) of the process in, e.g., residential, office, and/or industrial applications, preferably
industrial applications. Due to the considerably reduced combined concentrations of CO, COs, and
CHs therein compared to conventional fuel gases such as natural gas, the flue gas stream produced
from combusting the Hz-rich stream can comprise CO: at a considerably reduced concentration,
resulting in appreciably lower CO2 emission to the atmosphere. Thus, the flue gas stream can
comprise COx at a molar concentration from, e.g., 0.01%, 0.05%, to 0.1%, 0.2%, 0.3%, 0.4%, 0.5%,
0.6%, 0.7%, 0.8%, 0.9%, to 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, to 11%, 12%, 13%, 14%,
15%, 16%, 17%, 18%, 19%, or 20%, preferably 10%, preferably 5%, preferably 3%, based on
the total moles of CO2 and H20 in the flue gas stream. The combustion may be in the presence of,
e.g., air, Oz-enhanced air, high-purity O, and the like, depending on the specific application.
[0049]  For use as a fuel gas stream, the Ha-rich stream may preferably have an absolute pressure
of 1,135 kPa (150 psig), preferably 790 kPa (100 psig). To achieve such low pressure of the Hz-
rich stream, it is feasible to design a syngas producing unit upstream comprising an SMR and/or an
ATR operating under syngas producing conditions including a relatively low pressure, e.g., an
absolute pressure of 2,169 kPa (300 psig), preferably 1,825 kPa (250 psig). As mentioned above,
a lower pressure in the reforming reactor results in a higher CHa conversion in the reforming reactor,
and hence a low residual CHy4 concentration in the Hz-rich stream.,
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[0050]  Preferably, the Hz-rich stream is supplied to at least one, preferably a majority, preferably
all, of the combustion devices used in the process/system for producing the Hz-rich stream. Thus,
where the syngas producing unit comprises a pre-reformer including a furnace heated by one or more
burners combusting a fuel gas, preferably a portion of the Hz-rich stream is supplied as at least a
portion, preferably a majority, preferably the entirety, of the fuel gas to such bumers. Where the
syngas producing unit includes an SMR comprising one or more SMR bumers combusting a SMR
fuel, it 1s highly desirable to supply a portion of the Ha-rich stream as at least a portion, preferably a
majority, preferably the entirety, of the SMR fuel. Where the Hs-rich stream production
process/system uses an additional boiler or auxiliary furace combusting a fuel gas, itis desirable to
supply a portion of the Hz-rich stream as at least a portion, preferably a majority, preferably the
entirety, of the fuel gas. By combusting the Hp-rich stream and capturing the CO; stream, the Ha-
nich stream production process/system of this disclosure can reach an appreciably reduced level of
CO: emission to the atmosphere than conventional Hz production processes combusting natural gas.
[00S1] Compared to existing syngas and/or Ha-rich fuel gas producing processes, especially
those combusting a hydrocarbon-containing fuel, the Ha-rich fuel gas production process of this
disclosure has at least one of the following advantages: (1) lower capital investment and production
cost due to, e.g., an absence of a PSA umit, a small-size CO» recovery unit, and operating the syngas
producing unit, the first shift reactor, and the second shift gas reactor under relatively low pressure;
and (i1) considerably lower CO2 emission if the CO; stream is captured, stored, sequestered, and/or
utilized.

IL Integration of an H-tich Fuel Gas Production Plant with an Olefins Production Plant

[0052] A modem olefins production plant typically operates by feeding a hydrocarbon feed (e.g.,
ethane, propane, butanes, naphtha, crude oil, and mixtures and combinations thereof) and steam into
a steam cracker, heating the hydrocarbon feed/steam mixture to an elevated cracking temperature for
a desirable residence time, thereby cracking the hydrocarbon feed to produce a steam cracker effluent
comprising Hz, CHa, ethane, propane, butanes, C2-C4 olefins, C4 dienes, and C5+ hydrocarbons
exiting the pyrolysis reactor. The heating can include a preheating step in the convection section of
the steam cracker, followed by transfer to the radiant section, where additional heating to the elevated
cracking temperature and cracking occur. The thermal energy need for the preheating in the
convection section and the heating in the radiant section is typically provided by a plurality of steam
cracker bumers combusting a steam cracker fuel gas. The high-temperature steam cracker effluent
16
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is immediately cooled down by quenching and/or indirect heat exchange, and separated to produce,
among others, a process gas stream comprising C1-C4 hydrocarbons. The process gas stream is then
typically compressed and supplied to a product recovery section including a chill train and multiple
distillation columns such as a demethanizer, a deethanizer, a depropanizer, a C2 splitter, a C3 splitter,
to name a few, from which one of more of the following may be produced: (1) a steam-cracker Hz
stream, which may preferably comprise H> at a molar concentration of from, e.g., 80%, 81%, 82%,
83%, 84%, 85%, to 86%, 87%, 88%, 89%, 90%, to 91%, 92%, 93%, 94%, 95%, to 96%, 97%, or
even 98%, based on the total moles of molecules in the steam-cracker Hy stream; (ii) a CHa-rich
stream (sometimes referred to as a “tailgas stream”) comprising CHa at a molar concentration from,
e.g., 50%, 55%, 60%, 65%, 70%, to 75%, 80%, 85%, 90%, to 91%, 92%, 93%, 94%, 95%, 96%,
97%, or even 98%, based on the total moles of molecules in the CHs-rich stream; (ii) an ethane
stream; (ii1) an ethylene product stream; (iv) a propane stream; and (v} a propylene product stream.
Many configurations of the recovery sections are possible. The steam-cracker Hz stream may
comprise, on a molar basis, e.g., from 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.6%, 0.7%, 0.8%, 0.9%, to
1.0%, 1.5%, 2.0%, 2.5%, 3.0%, 3.5%, 4.5%, 5.0%, to 6.0%, 8.0%, 10%, 12%, 14%, 15%, to 16%,
17%, 18%, 19%, or even 20% of CH,. Preferably the steam-cracker H; stream ig substantially free
of CO, and CO, e.g., comprising CO2 and CO at a combined concentration from 0 to no greater than
1% by mole, based on the total moles of molecules in the steam-cracker Hz stream. The CHs-rich
stream may comprise at least one and preferably all of, on a molar basis: (i) e.g., from 1%, 5%, 10%,
15%, to 20%, 25%, 30%, to 35%, or even 40%, 45% H»; (ii) e.g., from 0.1%, 0.5%, 1%, to 2%, 3%,
4%, 5%, to 6%, 7%, 8%, 9%, or 10% ethane; and (iii) e.g., from 0.01%, 0.05%, 0.1%, 10 0.2%, 0.5%,
1%, 10 2%, 3%, 4%, or 5% CO, based on the total moles of molecules in the CHa-rich stream.

IL1 Fuel Gas Integration

[0053] The Hx-rich fuel gas production process/plant of this disclosure, as described in section 1
above, can be advantageously integrated with an olefins production plant to achieve an enhanced
level of energy efficiency and a reduced level of CO» emissions to the atmosphere, compared to
previous processes/systems and operating them separately regardless of the specific configuration of
the recovery section in the plant.

[0054] In certain prefemred embodiments, a portion of the Hx-rich stream may be combined with
a portion of the steam-cracker H> stream to form a joint Ha-rich stream, which can be used as a fuel
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gas for residential, office, and/or industrial heating applications, particularly industdal heating
applications such as in an olefins production plant.
[0055] In one particularly desirable embodiment, a portion of the H-rich stream, the
steam-cracker H» stream, or the joint Hz-rich stream can be supplied to one of more of the steam
cracker bumers as at least a portion, preferably a majority, preferably the entirety, of the steam
cracker fuel gas. A steam cracker can consume large quantity of the steam cracker fuel gas, which
hitherto tends to comprise substantial quantity of hydrocarbons such as CHs. By substituting a
portion, preferably majority, preferably the entirety, of the steam cracker fuel gas with the Hz-rich
stream, the steam-cracker Hp stream, and/or the joint He-rich stream, each contaming low
concentrations of carbon-containing species, considerable reduction of CO- emission from the steam
cracker flue gas can be achieved. In certain embodiments, the steam cracker may preferably be
equipped with a combustion air pre-heater to reduce the fuel consumption requirements of the steam
cracker. The combustion air pre-heater can preferably provide heating by electrical heating and/or
exchanging heat with a warmer stream such as: the flue-gas of the same or different furnace; a steam
stream (preferably a low-pressure steam stream ), a hot water stream, and/or a hot oil stream.
[0056] An olefins production plant may include one or more boilers and/or auxiliary furnaces
combusting a fuel gas in addition to the steam cracker. In such case, it is highly advantageous to
supply a portion of the Hz-rich stream, the steam-cracker Hz stream, and/or the joint Ha-rich stream
to such boilers and/or auxiliary fumaces as a portion, preferably a majority, preferably the entirety,
of the fuel gas needed. Doing so can further reduce CO2 emission to the atmosphere from the olefing
production plant.
[0057]  Anolefins production plant may comprise a combmed-cycle power plant comprising one
or more cuct bumers combusting a duct bumer fuel to generate thermal energy. In such case, it is
highly advantageous to supply a portion of the Hz-tich stream, the steam-cracker Ha stream, and/or
the joint Hz-rich stream to the duct bumners as a portion, preferably a majority, preferably the entirety,
of the duct burner fuel needed.
[0058] In certain embodiments, the Ho-rich stream and/or the steam-cracker H, stream can
supply from, e.g., 60%, 65%, 70%, to 75%, 80%, 85%, to 90%, 95%, 98%, 99%, or even 100%, of
the total fuel gas required, on a Btu basis, in the olefins production plant. In certain embodiments,
the Ha-rich stream can supply from, e.g., 60%, 65%, 70%, to 75%, 80%, 85%, to 90%, 95%, 98%,
99%, or even 100%, of the total fuel gas required, on a Btu basts, in the olefins production plant.
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[0059]  Inthe following TABLE I, the CO: footprint of a steam cracker combusting the following
fuel gases emitting flue gases produced from the combustion are compared: (i) only a typical natural
gas (“Natural Gas™); (i1) only a tailgas produced from a steam cracker receiving a typical naphtha
steam-cracking feed (“Tailgas™); (iii)) a CO-rich fuel gas produced from a comparison process
mcluding a syngas producing unit followed by a single stage of high-temperature shift reactor, and
then followed by H20 abatement and CO: recovery (“CO-Rich Fuel”); and (iv) a Hz-rich stream
made by the process of this disclosure (“Hz-Rich Fuel™). In all cases the following is assumed: 2.0
wet vol% excess Oz, 60 °F (16 °C) air & fuel gas.

[0060]  Ascan beseen from TABLE I, compared to all other three fuel gases, the H>-nich stream
made by the process of this disclosure has a considerably smaller CO» footprint from the emission
of the flue gas produced by the combustion. Even though the H>-Rich Fuel only comprises H» at a
lightly higher concentration and CO at a slightly lower concentration than the comparative CO-Rich
Fuel, the H2-Rich Fuel demonstrated a markedly lower CO2 footprint (40% lower). This shows a
significant advantage of the process of this disclosure utilizing at least two stages of shift reactors
compared to using a single stage of high-temperature shift reactor only. While it is possible to purify
the CO-Rich Fuel further to produce a fuel gas having a higher H> concentration and a lower CO
concentration comparable to the Hx>-Rich Fuel by using additional equipment such as a PSA unit, the
installation: and operation of a PSA unit add much more investment and operation costs and reduce
the energy efficiency of the process than the addition of the second shift reactor. Therefore, the
process of this disclosure achieves the production of a Ha-rich fuel gas with low CO- footprint with
a reduced cost and enhanced energy efficiency.

TABLEI
Fuel Gas Natural Gas Tailgas CO-Rich Fuel | Hs-Rich Fuel
Hydrogen 0.00 26.26 90.08 93 .85
__ | Methane 94.11 73.33 3.63 3.63
X | Ethane 4.76 023 0.00 0.00
£ [ Propane 0.64 0.03 0.00 0.00
g | Butane 0.30 0.02 0.00 0.00
‘2 | Ethylene 0.00 0.05 0.00 0.00
é- Propylene 0.00 0.00 0.00 0.00
& [Butene 0.00 0.00 0.00 0.00
Carbon Monoxide 0.00 0.08 5.52 1.75
Nitrogen 0.19 0.00 023 023
19
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Carbon Dioxide 0.00 0.00 0.25 0.25
Water Vapor 0.00 0.00 0.29 029
Total 100.00 100.00 100.00 100.00
LHV (Btu/lb) 21295.5 22740.6 27059.5 351755
Lb fuel/MBtu 46.96 4397 36.96 28.43
Lb flue-gas/Lb fuel 20.16 2117 21.70 28.06
Lb flue-gas/MBtu 946.5 9308 801.9 797.7
Fhue-gas wi% CO2 13.68 1241 457 2.77
Flue-gas vol% CO» 8.60 7.72 2.66 1.59
Lb/MBtu 129.49 11551 36.65 2210
Lb/MBw as % of
E. Natural Gas Firing 100 8 28 17
¢ | Lb/MBtu as % of
22
& | Tailgas firing 112 100 32 19
© | Lb/MBu as % of CO-
Rich Fuel Firing 353 315 100 60

11.2 Hydrocarbon Feed Integration
[0061] In one particulardy advantageous embodiment, the CHy-rich stream produced from the

olefins production plant may be fed mto the syngas producing unit as at least a portion of the
hydrocarbon feed, along with, e.g., a natural gas stream. Since the CHs-rich stream from the olefins
production plant can be substantially free of sulfur, it can be advantageously fed into the syngas
producing unit after the sutfur-removal unit, if any. If the CH4-rich comprises C2+ hydrocarbons
(e.g., cthane) at alow molar concentration, e.g., 3%, 2%,<1%,<0.5%,<0.1%,¢.g.,from 0.01%,
0.02%, 0.04%, 0.05%, to 0.06%, 0.08%, 0.1%, to 0.2%, 0.4%, 0.5%, to 0.6%, 0.8%, 1%, 2%, or
even 3%, based on the total moles of hydrocarbons in the CHy-rich stream, then the CHa-rich stream
can be supplied to the reforming reactor at a location downstream of the pre-reformer, if any, because
of the reduced need to convert the C2+ hydrocarbons in the pre-reformer. The CHa-rich stream may
comprise Ha at various quantities, as indicated above. However, it is not necessary to remove the Hz
from the CHs-rich stream before it is fed to the SMR. Excess hydrogen in the CHy-rich stream can
consume hydraulic capacity in the SMR and hence is undesirable, But a small amount of hydrogen
(preferably 10 mol%, preferably 5 mol%, based on the total moles of molecules in the CHs-rich
stream) is acceptable, and may actually serve to minimize the potential for coke or foulant generation
in the SMR.
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[0062]  Incertain embodiments, the CHa-rich stream may have a pressure higher than the pressure
of the hydrocarbon feed required for feeding into the syngas producing unit. In such case, it is highly
advantageous to expand the CHg-rich stream in a turbo-expander and/or a Joule-Thompson valve to
produce a cooled CHa-rich stream having a pressure in the vicinity of the pressure of the hydrocarbon
feed. The cooled CHy-rich stream may be heated by using, e.g., any stream in the olefins production
plant or the Hz-rich production unit having a temperature higher than the cooled CHy-rich stream,
and then supplied to the syngas producing unit.

[0063]  Incertain embodiments, the CHs-rich stream may have a pressure lower than the pressure
of the hydrocarbon feed required for feeding into the syngas producing unit. In such case, it is
desirable to compress the CHa-rich stream to a pressure in the vicinity of the pressure of the
hydrocarbon feed before feeding it to the syngas producing unit.

IL3 Steam Integration

[0064] In an olefins production plant including one more steam crackers, a steam cracker
receives a hydrocarbon feed and steam, cracks the hydrocarbons under steam cracking conditions to
produce a steam cracker effluent exiting the steam cracker. The high-temperature steam cracker
effluent is immediately cooled by quenching and/or an indirect heat exchanger, where a significant
amount of steam may be generated, which can be subsequently superheated in the convection section
of the steam cracker. The cooled steam cracker effluent can be then separated to produce, among
others, a process gas stream comprising Hz, methane, ethane, C2-C4 olefins and dienes. Torecover
the olefins products from the process gas stream, it is typically first compressed to an elevated
pressure, cooled in a chill train under cryogenic conditions, and then separated in distillation columns
such as a demethanizer, a deethanizer, a depropanizer, a C2 splitter, a C3 splitter, and the like. To
that end, at least three (3) large gas compressors: a process gas compressor (“PGC”), a propylene
refrigeration compressor (“PRC”) and an ethylene refrigeration compressor (“ERC”) may be used.
In a modem, world scale olefins plant, the combined shaft power of these compressors can exceed
100 MW (134,000 hp). This very high shaft power demand is a characteristic of olefins production
plants, and differentiates them from most other petrochemical facilities. Typically the large
compressors are driven by steam-turbines. The mayority of the steam can be generated by the steam
produced from cooling the steam cracker effluent as described above. If necessary, boilers are used

to make-up the required steam volumes.
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[0065] Because of the large shaft power requirements of the major compressors, for efficient
olefin production it is important that the steam-power cycle be as efficient as possible. A
multi-pressure-level steam system with the highest steam pressure level being nominally 100 BarG
(1500 psig, or 10.3 MPaG) or higher may be advantageously used. This Super-HPS may be
superheated in order to maximize the specific power output (kW power/kg steam consumed) of the
turbines. In addition to the large compressor steam turbines, smaller turbine drivers may be used for
several services within the olefins production plant (e.g.: cooling water pumps, quench water pumps,
boiler-feed water pumps, air compressors, etc.). These turbines can receive HPS, MPS, or LPS
streams. In addition, process heating duties existing in the olefing recovery train may be satisfied by
condensing one or more HPS, MPS, or LPS stream(s).

[0066] We have found that the steam stream(s) at various pressures produced from and/or
consumed in an Ha-rich fuel gas production plant can be judiciously integrated with the steam
stream(s) at various pressures produced from and/or consumed in an olefins production plant to
achieve considerably enhanced overall energy efficiency and cost efficiency. Thus, a Super-HPS
stream produced in an Ha-rich fuel gas production plant (e.g., a stream produced from the WHRU)
may be advantageously combined with another Super-HPS stream produced in an olefins production
plant (e.g., a stream produced from a steam cracker and/or a boiler) to form a joint stream, which is
then supplied to consumers such as turbines, a syngas production umt, and the like, located in the
plants. Likewise, HPS streams produced at the plants may be combined and supplied to consumers,
so do the MPS streams, and the LPS streams.

[0067]  The reformed stream exiting the reforming reactor of the Hz-rich production plant has a
high temperature and high pressure as indicated above in section I. It is highly desirable to capture
the heat energy contained therein. Thus, preferably, the reformed stream passes through a waste heat
recovery unit (“WHRU”) to produce a cooled reformed stream and to generate a high-pressure steam
(“HPS™) stream. The cooled reformed stream can have a temperature from, e.g., 285 °C, 290 °C,
300 °C, to 310 °C, 320 °C, 330 °C, 340°C, 350 °C, to 360 °C, 370 °C, 380 °C, 390 °C, or even
400 °C. The cooled reformed stream can have a pressure substantially the same as the reformed
stream exiting the reforming reactor. The WHRU can include, e.g., one or more heat exchanger and
one or more steam drum in fluid communication with the heat exchanger. The steam drum supplies
a water stream to the heat exchanger, where it is heated and can be then returned to the steam drum,
where steam is separated from liquid phase water. The HPS stream can have an absolute pressure
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from, e.g., 4,000 kPa, 5,000 kPa, 6,000 kPa, 7,000 kPa, 8,000 kPa, to 9,000 kPa, 10,000 kPa,
11,000 kPa, 12,000 kPa, 13,000 kPa, or even 14,000 kPa. In certain embodiments, the HPS stream
is preferably a Super-HPS stream. The thus produced HPS stream is a saturated steam stream.
[0068] Tomake the HPS stream more useful, it may be further heated to produce a superheated
HPS (“SH-HPS”) stream in, e.g., a fumace. In case the syngas producing unit comprises an SMR
having a convection section as described above, the saturated HPS stream may be advantageously
superheated in the convection section of the SMR and/or in an auxiliary furnace. In case the syngas
producing unit comprses one or more ATR but no SMR, the saturated HPS stream can be
superheated in an auxiliary furnace. The auxiliary furnace can include one or more bumers
combusting a fuel gas stream to supply the needed thermal energy as is known to one skilled in the
art, preferably a fuel gas stream derived from the H,-rich stream produced in an Hz-rich fuel gas
production plant and/or the steam cracker Ha stream produced in an olefins production plant as
described above. The SH-HPS stream can have one of both of: (i) a temperature from, e.g., 350 °C,
360 °C, 370 °C, 380 °C, 390 °C, 400 °C, t0 410 °C, 420 °C, 430 °C, 440 °C, 450 °C, t0 460 °C, 470
°C,480°C, 490 °C, 500 °C, to 510 °C, 520 °C, 530 °C, 540 °C, or even 550 °C; and (ii) an absolute
pressure from, e.g., e.g., 4,000 kPa, 5,000 kPa, 6,000 kPa, 7,000 kPa, 8,000 kPa, to 9,000 kPa, 10,000
kPa, 11,000 kPa, 12,000 kPa, 13,000 kPa, or even 14,000 kPa. Preferably the SH-HPS stream has a
temperature of at least 371 °C and the steam feed in step (A) has an absolute pressure of at least 1700
kPa. In certain embodiments, the SH-HPS stream preferably has a pressure higher than that of the
steam feed supplied to the syngas producing unit in step (A), so that the SH-HPS can be expanded
to produce a steam stream having a pressure in the vicinity of the pressure of the steam feed, which
can then be supplied to the syngas producing unit as at least a portion of the steam feed. Preferably
the SH-HPS stream has a temperature of at least 482 °C and an absolute pressure of at least 10,000
kPa, and the steam feed has an absolute pressure of at least 1,700 kPa (e.g., at least 2,500 kPa). In a
preferred embodiment, the SH-HPS stream may be supplied to an HPS header located in an industrial
plant, such as an olefins production plant, and an Ha-rich fuel gas production plant, supplying HPS
to suitable equipment consuming SH-HPS. In another embodiment, the SH-HPS stream may be
also a Super-HPS stream, and supplied to a Super-HPS header located in an industrial plant, such as
an olefins production plant, supplying Super-HPS to suitable equipment consuming superheated
Super-HPS.
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[0069]  In certain preferred embodiments, at least a portion of an SH-HPS stream derived from a
steam stream produced in a Ha-rich fuel production plant (e.g., the SH-HPS stream produced at the
WHRU) and/or a steam stream produced from an olefins production plant (e.g., an SH-HPS stream
produced from a steam cracker and/or a boiler) can be expanded in at least one stage of a steam
turbine to produce shaft power and an expanded steam stream having a pressure equal to or higher
than that of the steam feed to the syngas producing unit. The expanded steam stream may have a
temperature from, e.g., 260 °C, 270 °C, 280 °C, 290 °C, 300 °C, to 310 °C, 320 °C, 330 °C, 340 °C,
350 °C, to 360 °C, 370 °C, 380 °C, 390 °C, 400 °C, or even 405°C. The expanded steam stream has
a pressure lower than the SH-HPS stream, which may range from, e.g., 1,380 kPa, 1,400 kPa,
1,500 kPa, 1,600 kPa, 1,700 kPa, 1,800 kPa, 1,900 kPa, 2,000 kPa, to 2,200 kPa, 2,400 kPa,
2,500 kPa, 2,600 kPa, 2,800 kPa, 3,000 kPa, to 3,200 kPa, 3,400 kPa, 3,500 kPa, 3,600 kPa,
3,800 kPa, 4,000 kPa, to 4,200 kPa, 4,400 kPa, or even 4,500 kPa. The expanded steam stream may
be an HPS stream, or an MPS stream. The steam turbine may produce multiple exhaust streams in
certain embodiments, e.g., an HPS stream and an LPS stream; an HPS stream and a condensable
stream supplied to a condenser; an MPS stream and an LPS stream; or an MPS stream and a
condensable stream supplied to a condenser.

[0070] Incertain embodiments, a single stage of steam turbine is used for expanding the SH-HPS
stream. In certain other embodiments, multiple cascading stages of steam turbines may be used,
where an expanded steam stream produced from an upstream stage, preferably an HPS stream or an
MPS stream, 1s supplied to a downstream steam turbine, expanded therein to produce a lower
pressure steam stream and additional shaft power. The shaft power produced by the one or more
such steam turbines can be used to perform mechanical work such as: driving a generator to produce
electrical power transmissible to local and/or distant electrical equipment; driving a compressor or
pump located in an industrial plant, such as a process gas compressor, a propylene refrigeration
compressor, an ethylene refrigeration compressor, an air compressor, and/or various pumps located
in an olefins production plant. The expanded steam stream may be supplied to a steam header with
the suitable pressure rating located in any industnial plant such as an olefins production plant. In
certain embodiments, the SH-HPS stream may be supplied to an olefins production plant at a
pressure no less than the maximal pressure required for the operation of any steam turbine having a
power rating of at least 1 megawatt (1 MW, or > 5 MW, or > 10 MW, or > 20 MW) in the olefins
production plant. In certain preferred embodiments, the SH-HPS stream (which may or not be a
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Super-HPS stream) may be supplied to a first stage steam twrbine that drives a process gas
compressor in an olefins production plant, and the expanded steam stream from the first stage steam
turbine, which may be an SH-HPS stream or an MPS stream, may be supplied to a second stage
steam turbine producing a second expanded steam stream and shaft power driving another process
gas compressor, a propylene refrigeration compressor, an ethylene refrigeration compressor, an air
compressor, and/or a pump in the olefins production plant. In another embodiment, the SH-HPS
stream may be supplied to drive one or more process gas compressors, a propylene refrigeration
compressor, and an ethylene refrigeration compressor, each producing an expanded steam stream
having the same, similar, or different pressure. The expanded steam streams from the first stage
and/or the second stage can then be used to provide process heat, or supphed to additional steam
turbines, depending on their respective pressures. In addition, one or more of the steam turbines
may exhaust a condensable steam stream fed to a condenser to produce a condensate water stream.
Preferably, at least one, preferably at least two, preferably all, of the steam turbines driving the PGCs,
the propylene refrigeration compressors, and the ethylene refrigeration compressors are
back-pressure steam turbines. Back-pressure turbines do not produce a steam stream supplied to a
surface condenser, where it is condensed resulting in release of thermal energy to the atmosphere.
By using back-pressure turbines, conventional surface condensers used in conventional condensing
turbines are eliminated, resulting in reduction of capital and operational costs, as well as release of
thermal energy to the atmosphere.

[0071]  While the shaft power produced in expanding the SH-HPS stream may be used to drive
an electricity generator in a power island, in preferred embodiments of this disclosure where the shaft
power is used to drive compressors, pumps, and the like in an mtegrated olefins production plant,
such power island can be eliminated or included at a smaller size, resulting in considerable reduction
in capital costs and operation costs.

[0072]  Incertain preferred embodiments of the Ho-rich fuel gas production process, step (VII) of
recovering the at least a portion of the CO- present in the crude gas mixture stream to produce a CO:
stream and a Ha-rich stream is carried out using an amine CO; capture unit. Step (VII) may preferably
comprise: (VIIa) obtaining an exhaust steam stream having an absolute pressure from 200 kPa to
1,050 kPa and shaft power from one or more extraction turbine(s) and/or back-pressure turbine(s)
(preferably one or more back-pressure turbine(s)) located in a an olefins production plant; (VIIb)
feeding the crude gas mixture siream and a lean-amine stream comprising an amine into an
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absorption column; (V1lc) obtaining a COz-rich amine stream and a COx-depleted residual gas
stream from the absorption column; (VIId) feeding at least a portion of the COz-rich amine stream
into a separation column; (VIle) heating the at least a portion of the COz-rich amine stream in the
separation column using an exhaust steam stream to produce an overhead stream rich in CO; and a
bottoms stream rich in the amine; and (VIIf) recycling at least a portion of the bottoms stream to the
absorption column as at least a portion of the lean-amine stream.
[0073]  The extraction turbine(s) and/or back-pressure turbine(s) in step (VIIa) is present in an
olefins production plant. Historically these steam turbines located in hydrocarbon processing plants
are routinely configured to produce an exhaust steam streams having a very low pressure, e.g., 100
kPa, 80KkPa, 50 kPa,which are then supplied to and condensed at surface condensers with large
duty ratings. Such condensing can result in release of significant amount of thermal energy into the
atmosphere. In addition, surface condensers having large duty ratings are expensive to buy and
operate. Therefore, it would be highly desirable to reduce the size of the surface condensers or
eliminate at least some, preferably all, of them without causing problems to the operation of the
devices driven by the steam turbines.
[0074] The extraction turbine(s) and/or back-pressure turbine(s) in step (VIIa) may receive an
HPS feed such as a Super-HPS feed, or an MPS feed, desirably superheated. Depending on the
pressure of the steam feed thereto, one or more of the extraction turbine(s) and/or back-pressure
turbine(s) may produce, in addition to the exhaust steam stream having an absolute pressure from
200 kPa to 1,050 kPa, one or more of: (1) an HPS stream; (ii) an MPS stream; and (iii) a condensable
stream supplied to a surface condenser. Preferably at least one, preferably all, of the extraction
turbine(s) and/or back-pressure turbine(s) is a back-pressure trbine that does not produce (i) a
condensable stream (e.g., a steam stream having an absolute pressure  100kPa) supplied to a surface
condenser. The extraction turbine(s) and/or back-pressure turbine(s) can include one or more of: the
steam turbines driving the process gas compressors, the steam turbine(s) driving the propylene
refrigeration compressor(s); the steam turbine(s) driving the ethylene refrigeration compressor(s),
the steam turbine(s) driving various air compressors; the steam turbine(s) driving various pumps;
and the steam mrbine(s) driving electricity generator(s ), and combinations thereof.
[0075]  The exhaust steam stream having an absolute pressure from 200 kPa to 1,050 kPa may
be produced by a single extraction turbine or back-pressure turbine. Altematively, the exhaust steam
stream can be a joint stream of several such exhaust steam streams having similar pressures produced
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from multiple extraction turbine(s) and/or back-pressure turbines. This pressure range is particularly
advantageous for supplying heat needed in the regeneration step of an amine COz capture process.
Thus, the exhaust steam stream can have an absolute pressure from, e.g., 200kPa, 250 kPa, 300 kPa,
350 kPa, 400 kPa, 450 kPa, 500 kPa, to 550 kPa, 600 kPa, 650 kPa, 700 kPa, 750 kPa, 800 kPa, to
850 kPa, 900 kPa, 950 kPa, 1,000 kPa, or even 1,050 kPa. Preferably, the exhaust steam streant has
an absolute pressure of no greater than 480 kPa.

[0076] Instep (VIIb), the gas mixture stream and a lean-amine stream comprising an amine are
fed into an absorption column. Any amine absorption column and amine known to one skilled in
the art of CO: separation may be used. Non-limiting examples of useful amine include:
monoethanolamine (“MEA™), diethanolamine (“DEA”), methyldiethanolamine (“MDEA”),
diisopropanolamine (“DIPA”), diglycolamine (“DGA’), and mixtures thereof. The most commonly
used amines for CO: separation and capture are DEA, MEA, and MDEA. In a preferred
embodiment, the lean-amine stream is supplied to the upper section of the absorption column, and
the gas mixture is fed into a lower section of the absorption column. Counter-current contacting
between the gas mixture and the amine in the absorption column results in producing a COs-rich
amine stream and a CO»-depelted residual gas stream in step (V1Ic). Preferably the COo-rich amine
stream exits the absorption column from the bottom and the CO»-depleted residual gas stream from
the top.

[0077]  In step (VIId), at least a portion of the COz-rich amine stream is fed into a separation
column. Any design of the separation column known to one skilled in the art may be used. The
separation column is sometimes also called a regeneration column in that the amine is regenerated
from this column. In step (VIId), at least a portion of the COz-rich amine stream is heated in the
separation column, Such heating can be effected by using a heat exchanger. Atleast a part, preferably
> 30%, preferably > 50%, preferably 60%, preferably 80%, preferably > 90%, preferably the entirety,
of the thermal energy used for the heating is provided by the exhaust steam stream produced in step
(VIId). Upon being heated to a desirable temperature, the CO» separates from the amine in the
separation column, resulting in a CO»-rich stream and a stream rich in the amine. Preferably, the
CQOorich stream exits the separation column at the top, and the stream rich in the amine from the
bottom. The stream rich in the amine can be at least partly recycled to the absorption column as at
least a portion of the lean-amine stream in step (vi1). The COzrich stream can be compressed,
liquefied, conducted away, stored, sequestered, or utilized in any suitable applications known to one
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skilled in the art. In one embodiment, the CO»-rich stream, upon optional compression, can be
conducted away in a COz pipeline. In another embodiment, the CO>—rich stream, upon optional
compression and/or liquefaction, can be injected and stored in a geological formation. In yet another
embodiment, the CO2—rich stream, upon optional compression and/or liquefaction, can be used in
extracting hydrocarbons present in a geological formation. Another exemplary use of the COz—rich
stream 18 in food applications.

[0078]  The exhaust steam stream produced from the extraction turbine(s) and/or back-pressure
turbine(s) in step (VIIa) having an absolute pressure from 200 kPa to 1,050 kPa (preferably no greater
than 800 kPa, preferably no greater than 500 kPa, preferably no greater than 480 kPa) is particularly
suitable for supplying heat to the separation column to effect the separation of CO- from the amine.
One skilled in the art can extract the suitable quantity of the exhaust steam stream from the one or
more extraction turbine(s) and/or back-pressure rbine(s), as illustrated below in this disclosure, to
satisfy the heating duty needed in the CO»/amine separation/regeneration column to effect the
separation of any given quantity of the crude gas mixture with any CO» concentration therein. By
producing the exhaust steam stream and supplying the same to the separation column, residual
thermal energy in the exhaust steam stream is utilized to perform useful work. This is in contrast to
the prior art of producing a condensable steam stream further condensed in a surface condenser,
where residual thermal energy in the condensable stream is released to the atmosphere and lost.
When an olefins production plant including multiple large steam turbines is steam-integrated with
an amine COe--separation process according to the various embodiments of this disclosure,
substantial improvement in energy efficiency can be achieved, as demonstrated by the Examples in
this disclosure below. Moreover, extraction of such exhaust steam stream(s) can be camied out in
one or more back-pressure turbines, such that each turbine can still produce sufficient amount of
shaft power for driving the target equipment. In certain embodiments, it may be desirable to increase
steam feed to one or more of the extraction turbine(s) and/or back-pressure turbines to ensure the
production of both sufficient amount of shaft power and the exhaust steam stream. To that end, in
certain specific embodiments, one may replace an existing steam turbine with an electric motor, so
that the steam required by the replaced steam turbine can be supplied to an extraction turbine and/or
a back-pressure turbine producing the exhaust steam stream and the shaft power in sufficient amount.
In certain embodiments, the exhaust steam stream is produced from a back-pressure turbine, and the
exhaust stream provides a quantity of energy to the at least a portion of the CO2-rich amine stream
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in step (VIle); and at least 30% (preferably > 50%, preferably > 60%, preferably > 70%) of the
quantity of energy would have been lost to the atmosphere in a comparative process identical with
the process except the back-pressure turbine is substituted by an extraction/condensing turbine with
the identical power rating.

[0079]  This disclosure is further illustrated by the exemplary but non-limiting embodiments
shown in the drawings, which are described below. In the drawings, the same reference numeral may
have similar meanings. In the drawings illustrating an inventive process/system, where multiple
initially separate streams are shown to form a joint stream supplied to a next step or device, it should
be understood to further include, where appropriate, an altemative where at least one of such multiple
separate streams is supplied to the next step or device separately. Where multiple initially separate
streams having similar compositions and/or use applications (e.g., the Hp-rich stream and the steam
cracker Hz stream) are shown to form a joint stream supplied to multiple next steps or devices, it
should be understood to include, where appropriate, alternatives where at least one of the separate
streams and the joint stream is supplied to at least one of the multiple next steps or devices. Thus,
where a fuel gas (e.g., an Ho-rich stream) X and a fuel gas stream (e.g., a steam cracker Ha stream)
Y, initially separate and generated from differing devices but with similar fuel gas applications, are
shown to form a joint stream Z supplied to two separate furnaces A and B, it should be understood
to include altematives where at least one of X, Y, and Z is supplied to at least one of A and B,
including but not limited to the following: (i) only stream Z is supplied to A and B; (i) both of X
and Y are supplied, separately, to at least one of A and B; (iii) both of X and Z are supplied,
separately, to at least one of A and B; (iv) both of Y and Z are supplied, separately, to at least one
of A and B; and (v) only one of X and Y is supplied to at least one of A and B. The drawings are
only for the purpose of illustrating certain embodiments of this disclosure, and one skilled in the art
appreciates that alternatives thereof may fall within the scope of this disclosure.

FIG. | (Comparative)

[0080] FIG. 1 schematically illustrates a steam supply/consumption system 101 of a conventional

olefins production plant including one or more steam cracker furnaces. One or more Super-HPS

stream(s)) 107 are produced from one or more steam cracker fumace(s) 103. One or more Super-HPS

stream(s) 109 are produced from one or more auxiliary steam boiler(s) or COGEN umits 105. Streams

107 and 109 may be optionally combined, as shown, at a Super-HPS header, from which the

Super-HPS stream can be distributed to equipment consuming steam. As shown in FIG. 1, one or
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more Super-HPS stream(s) 113, one or more Super-HPS stream(s) 115, and one ot more Super-HPS
stream(s) 117 are supplied to one or more steam turbine(s) 119, one or more steam turbine(s) 129,
and one or more steam turbine(s) 141, respectively. Steam turbine(s) 119 can drive one or more
process gas compressor(s). Steam turbine(s) 129 can drive one or more propylene refrigeration
compressors. Steam turbine(s) 141 can drive one or more ethylene refrigeration compressors.
Additional Super-HPS steam may be supplied to other facilities/equipment/process 111 for
consumption. From steam turbine(s) 119, one or more HPS stream(s) 121 may be exhausted.
Stream(s) 121 can be used to provide process heat, e.g., to a stream 125 n the olefins production
plant or other facilities, or supplied to a steam turbine 125 receiving an HPS stream and exhausting
a MPS stream, or supplied to a steam turbine 125 receiving an HPS stream and exhausting an LPS
stream, to preduce additional mechanical work which can be used to drive another process gas
compressor, pumps, and the like. From steam turbine(s) 119, one or more condensable stream(s) 123
are typically exhausted, which are condensed at condenser(s) 127 to produced one or more
condensed water stream(s) 128. From steam turbine(s) 129, one or more MPS stream(s) 131 may be
exhausted. Stream(s) 131 can be used to provide process heat, e.g., to a stream 133 in the olefins
production plant or other facilities, or supplied to a steam turbine 133 receiving a MPS stream and
exhausting an LPS stream, to produce additional mechanical work which can be used to drive
another compressor, pumps, and the like. From steam turbine(s) 129, one or more condensable
stream(s) 135 are exhausted, which are then condensed at condenser(s) 137 to produce one or more
condensed water stream(s) 139. From steam turbine(s) 141, one or more LPS stream(s) 143 may be
exhausted. Stream(g) 143 can be used to provide process heat, e.g., to a stream 145 in the olefing
production plant or other facilities. From steam turbine(s) 141, one or more condensable stream(s)
147 are exhausted, which are then condensed at condenser(s) 149 to produce one or more condensed
water stream(s) 151. Condensed water streams 128, 139, and 151 are then combined and processed
together at location 153. The production of condensable steam streams 123, 135, and 147, which are
subsequently condensed using surface condensers, can increase the shaft power production of

turbines 119, 129, and 141. However, the condensing of them result in release of substantial quantity

30

Date regue/Date received 2023-05-04



10

15

20

25

30

of thermal energy released to the atmosphere. In addition, the surface condensers 127, 137, and 149
require substantial capital investment and operational costs.

FIG. 2 (Comparative)

[0081] FIG. 2 schematically illustrates a comparative Ha production plant including an SMR. As

shown, a natural gas feed stream 202, which may contain CHs, C2+ hydrocarbons at variocus
concentrations, and sulfur-containing compounds at various concentrations, is split into steams 203
and 204. Stream 203 is first fed into a sulfur removal unit 205 to produce a sulfur-abated stream 207.
Stream 207 is combined with a steam stream 279 to form a hydrocarbon/steam mixture stream 209.
Stream 209 is then fed into a pre-reformer 211 containing a pre-reforming catalyst therein. On
contacting the pre-reforming catalyst, the heavier C2+ hydrocarbons are preferentially converted into
methane (thus preventing the formation of coke in the downstream primary reforming reactot) to
produce a pre-reforming effluent 213 comprising methane and steam. Stream 213 is then fed into a
tube 220a in the upper section 214, sometimes called convection section, of an SMR 215, where it
is heated. SMR 215 comprises a lower section 216, sometimes called radiant section, housing one
or more tube 220b which is in fluid communication with tube 220a receiving the stream 213 heated
in tube 220a. As shown, in certain embodiments, a tube 220a may exit the convection section to the
exterior of the SMR furnace, and then connect with tube(s) 220b, which re-enter the SMR. furnace.
Multiple tubes 220b may be connected with one tube 220a via one or more manifold (not shown)
outside of the SMR fumace housing, though one tube 220b is shown. SMR 215 comprises one or
more burners 218 in the radiant section 216, where a SMR fuel combusts to supply energy to the
radiant section 216 and then the convection section 214 of SMR 215,

[0082] A reforming catalyst is loaded in tube(s) 220b in the radiant section 216. Due to the
proximity to the burer(s) 218, the CHs and steam mixture, and the reforming catalyst in tube(s)
220b are heated/maintained at an elevated temperature. The forward reaction of the following
preferentially occurs:

Reforming Catalyst

CH4 + H,0 CO+3 Hy

®-1)

[0083] In addition, various amounts of CO» may be produced in tube(s) 220b. Thus, a reformed

stream 221 comprising CO, Ha, residual CHy, residual H2O and optionally various amount of CO2

exits the outlet of tube(s) 220b from the SMR. Stream 221 1s then cooled at a waste heat recovery

unit (“WHRU”) including a waste heat boiler (“WHB™) 223 and a steam drum 271 to produce a
31

Date regue/Date received 2023-05-04



10

15

20

25

30

cooled reformed stream 225 and to generate an HPS stream 267. As shown, a water stream 263
flows from steam drum 271 to WHB 223, and a steam-water mixture stream 265 flows from
WHB 223 to steam drum 271,

[0084] Stream 267, a saturated steam stream, is then heated in the convection section 214 of SMR
215 to produce a super-heated, high-pressure steam (“SP-HP”) steam stream 269. A split stream 279
of stream 269 is combined with the sulfur-abated hydrocarbon feed stream 207 to form a combined
stream 209, which is then fed into the pre-reformer 211 as described above. Ancther split stream
277 of stream 269 is fed into a steam turbine 273, where it is expanded to produce an exhaust steam
stream 283 and shaft power driving an electricity generator 275 via shaft 281. Exhaust steam stream
283 may be condensable and condensed using a surface condenser.

[0085] As shown in FIG. 2, the cooled reformed stream 225, comprising CO, Hz, HO, and
optionally COa, is then fed into a shift reactor 227 containing a shift catalyst loaded therein. On
contacting the shift catalyst under the shifting conditions, the forward reaction of the following
preferentially occurs:

Shift Catalyst

(R-2’)

Thus, a shifted stream 229 comprising CO at a lower concentration than stream 225 and COz2 at a

higher concentration than stream 225 exits the shift reactor 227.

[0086] The shifted stream 229 is then cooled down at heat exchanger 231 by a boiler feed water

stream 234, supplied from a boiler feed water treatment unit 233. The thus heated boiler feed water

stream 235 exiting the heat exchanger 231 is then supplied to steam drum 271 and at least partly

supplied to the WHB 223, to produce high-pressure steam stream 267 as described earlier.

[0087] The cooled shifted stream 236 exiting heat exchanger 231, comprising CO, Hp, H>0, and

COg, is then further cooled down at heat exchanger 245. A portion of the residual steam in stream

236 is condensed to liquid water in stream 247, which can be fed into a separator 249 to obtain a

condensate stream 251 and a vapor stream 253. The steam-abated stream 253 comprises primarily

Hzand CO,, CHs and CO.

[0088] Stream 253 is then supplied into a pressure-swing (“PSA™) unit 255 to produce an Ha

stream 257 and a PSA reject stream 259 comprising CO, CO,, CHa, and H, is then fed into SMR

215, along wath a split natural gas stream 204, as SMR fuel stream 217, which is combusted at

bumer(s) 218 to provide the thermal energy needed for the radiant section and convention section of
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SMR 215. The PSA reject stream 215 typically comprises Hz no greater than 30 vol%, based on the
total volume of stream 215.
[0089] In the H> production process 201 of FIG. 2, due to the combustion of natural gas from
stream 204 and the carbon-rich PSA reject stream 259, the flue gas stream 219 exiting SMR 215
comprises CO; at considerably high concentration. While it is possible to capture the CO, from
stream 219 to reduce CO: emisston from process 201 by using an amine absorption/regeneration
unit, such unit requires high capital expense, and because stream 219 is at atmospheric pressure, high
operational expense as well. The PSA unit 255 also requires significant capital and operational
expense.
FIG. 3
[0090] FIG. 3 schematically illustrates a comparative process/system 301 where Hz is supplied
from a Ha production process similar to that of FIG. 2 to an olefins production plant including one
or more steam cracker furnaces. As shown, a split stream of natural gas stream 303 is combined
with a steam stream 305 to form a joint stream 307, which is fed into a tube located in the convection
section 309 of an SMR and heated therein, and then enters a mbe containing a reforming catalyst in
the radiant section 311 of the SMR. The SMR receives a SMR fuel gas stream 317, which combusts
in the SMR to generate the thermal energy heating the radiant section 311 and the convection section
309. On contacting the reforming catalyst, the CHa/steam mixture undergoes reforming reaction to
produce a reformed gas stream 319 comprising CO, COa, Ha, and CHa exiting the SMR. Stream 319
1s then cooled down at waste-heat recovery unit 321 to obtain a cooled reformed stream 323 and an
HPS stream 324. Stream 324 is then heated in the convection section of the SMR to obtain a SH-HPS
stream 343. A split stream 305 of stream 343 is combined with natural gas feed stream to form the
mixture stream 307 fed into the SMR, as discussed above. Another split stream 345 of stream 343
is then fed into steam turbine 347, where it is expanded to produce shaft power driving an electricity
generator 351 via shaft 349. The exhaust steam stream 353 from turbine 347, a LPS stream, can be
sent to an amine regenerator of a CO; capture unit 355, as descnibed below.
[0091] The cooled reformed stream 323 is then fed into a shift reactor 325, where it contacts a
shift catalyst to effect the conversion of a quantity of CO/H20 into CO» and H: to produce a shifted
stream 327 exiting the shift reactor 325. Stream 327 is then cooled down at heat exchanger 329 to
produce a cooled shifted stream 331 containing condensed water. In water separator 333, a
condensed water stream 335 is separated from stream 331 to produce a steam-abated stream 337
33
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comprising primarily Ha, CO2, and CO. Stream 337 is then fed into a PSA unit 339 to produce a Hz
stream 341 and a PSA reject stream 315, Stream 315, comprising CO, CO, and H», is combined
with nawral gas stream 313 to form a SMR fuel gas stream 317. Stream 317 is combusted in the
SMR to generate the thermal energy heating the radiant section 311 and the convection section 309
as described above. Flue gas stream 357 exiting the SMR contains considerable quantity of COs. To
reduce CO2 footprint of the Hz production plant, stream 357 is fed into the amine COz capture unit
355 as described above. In unit 355, an amine regenerator is heated by steam stream 353 to effect
the separation of a CO; stream 359 exiting unit 355. CO; stream 359 can be transferred via a pipeline,
stored, sequestered, or utilized.

[0092] As shown in FIG. 3, the Hs stream 341, or a portion thereof, is then supplied to a steam
cracker 371 located in an olefins production plant as stream 367 as a steam cracker fuel, where it
combusts to provide the thermal energy needed for the cracking and heating of a steam cracker feed
and to generate a flue gas stream 378 exiting the steam cracker 371. If the H, stream 367 comprises
high-purity Hz (e.g., with a Hy concentration = 99 mol%), then the flue gas stream 378 may be
substantially free of CO2. A steam cracker hydrocarbon feed stream 369 and a dilution steam stream
enter steam cracker 371, heated in a convection section thereof, and then enter into a radiant section
where cracking occurs at high temperature for a short residence time to produce a steam cracker
effluent comprising Haz, C1-C4 hydrocarbons comprising the desirable C2-C4 olefins, and C5+
hydrocarbons, among others. The steam cracker effluent is immediately cooled down via quenching
and/or indirect heat exchange in steam cracker 371, producing a quenched steam cracker effluent
stream 375 and a substantial quantity of HPS which is then superheated to produce an SH-HPS
stream 376. The quenched steam cracker effluent stream 375 is sent to the hot-ends 378 of the
recovery section where it is further cooled. In section 378 a dilution steam 373 is generated which is
sent to steam cracker 371. Optionally, a split stream 361 of Ha streamn 341 may be supplied to one or
more boilers 363 to produce additional amount of SH-HPS in stream 365. Streams 365 and 376 are
combined to form siream 377. Separation of the cooled steam cracker effluent stream 375 produces
a process gas stream comprising Ha and C1-C4 hydrocarbons including the desired C2-C4 olefins.
The process gas stream i1s compressed in compressor(s) 380 to an elevated pressure, supplied to the
cold end 379 of the recovery section to produce, among others, a tailgas stream 390 consisting
essentially of CH4 and Hz; an ethylene product stream 391; a propylene product stream 392; and one

or more C4+ co-product streams 393, among others.
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[0093] The SH-HPS stream 377 is supplied to one or more steam turbine(s) driving one or more
process gas and/or refrigeration compressors 380. An HPS stream 381 may be produced from one
or more turbines and fed to another turbine, or used to provide a process heating duty. An MPS
stream 383 may be produced from one or more turbines, split into a stream 386 which is fed to
another turbine or used to provide a process heating duty, and a stream 385 which is fed to the hot
end 378 of the recovery section to generate dilution steam. An LPS stream 382 may be produced
from one or more turbines and used to provide a process heating duty. The turbines may exhaust one
or more condensable streams 384, which is supplied to one or more surface condensers 387, where
itis cooled by a cooling water stream 388 to produce a condensate stream 389,
[0094] In the process 301, CO- emissions from steam cracker(s) 371 is reduced by combusting H
from the H; stream 367 compared to conventional steam cracker(s) combusting natural gas, or
methane-rich tail-gas, or acombination of natural-gas and methane-rich tail-gas; CO2 emissions from
boiler(s) 363 can be reduced if Hz stream 361 supplies the fuel gas thereto compared to conventional
boilers combusting natural gas or a mixture of natural-gas and methane-rich tail-gas; and CO:
emission is reduced by capturing CO» stream 359 from the SMR flue gas stream 357 using the amine
absorption/regeneration unit 355 compared to a conventional H production plant using an SMR
combusting natural gas without capturing CO» from the SMR flue gas. Nonetheless, the process 301
has the following drawbacks: a high capital cost due to the many equipment required; substantial
cost of operating the amine CO» capture unit 355 due to the large volume of flue gas 357 at
atmospheric pressure; and the loss of thermal energy to the atmosphere due to the use of surface
condenser(s) 387.
FIG. 4
[0095] FIG. 4 schematically illustrates an exemplary Hz-rich fuel gas production process/plant
401 of this disclosure according to certain preferred embodiments. As shown, a hydrocarbon feed
stream 403 (e.g., a natural gas stream comprising primarily CHy), which may contain CHa, C2+
hydrocarbons at vanious concentrations, and sulfur-containing compounds at various concentrations,
is first fed into an optional sulfur removal unit 405 to produce a sulfur-abated stream 407, to prevent
poisoning catalysts used in the downstream process steps such as the catalyst used in the SMR unit
described below. Upon optional preheating via, e.g., a heat exchanger or a fumace (not shown),
stream 407 is combined with an HPS stream 479 to form a hydrocarbon/steam mixture stream 409,
Upon optional preheating via, e.g., a heat exchanger or a furnace (not shown), stream 409 can be
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then fed into a pre-reformer 411 which can be an adiabatic reactor containing a pre-reforming
catalyst therein. On contacting the pre-reforming catalyst, the heavier C2+ hydrocarbons are
preferentially converted into methane (thus preventing the formation of coke in the downstream
primary reforming reactor) to produce a pre-reforming effluent 413 comprising methane and steam.
Stream 413 is then fed into a tube 420a in the upper section 414, sometimes called convection section,
of an SMR 415, where it is heated. SMR 415 comprises a radiant section 416, housing one or more
tube 420b which is in fluid communication with tube 420a recetving the stream 413 heated in tube
420a. As shown in FIG. 4, in certain embodiments, a tube 420a may exit the convection section to
the exterior of the SMR furnace, and then connect with tube(s) 420b, which re-enter the SMR fumace.
Multiple tubes 420b may be connected with one tube 420a via one or more manifold (not shown)
outside of the SMR fumace housing, though one tube 420b is shown. SMR 415 comprises one or
more burners 418 in the radiant section 416, where 2 SMR fuel combusts to supply energy to the
radiant section 416 and then the convection section 414 of SMR 415. For the convenience of
illustration, tubes 420a and 420b in the SMR are shown as comprising multiple straight segments.
In practice, certain portions of tubes 420a and 420b, particularly tube 420a, may be curved, or even
form serpentine windings.

[0096] A reforming catalyst is loaded in tube(s) 420b in the radiant section 416. Due to the
proximity to the bumer(s) 418, the hydrocarbon feed and steam, and the reforming catalyst in tube(s)
420b are heated/maintained at an elevated temperature. The forward reaction of the following
preferentially occurs under syngas producing conditions:

Reforming Catalyst
CH,4 +H,0

CO+3Hy

[0097] In addition, various amounts of CO2 may be produced in tube(s) 420b. Thus, a reformed
stream 421 comprising CO, Ha, residual CHy, residual H>O and optionally various amount of CO»
exits the outlet of tube(s) 420b from the SMR at a temperature of, e.g., from 750 °C to 900 °C and
an absolute pressure of, e.g., from 700 kPa to 3,500 kPa. Stream 421 is then cooled at a waste heat
recovery unit (“WHRU”) including a waste heat boiler (“WHB”) 423 and a steam drum 471 to
produce a cooled reformed stream 425 and to generate an HPS stream 467. As shown, a water
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stream 463 flows from steam drum 471 to WHB 423, and a steam-water mixture stream 465 flows
from WHB 423 to steam drum 471.

[0098] Stream 467, a sawrated steam stream, can be then heated in the convection section 414 of
SMR 415 to produce a super-heated, high-pressure steam (“SH-HP”’) steam stream 469, which can
be fed into a steam header and supplied to any suitable equipment or process step. For example, as
shown and described above, a split stream 479 of stream 469 can be combined with the sulfur-abated
hydrocarbon feed stream 407 to form a combined stream 409, which is then fed into the pre-reformer
441. For another example, a split stream 477 of stream 469 can be fed into a steam turbine 473,
where it is expanded to produce an exhaust steam stream 483 and shaft power. The shaft power can
be transferred, via shaft 481, to any suitable equipment 475 to produce useful mechanical work. One
example of equipment 475 is an electricity generator, which converts the mechanical work into
electrical energy transmissible to any suitable local or distant electrical equipment. Exhaust steam
stream 483 can have various residual pressure and temperature suitable for, e.g., driving additional
steam turbines, heating other equipment and/or streams, and the like. In a specific case the exhaust
steam stream 485 may be an LPS stream used to provide heat to the amine regenerator in a CO2
capture unit.

[0099] As shown in FIG. 4, the cooled reformed stream 425, comprising CO, Hz, H»O, and
optionally COz, is then fed into a first shift reactor 427. The first shift reactor can be operated under
a first set of shifting conditions comprising the presence of a first shift catalyst loaded therein. Due
to the relatively high temperature in the first set of shifting conditions, the first shift reactor 427 is
sometimes called a high-temperature shift reactor. On contacting the first shift catalyst under the
first set of shifting conditions, the forward reaction of the following preferentially occurs:

First Shift Catalyst
CO+H,0 = CO,+H,

(R-2)

[0100] Thus, a first shifted stream 429 comprising CO at a lower concentration than stream 425
and COz at a higher concentration than stream 425 exits the first shift reactor 427. Because the
forward reaction above is exothermic, stream 429 has a higher temperature than stream 425 assuming
the first shift reactor 427 is an adiabatic reactor.

[0101] The first shifted stream 429 can then be further cooled down at heat exchanger 431 by any
suitable stream having a temperature lower than stream 429. As shown i FIG. 4, in a preferred
embodiment, a boiler feed water stream 434, supplied from a boiler feed water treatment unit 433,
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is used to cool down stream 429. The thus heated boiler feed water stream 435 exiting the heat
exchanger 431 can be supplied to steam drum 471 and at least partly supplied to the WHB 423, to
produce high-pressure steam stream 467 as described earlier, or to any other suitable steam generator.
Alternatively or additionally (not shown), the hydrocarbon feed stream 403, or a portion thereof,
may be heated by stream 429 at heat exchanger 431 or another heat exchanger upstream or
downstream of heat exchanger 431.

[0102] The cooled first shifted stream 436 exiting heat exchanger 431, comprising CO, H, H>O,
and COy, is then fed into a second shift reactor 437. The second shift reactor can be operated under
a second set of shifting conditions comprising the presence of a second shift catalyst loaded therein
and a temperature lower than in the first shift reactor 427. Due to the lower temperature, the second
shift reactor 437 is sometimes called a low-temperature shift reactor. On contacting the second shift
catalyst under the second set of shifting conditions, the forward reaction of the following
preferentially occurs:

Second Shitt Catalyst
CO+H,0 = CO,+ H,

(R-3)
[0103] Thus, a second shifted stream 439 comprising CO at a lower concentration than stream
436 and CO> at a hagher concentration than stream 436 exits the second shift reactor 437. Because
the forward reaction above is exothemmic, stream 439 has a higher temperature than stream 436
assuming the second shift reactor 437 is an adiabatic reactor.

[0104] The second shifted stream 439 can then be further cooled down at heat exchanger 441 by
any suitable stream having a temperature lower than stream 439. In a preferred embodiment, a boiler
feed water stream (not shown) supplied from a boiler feed water treatment unit (e.g., unit 433) can
be advantageously used to cool down stream 439. The thus heated botler feed water stream exiting
the heat exchanger 441 can be supplied (not shown) to steam drum 471 and at least partly supplied
to the WHB 423, to produce high-pressure steam stream 467 as described earlier, or to any other
suitable steam generator. Alternatively or additionally (not shown), the hydrocarbon feed stream
403, or a portion thereof, may be heated by stream 439 at heat exchanger 441 or another heat
exchanger upstream or downstream of heat exchanger 441.

[0105] The cooled stream 443 exiting heat exchanger 441 can be further cooled at heat exchanger
445 by any suitable cooling medium having a lower temperature than stream 443, e.g., a cooling
water stream, ambient air (using an air-fin cooler, e.g.), and the like. Preferably, a portion of the
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residual steam in stream 443 is condensed to liquid water in stream 447, which can be fed into a
separator 449 to obtain a condensate stream 451 and a vapor stream 453. The steam-abated stream
453, a crude gas mixture, comprises primarily Hzand CO,, and optionally minor amount of residual
CH4 and CO.
[0106] Stream 453 can then be supplied into a CO; recovery unit 455 to produce a CO; stream
457 and an Hx-rich stream 459. Any suitable COz recovery unit known in the art may be used. A
preferred CO» recovery unit is an amine absorption and regeneratson unit, where the crude gas
mixture stream 453 contacts a counter-current stream of amine which absorbs the CO», which is
subsequently released from the amine upon heating (“regeneration”). The CO- stream 457 can be
supplied to a CO: pipeline and conducted away. The CO- stream 457 can be compressed, liquefied,
stored, sequestered, or utilized in manners known to one skilled in the art.
[0107] The Ha-rich stream 459 can advantageously comprise Hz at a molar concentration from,
e.g., 80%, 81%, 82%, 83%, 84%, 85%, to 86%, 87%, 88%, 89%, 90%, to 91%, 92%, 93%, 94%,
95%, to 96%, 97%, 98%, 99%, based on the total moles of molecules in stream 459. In addition to
Ha, stream 459 may comprise: (1) CHa at a molar concentration thereof based on the total moles of
molecules in stream 459, from, e.g., 0.1%, 0.3%, 0.5%, 0.8%, to 1%, 2%, 3%, 4%, or 5%; (i1)) CO
at a molar concentration thereof based on the total moles of molecules in stream 459, from, e.g.,
0.1%, 0.3%, 0.5%, 0.8%, to 1%, 2%, or 3%; and (iii) CO, at a molar concentration thereof based on
the total moles of molecules in stream 459, from, e.g., 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 10 0.6%, 0.7%,
0.8%, 0.9%, or 1%. Stream 459 can be advantageously used as a fuel gas for residential, office,
and/or industrial heating. Due to the high concentration of H; and low concentration of carbon-
contaming molecules therein, the combustion of stream 459 in the presence of an oxidant such as air,
oxygen, and the like, can produce a flue gas stream comprising CO: ata low concentration. In certain
embodiments, the flue gas stream can comprises CO: at a molar concentration based on the total
moles of H20O and CO» in the flue gas stream of no greater than 20% (e.g., from 0.1%, 0.2%, 0.4%,
0.5%, to 0.6%, 0.8%, 1%, to 2%, 4%, 5%, to 6%, 8%, 10%, to 12%, 14%, 15%, to 16%, 18 mol%,
or 20%). The flue gas stream can be advantageously exhausted into the atmosphere without the need
to separate and capture CO» therefrom.
[0108] In a prefered embodiment, as shown in FIG. 4, a split stream 417 of stream 459 can be
supplied to the SMR 415, where it is combusted in burner(s) 418 to supply thermal energy to the
SMR 415 heating the lower radiant section 416 and tube(s) 420b therein and the convection section
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414 and tube 420a therein. Compared to the Hz production plant shown in FIG. 2, the flue gas stream
419 exiting the SMR 415 comprises CO: at a considerably lower concentration, and therefore can
be exhausted into the atmosphere with considerably reduced CO2 emission without the need to
separate and capture CO» therefrom.
FIG. 5
[0109] FIG. 5 schematically illustrates an inventive process/system 501 of this disclosure
integrating a Ha-rich fuel gas production process/plant with an olefins production plant comprising
a steam cracker. As shown, a natural gas stream 303 is combined with a CHs-rich stream 535
produced from the recovery section of an olefins production plant and an HPS stream 502 produced
from a steam turbine (preferably a steam turbine driving a process gas or refrigeration compressor)
380 in the olefins production plant to form a joint stream 307, which is fed into a tube located in the
convection section 309 of an SMR and heated therein, and then enters a tube containing a reformmg
catalyst in the radiant section 311 of the SMR. The SMR receives a SMR fuel gas stream 516 (a
Ha-rich fuel gas stream as described below), which combusts in the SMR to generate the thermal
energy heating the radiant section 311 and the convection section 309. On contacting the reforming
catalyst, the CHa/steam mixture undergoes reforming reaction to produce a reformed gas stream 319
comprising CO, CO», Hz, and CHs exiting the SMR. Stream 319 is then cooled down at waste-heat
recovery unit 321 to obtain a cooled reformed stream 323 and an HPS stream (preferably a
Super-HPS stream) 324. Stream 324 is then heated in the convection section of the SMR to obtain
a supetheated HPS (“SH-HPS™) (preferably a superheated Super-HPS) stream 343. Preferably
stream 343 has a pressure higher than the steam feed 502 to the SMR. As such, stream 343 or a split
stream is not directly fed into the SMR, in contrast to the process of FIG. 3. Stream 343 is then
supplied into the olefins production plant, join other HPS stream(s) (preferably Super-HPS stream(s))
produced in the olefins production plant such as stream(s) 375 produced from steam cracker(s) 371
and stream(s) 365 produced from boilex(s) 363, to supply equipment, particular steam turbine(s) in
the olefins production plant consuming such HPS, as described below.
[0110] The cooled reformed stream 323 is then fed into a first, high-temperature shift reactor 503,
where it contacts a first shift catalyst to effect the conversion of a quantity of CO/H20 into CO; and
Hz to produce a first shifted stream 505 exiting the first shift reactor S03. Stream 505 is then cooled
down atheat exchanger(s) (now shown) before entering a second, low-temperature shift reactor 507
to produce a second shifted stream 509. Stream 509 is then cooled down at heat exchanger(s) 511 to
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produce a cooled second shifted stream 513 containing condensed water. In water separator 515, a
condensed water stream 517 is separated from stream 513 to produce a steam-abated stream 519
comprising primarily Hz, COz, and minor amounts of CO and CH4. Stream 519, preferably at a
pressure similar to streams 509 and 513 (higher than 200 kPa, preferably at least 700 kPa, preferably
atleast 1,000 kPa), is then fed into an amine CO, absorption/regeneration unit 521 to produce a CO-
stream 523 and an Hz-rich stream 524 (similar to stream 459 n FIG. 4). CO; stream 523 can be
compressed, liquefied, conducted away, stored, sequestered, or utilized, reducing CO: emissions to
the atmosphere.

[0111]  Stream 524, comprising CO, CO2, and Hz, can be combined with a steam cracker H> stream
525 produced from the recovery section of the olefins production plant as described below to form
a joint fuel gas stream 527. A split stream 516 of stream 527 is supplied to and combusted in the
SMR to generate the thermal energy heating the radiant section 311 and the convection section 309
as described above. Flue gas stream 518 exiting the SMR contains considerably reduced
concentration of CO2 compared to the SMR flue gas stream 357 in the process of FIG. 3. As such,
CQ» capture from stream 518 is not needed, in contrast to the process of FIG. 3.

[0112] As shown in FIG. 5, a split stream 531 of the He-rich fuel gas stream 527 is then supplied
to steam cracker(s) 37! located in an olefins production plant as a steam cracker fuel, where it
combusts to provide the thermal energy needed for the heating and cracking of a steam cracker feed
and to generate a flue gas stream 533 exiting the steam cracker 371. Due to the limited amount of
CO and CHj present in stream 527, the flue gas stream 533 comprises limited amount of COz,
rendering CQO:> capture from it unnecessary. A steam cracker hydrocarbon feed stream 369 and a
dilution steam stream 373 enter steam cracker 371, heated in a convection section thereof, and then
enter into a radiant section where cracking occurs at high temperature for a short residence time to
produce a steam cracker effluent comprising Hz, C1-C4 hydrocarbons comprising the desirable
C2-C4 olefins, and C5+ hydrocarbons, among others. The steam cracker effluent is immediately
cooled down via quenching and/or indirect heat exchange in steam cracker 371, producing a
quenched steam cracker effluent stream 375 and a substantial quantity of HPS which is then
superheated to produce an SH-HPS stream 376. The quenched steam cracker effluent stream 375 is
sent to the hot-ends 378 of the recovery section where it 1s further cooled. In section 378 a dilution
steam 373 is generated which 1s sent to steam cracker 371. A split stream 529 of Hz-rich stream 527
may be supplied to one or more boilers 363 to produce additional amount of SH-HPS in stream 365.
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Streams 343, 365 and 376 can be combined to form a joint stream 377. Separation of the cooled
steam cracker effluent stream produces a process gas stream comprising Hz and C1-C4 hydrocarbons
including the desired C2-C4 olefing. The process gas stream is compressed in one or more
compressors 380 to an elevated pressure, supplied to the cold end 379 of the recovery section to
produce, among others, a steam cracker Hp stream 525 described above, a CHarich stream 535
consisting essentially of CH4 and Ha; an ethylene product stream 391, a propylene product stream
392, and one or more C4+ co-product streams 393, among others.

[0113] The SH-HPS stream 377 is supplied to one or more steam turbine(s) driving one or more
process gas and/or refrigeration compressors 380. An HPS stream 381 may be produced from one
or more turbine(s). A split stream 502 of stream 381 can be fed into the SMR together with the
natural gas feed stream 303 and the CHy-rich stream 535 as described above. Another split stream
of stream 381 may be fed to one or more other turbine(s), where it is expanded to produce additional
shaft power, or may be used for process heating duty. An MPS stream 383 may be produced from
one or more turbine(s), sphit into a stream 386 which is fed to one or more other turbine(s), o may be
used for process heating duty, and a stream 385 which is fed to the hot end 378 of the recovery
section to generate dilution steam. An LPS stream 382 may be produced from one or more turbine.
As shown in FIG. 5, a split stream (or the entirety) of stream 382 can be supplied to the amine CO-
absorption/regeneration unit 521, where it is used to heat the regenerator to effect the separation of
CO; stream 523 from an amine. The wrbines may optionally exhaust one or more condensable
streams 584, which is supplied to one or more surface condensers 587, whereit is cooled by a cooling
water stream 588 to produce a condensate stream 589,

[0114] In process 501 of FIG. 5, CO, emissions from steam cracker(s) 371 is reduced by
combusting the Hz-rich stream 531 compared to conventional steam cracker(s) combusting natural
gas, methane-rich tail-gas, or a combination of natural-gas and methane-rich tail-gas; CO: emissions
from botler(s) 363 is reduced because Hzrich stream 529 is supplied thereto, compared to
conventional boilers combusting natural gas or a combination of natural-gas and
methane-rich-tail-gas; and CO» emission is reduced by capturing CO- stream 523 from the SMR flue
gas stream 519 using the amine absorption/regeneration unit 521 compared to a conventional Hz
production plant using an SMR combusting natural gas without capturing CO- from the SMR flue
gas. Compared to process/system 301 of FIG. 3, the integrated process/system 501 of FIG. 5 has at
least the following advantages: (i) lower capital costs and operational costs due to the elimination of
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the PSA unit; (i1) because the amine COx capture unit 521 in FIG. 5 operates at an above-atmospheric
pressure (e.g., = 200kPa absolute, preferably == 500 kPa absolute, preferably == 800 kPa absolute)
considerably higher than the amine unit 355 in the process of FIG. 3 (which operates at atmospheric
pressure), unit 521 can be considerably smaller than unit 355, resulting in considerably less capital
and operational costs; (iii) because the CHa-rich stream 535 is fed into the SMR as a part of the
hydrocarbon feed, it is converted into a portion of the Ho-rich stream 522 and a portion of the CO>
stream 523 which can be captured, resulting in potentially considerably lower CO> emission to the
atmosphere than the process of FIG. 3, where the tailgas stream 390, rich in CHa, is typically
combusted to produce a flue gas comprising CO; at atmospheric pressure difficult and expensive to
capture; (iv) because the HPS stream 343 in FIG. 5 is supplied to the olefins production plant feeding
the steam turbines including the major turbines therein, the power island including steam turbine 347
and generator 351 in FIG. 3 is eliminated, resulting in considerably lower capital and operational
costs; (v) because LPS stream(s) produced from varous turbines in the olefins production plant in
FIG. 5 are supplied to the amine CO:z capture unit 521, a reduced number of streams and/or reduced
total quantity of condensable stream(s) 584 can be supplied to fewer and/or reduced-duty surface
condenser(s) 587 compared to condensable stream(s) 384 and surface condenser(s) 387 in FIG. 3, or
condensable streams 584 and surface condensers 587 may be completely eliminated, resulting in
reduced amount of thermal energy released to the atmosphere, and in considerably lower capital and
operational costs.

FIG. 6 (Comparative)

[0115] FIG. 6 schematically illustrates a steam supply/consumption configuration 601 of a

comparative olefins production plant including multiple steam crackers. As shown, the plant
supplies superheated steams through lines 603, 605, 607, and 609 at the following temperature and
pressures, respectively: 930 °F and 1500 psig (Super-HPS); 700 °F and 660 psig (HPS); 570 °F and
225 psig (MPS); and 450 °F and 50 psig (LPS). 1560 kilo-pounds/hour (“klb/hr”’) of Super-HPS in
stream 617 produced by a gas turbine generator unit 611, 540 kib/hr of Super-HPS in stream 619
produced by the multiple steam cracker furnaces 613, and 596 klb/hr of Super-HPS in stream 621
produced by boilers 615 are supplied to line 603. From line 603, the Super-HPS streams 625, 627,
629, 631, and 633 are supplied to steam turbines 635, 637, 639, 641, and heat exchanger 643 at the
following flow rates, respectively: 879 kib/hr; 710 klb/hr, 745 kib/hr, 301 kib/hr, and 3 klb/hr. From

line 603, 58 kib/hr of the Super-HPS is exported to other users 623. Steam streams entering steam
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turbines are expanded therein to produce one or more steam streams and shaft power. The shaft
power can be used to drive various equipment in the olefins production plant, such as process gas
compresson(s), propylene refrigeration compressor(s), and pumps, and the like.

[0116] Line 605 receives an imported HPS stream 604 at 30 kib/hr, an HPS stream 645 produced
from steam turbine 635 at 700 klb/hr, an HPS stream 649 produced from steam turbine 637 at 585
kib/hr, an HPS stream 657 produced from steam turbine 641 at 100 kib/hr, an HPS stream 667 from
heat exchanger 643 at 3 kib/hr, and an HPS stream 665 from a steam drum 663 at 10 klb/hr. All four
steam turbines 635, 637, 639, and 641 also produce a condensable steam stream condensed at a
surface condenser 647, 651, 655, and 661, respectively, at the following flow rates, respectively: 179
kib/hr, 124 kib/hr, 79 klb/hr, and 149 kib/hr. From line 605, HPS streams 671, 673, and 620 are
supplied to steam turbines 675 and 677 and other on-site users 622 at the following flow rates,
respectively: 540 kib/hr, 127 klb/hr, and 68 klb/hr. From line 605, 695 kib/hr of HPS is exported to
other users 669.

[0117] Line 607 receives an MPS stream 679 produced from back-pressure steam turbines 675 at
540 KkIb/hr, and an MPS stream 653 produced from steam turbine 639 at 667 kilb/hr. Steam turbines
675 does not produce a condensable stream supplied to a surface condenger. From line 607, MPS
streams 685, 687 and 630 are supplied to steam turbines 689, on-site users 693, and on-site users 632
at the following flow rates, respectively: 324 klb/hr, 206 klb/hr, and 306 kib/hr. From line 607, 330
klb/hr of MPS is exported to other users 683.

[0118] Line 609 receives an imported LPS stream 610 at a flow rate of 12 klb/hr, an LPS stream
691 produced from back-pressure steam turbines 689 at 324 klb/hr, an LPS stream 681 produced
from back-pressure steam turbines 677 at 127 klb/hr, an LPS stream 695 produced from steam drum
697 at a flow rate of 70 kib/hr, and an LPS stream 659 from turbines 641 at 52 kib/hr. Neither of
steam turbines 689 and 677 produces a condensable stream supplied to a surface condenser. From
line 609, LPS streams 640 and 650 are supplied to on-site users 642 and 652, respectively, at the
following flow rates, respectively: 261 klb/hr, and 207 kib/hr. No LPS is exported to extemal
user 699.

FIG. 7 (Inventive)

[0119] FIG. 7 schematically illustrates an inventive steam supply/consumption configuration 701

of an olefins production plant modified from the plant of FIG. 6 and steam-integrated with an SMR.
Agshown in FIG. 7, the plant supplies superheated steams through lines 603, 605, 607, and 609 at
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the following temperature and pressures, respectively: 930 °F and 1500 psig (Super-HPS); 700 °F
and 660 psig (HPS); 570 °F and 225 psig (MPS); and 450 °F and 50 psig (LPS), the same as in FIG.
6. 1560 kib/hr of Super-HPS in stream 617 produced by a gas turbine generator unit 611, 540 kib/hr
of Super-HPS in stream 619 produced by the multiple steam cracker furnaces 613, 262 klb/hr of
Super-HPS in stream 721 produced by boilers 715, and 905 kib/hr of Super-HPS in stream 704
produced by an SMR 703 are supplied to line 603, From line 603, the Super-HPS streams 725, 727,
729, 731, and 633 are supplied to steam turbines 635, 637, 639, 641, and heat exchanger 643 at the
following rates, respectively: 951 klb/hr; 808 klb/hr, 1073 klb/hr, 373 klb/hr, and 3 klb/hr. From line
603, 58 kib/hr of the Super-HPS 1s exported to other users 623.
[0120] Line 605 receives an imported HPS stream 604 at 30 kib/hr, an HPS stream 745 produced
from steam turbine 635 at 630 klb/hr, an HPS stream 749 produced from steam turbine 637 at 700
kib/hr, an HPS stream 753 produced from steam wubine 639 at 407 kib/hr, an HPS stream 757
produced from steam turbine 641 at 149 klb/hr, an HPS stream 667 from heat exchanger 643 at
3 kib/hr, and an HPS stream 663 from a steam drum 663 at 10 klb/hr. Only steam turbines 637 and
641 also produce a condensable steam stream condensed at a surface condenser 751 and 761,
respectively, at the following flow rates, respectively: 108 kib/hr and 89 kib/hr. From line 605, HPS
streams 671 and 673 are supplied to steam turbines 675 and 677 and other on-site users 622 at the
following flow rates, respectively: 540 kib/hr, 127 kib/hr, and 68 klb/hr. From line 605, 695 kib/hr
of HPS is exported to other users 669. Additionally, from line 605, an HPS stream 705 at a flow rate
of 499 kib/hr is supplied to SMR 703 as steam feed to the SMR.
[0121] Line 607 receives an MPS stream 679 produced from steam turbine 675 at 540 klb/hr, and
an MPS stream 755 produced from steam turbine 639 at 666 kib/hr. Steam turbine 675 does not
produce a condensable stream supplied to a surface condenser. From line 607, MPS streams 685,
687 and 630 are supplied to steam turbine 689, on-site users 693, and on-site users 632 at the
following flow rates, respectively: 324 klb/hr, 206 klb/hr, and 306 klb/hr. From line 607, 360 klb/hr
of MPS is exported to other users 683.
[0122] Line 609 receives an imported LPS stream 610 at a flow rate of 12 klb/hr, an LPS stream
691 produced from steam turbine 689 at 324 kib/hr, an LPS stream 681 produced from steam turbine
677 at 127 klb/hr, an LPS stream 695 produced from steam drum 697 at a flow rate of 70 klb/hr, and
an LPS stream 759 produced from steam turbine 641 at 136 klb/hr. Neither of steam turbines 689
and 677 produces a condensable stream supplied to a surface condenser. From line 609, LPS streams
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640 and 650 are supplied to on-site users 642 and 652, respectively, at the following flow rates,
respectively: 261 klb/hr, and 207 kib/hr. Additionally, from line 609, an LPS stream 707 at a flow
rate of 487 kib/hr is supplied to the amine regenerator of an amine CO2 capture unit associated with
SMR 703.

[0123] This disclosure is further illustrated by the following non-limiting Examples.

Examples

[0124] The olefins production plants illustrated in FIGs. 6 and 7 are used in these examples.
Example 1, a comparative example, conresponds to FIG. 6. Example 2 corresponds to a combination
of the olefins production plant of FIG. 6 and a Hz-tich fuel gas production plant of FIG. 4 wherein
the Hz-rich stream 461 is supplied to the steam crackers 613 as steam cracker fuel; and a tailgas
stream (similar to stream 390 in FIG. 3) produced in the olefins production plant is fed to the
pre-reformer 411 in FIG. 4 as a hydrocarbon feed to the SMR. Example 3 corresponds to an Ho-rich
fuel gas production plant steam-integrated with the olefins production plant as shown in FIGs. 5
and 7. The process conditions in the olefins plant, and hence the olefins plant compressor power
requirements are assumed to remain constant in all three examples. In all three examples, the olefins
production plant hag the same steam crackers 613 with a 2,240 MBtw/hr total firing rate; and (it) the
same gas turbine generator unit 611 generating 1560 klb/hr of Super-HPS in stream 617, while
supplying electricity to the olefins production plant and beyond. In all these examples, steam turbine
635 drives a low-pressure process gas compressor, steam turbine 637 drives a high-pressure process
gas compressor, and steam turbines 639 and 641 drive propylene refrigeration compressors. Import
steam streams 604 and 610, streams 665, 633, 667, 620, 630, 640, 650, 671, 673, 685, 691, 687, 695,
and export streams supplied to users 623, 669, 683, and 699 remain constant in all three examples.
Example | (Comparative)

[0125] Example 1 corresponds to FIG. 6. It is assumed the fuel gases supplied to the steam
crackers 613 and bailers 615 both comprise, on average, 35 mol% of Hz and 65 mol% of CH4, based
on the total moles of molecules in the fuel gases. The boilers 615 have a 1,990 MBtu/hr total firing
rate. Thus, the estimated CO- emissions from the steam cracker furnaces and the boilers are 1,780
kilotons per year (“kta”). From the four major steam-turbines 635, 637, 639, and 641, a total of 530
kib/hr of steam is condensed, giving a total condenser duty of 520 MBtwhr (152MW).
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Example 2
[0126] Example 2 corresponds to a combination of the olefins production plant of FIG. 6 and an

Hz-rich fuel gas production plant of FIG. 4 wherein the H-rich stream 461 is supplied to the steam
crackers 613 as steam cracker fuel; and a tailgas stream (similar to stream 390 in FIG. 3) produced
in the olefins production plant is fed to the pre-reformer 411 in FIG. 4 as a hydrocarbon feed to the
SMR. No steam integration between the Hz-tich fuel gas production plant and the olefins production
plant is contemplated in this Example 2. The reformer waste-heat recovery system generates HPS
stream 469, some of which (split stream 479) is consumed in the SMR. The remainder (split stream
477) passes through a steam-turbine-generator (STG) generating 21 MW of electrical power. The
STG is a back-pressure LPS turbine, and the exhaust LPS stream 485 is used to regenerate the amine
used in the amine CO; unit 455. Fuel-grade Hz-rich stream 461 is combusted in the steam crackers
613 and boilers 615 in the olefins production plant. Stream 459, 461, and 417 are assumed to
comprise 85 mol% Hz and 15 mol% CHa. Stream 461 exported to the olefins plant has a contained
H; content of 185 million standard cubic feet per day (“MMSC/D”).
[0127] In this Example 2, the total CO; emissions from the steam crackers 613, the boilers 615,
and the SMR are 969 kta, a reduction of 811 kta from Example 1. If the electricity generated in the
STG (generator 475 in FIG. 4) is credited at a CO; intensity of 0.389 ton per MWh, the net CO»
emissions from the steam crackers 613, boilers 615, and the Hx-rich fuel gas plant 900 kta, which is
areduction of 880 kta (49%), from Example 1. Total fuel fired in the steam crackers 613, boilers 615
and the SMR increases from 4,230 MBuw/hr to 5,930 MBuw/hr, an increase of 40%.
[0128] Total CO2in CO: stream 457, which can be sequestered, is 1,410 kta, giving a ratio of COz
sequestered/COz avoided of 1.60.
Example 3
[0129] Example 3 corresponds to an Hx-rich fuel gas production plant steam-integrated with the
olefins production plant as shown in FIG. 7. Example 3 also corresponds to FIG. 5. A substantially
the same Hz-rich fuel gas plant used in Example 2 above is used in this Example 3, providing 185
MMSCF/D contained Hz in Hz-rich stream 461 in FIG. 4 (or stream 524 in FIG. 5), which is supplied
to the SMR and the olefins production plant for combustion in the steam crackers 613 (or 371 in
FIG. 5) and boilers 615 (or 363 in FIG. 5). A CHa-nich stream 535 produced from the olefins
production plant is suppled to the SMR as a portion of the hydrocarbon feed. The reformer
waste-heat recovery unit (“WHRU”) generates Super-HP steam stream 704 (or stream 343 in FIG. 5)
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at 905 klb/hr, which is entirely exported to the olefins plant Super-HPS line 603. The HPS steam
705 required by the SMR is supplied from the olefin plant HP steam header in line 605.

[0130] Compared to Example 1, two major steam turbines are changed to provide the desired
steam system integration. Turbine 635, the low-pressure process gas compressor turbine, is changed
from an HPS-extraction-and-condensing turbine to an HPS-extraction-and-LPS-back-pressure
turbine. This reduces condensing energy loss to atmosphere and provides LPS stream 747 for the
amine regenerator in the CO» capture unit 455. Turbine 639, the propylene refrigeration compressor
turbine, is changed from an  MPS-extraction-and-condensing turbine to an
HPS-extraction-and-MPS- back-pressure twrbine. This reduces condensing energy loss to the
atmosphere and provides HPS stream 705 for the SMR 703. Turbine 637, the high-pressure process
gas compressor turbine and turbine 641, the propylene concentrator heat-pump turbine, remain
HPS-extraction-and-condensing turbines, but with increased rates of HPS stream 749 and 757, and
reduced rates of condensable steam condensed at surface condensers 751 and 761. This also reduces
condensing energy loss to the atmosphere and provides HPS steam 705 for SMR 703.

[0131] Compared to Examples 1 and 2, in Example 3, the required firing rates for boilers 715 are
reduced from 1,990 MBtw/hr to 1,250 MBtu/hr, a reduction of 740 MBtu/hr (37%). Since the same
volume of Hz-rich fuel-gas is imported from the SMR, the hydrogen content in the fuel-gas fired in
the cracking furnaces and boilers increases from 85 mol% in Example 2 to 91 mol% in this Example
3 due to less make-up natural-gas being required.

[0132] In this Example 3, the total CO> emissions from the steam crackers 613, the boilers 615,
and the SMR stacks is 610 kta, a reduction of 1170 kta (66%) from Example 1, and a reduction of
290 kta (32%) from Example 2. Since there is no STG n the reformer/hydrogen plant, there is no
electricity credit versus Example 1. Compared to Example 2, the ratio of CO2 sequestered/CO-
avoided in this Example 3 is reduced from 1.60 to 1.21 due to the increased energy efficiency of the
integrated system. Moreover, in this Example 3, condenser energy losses to atmosphere are reduced
from 520 MBtw/hr to 190 MBtw/hr, a saving of 330 MBtuw/hr (63%) compared to Examples 1 and 2.
Key performance parameters are further provided/compared in TABLE 11, below:
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TABLE I

Example Change between Example

1 2 3 2-1 3-1 3-2

Cracking Fumace Fiting MBuw/hr | 2240 [ 2240 (2240 | © 0 0
Boiler Firing MBtu/hr | 1990 [ 1,990 1250 0 740 | -740
Reformer Firing MBwhr| 0 |[1,700]1,700| 1,700 | 1,700 | 0
Total Firing MBuwv/hr | 4230 | 5930|5190 | 1,700 | -740 | -740
H: content of Fuel-gas mol% | 35 | 85 | 91 50 56 6
Stack CO2 (8400 hrs/yr) kta |1,780| 969 | 610 | -811 | -1170 | -359
STG electricity MW - 21 - 21 - 21
STG CO: Equiv (0.389 ttMWh) kta - 69 - 69 - -69
Net CO; Emissions (8400 hesfyr) | kta | 1,780 | 900 | 610 | -880 | -1170 | 290
CO:z Avoided (vs. Example 1) kta - | 80 |1170| - - -
% - 49 | 66 - - -

) kta | -880 [ 0 | 200 - - -
CO2 Avoided (vs. Example 2) % . 0 16
Turbine Condenser Duty MBuwhr | 520 | 520 | 190 0 330 | -330
CO, Sequestered kta - | 1410 1,410 1410 | 1410 0
COz sequestered/avoided
(v. Example 1) } 160 [ 1.21 ) ) )

Listing of Embodiments

[0133] This disclosure can additionally include one or more of the following non-limiting
embodiments:
[0134] Al. A process comprising:

(I) supplying a hydrocarbon feed and a steam feed into a syngas producing unit comprising
a reforming reactor under syngas producing conditions to produce a reformed stream exiting the
reforming reactor, wherein the syngas producing conditions include the presence of a reforming
catalyst, and the reformed stream comprises Hz, CO, and steam;

(I) cooling the reformed stream by using a waste heat recovery unit (“WHRU”) to produce
a cooled reformed stream and to generate a high-pressure steam (“HPS”) stream,

(I11) contacting the cooled reformed stream with a first shifting catalyst in a first shift reactor
under a first set of shiftng conditions to produce a first shifted stream exiting the first shift reactor,
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wherein the first shifted stream has a lower CO concentration and a higher CO; concentration than
the cooled reformed stream;

(IV) cooling the first shifted stream to obtain a cooled first shifted stream;

(V) contacting the cooled first shifted stream with a second shifting catalyst in a second shift
reactor under a second set of shifting conditions to produce a second shifted stream exiting the second
shift reactor, wherein the second shifted stream has a lower CO concentration and a higher CO-
concentration than the cooled first shifted stream;

(VI) abating steam present in the second shifted stream to produce a crude gas mixture stream
comprising COz and Ha;

(VII) recovering at least a portion of the CO: present in the crude gas mixture stream to
produce a CO; stream and a Hz-rich stream, wherein the Hp-rich stream comprises Ha at a
concentration of at least 80 mol%, based on the total moles of molecules in the Hz-rich stream; and

(VILD) supplying a portion of the Hz-rich stream to an olefins production plant comprising a
steam cracker as at least a portion of a steam cracker fuel gas, and combusting the steam cracker fuel
gas to provide thermal energy to the steam cracker.

[0135] A2, The process of A1, wherein the Hz-rich stream further comprises Hz at a concentration
of at least 85 mol% and at least one and preferably all of: 5 mol% of CHs; 3 mol% CO;and 1
mol% COs, based on the total moles of molecules in the Ha-rich stream.

[0136] A3. The process of Al or A2, further comprising:

(IX) producing a CHa-tich stream from the steam cracker effluent; and

(X) providing at a portion of the CHs-rich stream as at least a portion of the hydrocarbon
feed.

[0137] A4.The process of A3, wherein the CHa-rich stream comprises at least one of: 40 mol%
Hz; 10 mol% ethane; and 5 mol% CO, based on the total moles of molecules in the CHs-rich
stream.

[0138] AS. The process of A3 or A4, wherein the CHs-rich stream has an absolute pressure
higher than that of the hydrocarbon feed supplied into the syngas producing unit in step (I), and step
(X) comprises:

(Xa) expanding the CHs-ich stream through a turbo-expander and/or a Joule-Thompson
valve to produce a cooled CHa-rich stream having a pressure in the vicinity of the pressure of the
hydrocarbon feed;
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(Xb) heating the cooled CHy-rich stream by using a stream in the olefins production plant
via a heat exchanger to produce a heated CHa-rich stream; and

(Xc) providing at least a portion of the heated CHa-rich stream as at least a portion of the
hydrocarbon feed.

[0139] A6. The process of any of Al to AS, further comprising:

(XT) producing a steam cracker H> stream from the olefins production plant; and

(X1I) supplying at least one of the following to the syngas producing unit as at least a portion
of the reforming fuel gas: (a) at least a portion of the Ha-rich stream; (b) at least a portion of the steam
cracker Ho stream; and (¢) a joint stream of (a) and (b).

[0140] A7. The process of any of Al to A6, further comprising:

(XIII) supplying at least one of the following to the steam cracker as at least a portion of the
steam cracker fuel gas: (a) a least a portion of the steam cracker H: stream; (b) at least a portion of
the steam cracker Ha stream; and (c) a joint stream of (a) and (b).

[0141] AS8. The process of any of Al to A7, further comprising:

(XIV) supplying at least one of the following to boiler(s) located in the olefins production
plant as a boiler fuel gas: (a) a least a portion of the steam cracker H; stream; (b) at least a portion of
the steam cracker Ha stream; and (c) a joint stream of (a) and (b); and combusting het boiler fuel gas
to supply thermal energy to the boiler(s).

[0142] A9. The process of A8, wherein the boiler(s), taken together, produce no more than 10%
of the total amount of HPS streams consumed by the olefins production plant.

[0143] A10. The process of any of Al to A7, wherein the olefins production plant does not
include a boiler producing steam consumed by the olefins production plant.

[0144] A1l The process of any of A6 to A10, wherein the Ho-rich stream and the steam cracker
H: stream, taken together, provide at least 60% of total fuel gas required, on a Btu basis, by the
olefins production plant.

[0145] Al12. The process of claim A11l, wherein the Ha-rich stream provides at least 60% of total
fuel gas required, on a Bt basis, by the operation of the olefins production plant.

[0146] A13. The process of any of Al to A12, wherein the HPS stream generated in step (II) has
an absolute pressure from 4,000 kPa to 14,000 kPa, and the process further comprises:

(XV) heating the HPS stream to produce a superheated HPS (“SH-HPS”) stream having a
temperature from 350 °C to 550 °C; and
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(XVI) supplying at least a portion of the SH-HPS stream to at least one first steam turbine(s)
in the olefins production plant, and expanding the SH-HPS stream in the at least one first steam
turbine(s) to produce shaft power and a first expanded steam stream.

[0147] Al4. The process of Al3, wherein in step (XVI), the portion of the SH-HPS stream is
combined with an SH-HPS produced from the steam cracker to form a joint SH-HPS stream, and at
least a portion of the joint SH-HPS stream is then supplied to the first turbine.

[0148] Al1S5. The process of A13 or Al4, wherein the at least one first steam turbine(s) drives at
least one of the following in the olefins production plant: a process gas compressor; a propylene
refrigeraion compressor; an ethylene refrigeration compressor; and combinations thereof.

[0149] A16. The process of any of A13, Al14, and A1S, wherein the first expanded stream has a
pressure in the vicinity of that of the steam feed to the syngas producing unit, and the process further
comprises:

supplying at least a portion of the first expanded steam stream to the syngas producing unit
as at least a portion of the steam feed.

[0150] A17. The process of any of A13 to A16, further comprising:

(XVII) expanding at least a portion of the first expanded steam stream in a second steam
turbine in the olefins production plant to produce additional shaft power and a second expanded
steam stream.

[0151] A18. The process of any of A13 to A17, further comprising;:

(XVII) expanding at least a portion of the second expanded steam stream in a third steam
turbine in the olefins production plant to produce additional shaft power and a third expanded steam
stream.

[0152] Al9. The process of any of Al3 to Al18, wherein the SH-HPS stream obtamed in step
(XVI) is a Super-HPS stream, and the first expanded stream is an HPS stream, an MPS stream, or
an LPS stream.

[0153] A20. The process of any of A17 to A19, wherein the second expanded steam is an MPS
stream, or an LPS stream.

[0154] AZ21. The process of any of A17 to A20, wherein the third expanded stream is an LPS

stream.
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[0155] A22. The process of any of A13 to A21, wherein at least one of the first steam turbine, the
second steam turbine, and the third steam turbine does not produce a condensable stream supplied
to a surface condenser.

[0156] A23. The process of any of A13 to A22, wherein step (VII) is carried out using an amine
CO;, capture unit comprising an amine regenerator, and the process further comprises:

(XIX) extracting a process heating steam stream from at least one of the first steam turbine,
the second steam turbine, and the third steam turbine, and the process heating steam stream has an
absolute pressure from 200 kPa to 1,050 kPa; and

(XX) supplying the process heating steam stream to the amine regenerator to effect the
separation of the CO; stream from the Ha-rich stream.

[0157] A24. The process of any of Al to A23, wherein the olefins production plant comprises a
combined-cycle power plant, the combined-cycle power plant comprises one or more duct bumers
combusting a duct burner fuel to generate thermal energy, and the process further comprises
combusting a portion of the Ha-rich stream and/or a portion of the steam-cracker Ha stream as at least
a portion of the duct burner fuel.

[0158] A25. The process of any of Al to A24, wherein any portion of the HPS stream and any
steam generated in the olefins production plant is not supplied to a steam turbine driving an electricity
generator.

[0159] A26. Theprocess of any of A27 to A25, wherein the Ho-rich stream and the steam-cracker
H> stream together provides at least 60%, on a BTU basis, of the total combustion fuel needed by
the operation of the olefins production plant.

[0160] A27. The process of any of Al to A26, wherein a single water demineralization plant
provides all the water needed for steam generating in the Hz-rich gas production plant and the olefins
production plant.

[0161] AZ28. The process of any of Al to A27, wherein the reformed stream has at least one of
the following: a temperature of from 750 °C to 1,200 °C, and an absolute pressure from 700 kPa to
5000 kPa.

[0162] A29. The process of any of Al to A28, wherein the cooled reformed stream produced in
step (II) has a temperature from 285 °C to 400 °C.
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[0163] A30. The process of any of Al to A29, wherein in step (111), the first shifted stream has at
least one of the following: a temperature from 335 °C to 500 °C; and an absolute pressure from 700
kPa to 5,000 kPa.
[0164] A31. The process of any of Al to A30, wherein step (IV) comprises cooling the first
shifted stream, via a heat exchanger, by a cooling stream selected from: a stream comprising the
hydrocarbon feed; a boiler feed water stream; and combinations thereof.
[0165] A32. The process of any of Al to a31, wherein the cooled first shifted stream has at least
one of the following: a temperature from 150 °C to 250 °C, and an absolute pressure from 700 kPa
to 5,000 kPa.
[0166] A33. The process of any of Al to A32, wherein in step (V), the second shifted stream has
at least one of the following: a temperature from 150 °C to 300 °C; an absolute pressure from 700
kPa to 5000 kPa; and a CO concentration no greater than 5.0 mol%, based on the total moles of
molecules in the second shifted stream.
[0167] A34. The process of any of Al to A33, wheren step (VI) comprises:

(VIa) cooling the second shifted stream to condense a portion of steam in the second shifted
stream to form liquid water and to obtain a cooled second shifted stream; and

(VIb) separate the hiquid water from the cooled second shifted stream to obtain the crude gas
mixture stream.
[0168] A35. Theprocess of any of the preceding claims, wherein step (VII) comprises at least one
of the following;

(VIL1) separating at least a portion of the gas mixture by using an amine absorption and
regeneration process;

(VIL.2) separating at least a portion of the gas mixture by using a cryogenic CO: separation
process;

(VIL3) separating at least a portion of the gas mixture by using a membrane separation
process; and

(VI1.4) separating at least a portion of the gas mixture by using a physical absorption and
regeneration process.

[0169] A36. The process of any of A1 to A35, wherein step (VII) comprises the following:
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(V1la) obtaining an exhaust steam stream having an absolute pressure from 200 kPa to 1,050
kPa and shaft power from one or more extraction turbine(s Jextraction turbine(s) and/or back-pressure
turbine(s) (preferably one or more back-pressure turbine(s)) located in a an ofefins production plant;

(VIIb) feeding the crude gas mixture stream and a lean-amine stream comprising an amine
into an absorption column;

(VIIc) obtaining a COz-rich amine stream and a COz-depleted residual gas stream from the
absorption column;

(VIId) feeding at least a portion of the CO2-rich amine stream nto a separation column;

(VIIe) heating the at least a portion of the CO»-rich amine stream in the separation column
using an exhaust steam stream to produce an overhead stream rich in CO; and a bottoms stream rich
in the amine; and

(VIIf) recycling at least a portion of the bottoms stream to the absorption column as at least
a portion of the lean-amine stream.

[0170] A37. The process of any of Al to a36, wherein the syngas producing unit comprises a
steam-methane-reformer (“SMR”) and/or an antothermal reformer (“ATR™).
[0171] A38. The process of A37, wherein:

the syngas producing unit comprises a SMR;

the SMR comprises: one or more SMR bumers where an SMR fuel combusts to supply
thermal energy to the SMR; aradiant section heated by the thermal energy in which the hydrocarbon
feed and steam react under the syngas producing conditions; a convection section heated by the
thermal energy in which the hydrocarbon feed and steam are preheated before entering the radiant
section; and

in step (VII), a portion of the Hz-rich stream and/or a portion of the steam cracker Hz stream
is supplied to the plurality of SMR burners as at least a portion of the reforming fuel gas.
[0172] A39. The process of A38, wherein step (XV) is carnied out, and in step (XV), the HPS
stream is heated in the convection section of the SMR and/or an auxiliary fumace to obtain the SH-
HPS stream.
[0173] A40. The process of A37, wherein:

the syngas producing unit comprises an ATR;

an Oz stream is fed into the ATR;
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the ATR comprises a reaction vessel into which the hydrocarbon feed, the steam feed, and
the Oz stream are supplied;

the syngas producing conditions comprises the presence of an ATR catalyst in the reaction
vessel; and

the reformed stream has at least one of the following: a temperature from 800 °C to 1200 °C;
and an absolute pressure from 700 kPa to 5,000 kPa,

[0174] A41. The process of A40, wherein step (XV) s carnied out, and in step (XV), the HPS
stream is heated in an auxiliary furnace to obtain the SH-HPS stream.
[0175] A42. A process comprising;

(1) supplying a hydrocarbon feed and a steam feed into a syngas producing unit comprising
a reforming reactor under syngas producing conditions to produce a reformed stream exiting the
reforming reactor, wherein the syngas producing conditions include the presence of a reforming
catalyst, and the reformed stream comprises Hz, CO, and steam;

(2) cooling the reformed stream by using a waste heat recovery unit “WHRU”) to produce
a cooled reformed stream and to generate a high-pressure steam (“HPS”) stream,

(3) contacting the cooled reformed stream with a first shifting catalyst in a first shift reactor
under a first set of shifting conditions to produce a first shifted stream exiting the first shift reactor,
wherein the first shifted stream has a lower CO concentration and a higher CO; concentration than
the cooled reformed stream;

(4) cooling the first shifted stream to obtain a cooled first shifted stream;

(5) contacting the cooled first shifted stream with a second shifting catalyst in a second shift
reactor under a second set of shifting conditions to produce a second shifted stream exiting the second
shift reactor, wherein the second shifted stream has a lower CO concentration and a higher CO-
concentration than the cooled first shifted stream;

(6) abating steam present in the second shifted stream to produce a crude gas mixture stream
comprising COz and Ha;

(7) recovering at least a portion of the CO» present in the crude gas mixture stream to produce
a CO» stream and a Ho-rich stream, wherein the Ha-rich stream comprises H» at a concentration of at
least 80 mol%, based on the total moles of molecules in the Hz-rich stream;

(8) combusting a portion of the Hz-rich stream in a steam cracker located in an olefins
production plant to generate thermal energy and to produce a flue gas stream comprising CO- ata
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concentration no greater than 20 mol% based on the total moles of H>O and CO; in the flue gas
stream, wherem the steam cracker is operated under steam cracking conditions to convert a steam
cracker feed into a steam cracker effluent comprising olefins;

(9) producing a CHy-rich stream from the steam cracker effluent; and

(10) providing the CHg-rich stream as at least a portion of the hydrocarbon feed.
[0176] A43. The process of A42, wherein:

the syngas producing unit comprises a SMR;

the SMR comprises: one or more SMR bumers where a SMR fuel combusts to supply
thermal energy to the SMR; a radiant section heated by the thermal energy in which the hydrocarbon
feed and steam reacts under the syngas producing conditions; a convection section heated by the
thermal energy in which the hydrocarbon feed and steam are preheated before entering the radiant
section; and the process further comprises:

(11) combusting a portion of the Hx-rich stream at the plurality of SMR burners as at least a
portion of the SMR fuel.
[0177]  Varous terms have been defined above. To the extent a term used in a claim is not defined
above, it should be given the broadest definition persons in the pertinent art have given that term as
reflected in at least one printed publication or issued patent.
[0178] While the foregoing is directed to embodiments of the present invention, other and farther
embodiments of the invention may be devised without departing from the basic scope thereof, and
the scope thereof is determined by the claims that follow.
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CLAIMS:

1. A process comprising:

O supplying a hydrocarbon feed and a steam feed into a syngas producing unit
comprising a reforming reactor under syngas producing conditions to produce a reformed stream
exiting the reforming reactor, wherein the syngas producing conditions include the presence of a
reforming catalyst, and the reformed stream comprises Hz, CO, and steam;

(Il cooling the reformed stream by using a waste heat recovery wnit (“WHRU”) to
produce a cooled reformed stream and to generate a high-pressure steam (“HPS”) stream;

(Ill)  contacting the cooled reformed stream with a first shifting catalyst in a first shift
reactor under a first set of shifting conditions to produce a first shifted stream exiting the first shift
reactor, wherein the first shifted stream has a lower CO concentration and a higher CO-
concentration than the cooled reformed stream;

(IV)  cooling the first shifted stream to obtain a cooled first shifted stream;

(V)  contacting the cooled first shifted stream with a second shifting catalyst i a
second shift reactor under a second set of shifting conditions to produce a second shifted stream
exiting the second shift reactor, wherein the second shifted stream has a lower CO concentration
and a higher CO; concentration than the cooled first shifted stream;

(V) reducing steam presentin the second shifted stream to produce a crude gas mixture
stream compnsing CO2 and Ha;

(VII) recovering at least a portion of the COz present in the crude gas mixture stream to
produce a CO: stream and a H-rich stream, wherein the Ha-rich stream comprises Hz at a
concentration of at least 80 mol %, based on the total moles of molecules in the Haz-rich stream;
and

(VII) supplying a portion of the Hz-rich stream to an olefins production plant comprising
a steam cracker as at least a portion of a steam cracker fuel gas, and combusting the steam cracker

fuel gas to provide thermal energy to the steam cracker.
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2. The process of claim 1, wherein the Ha-rich stream further comprises H: at a concentration
of at least 85 mol % and further comprises at least one of: not more than 5 mol % of CHa; not
more than 3 mol % CO; and not more than 1 mol % CO;, based on the total moles of molecules

in the Hz-rich stream.

3 The process of claim 1, further comprising:

(IX) supplying a portion of the hydrocarbon feed to the steam cracker under steam
cracking conditions to produce a steam cracker effluent exiting the steam cracker;

(X)  producing a CHa-rich stream from the steam cracker effluent; and

(XI) providing at least a portion of the CHa-rich stream as at least a portion of the
hydrocarbon feed supplied to the syngas producing unit.

4, The process of claim 3, wherein the CHa-rich stream comprises at least one of: not more
than 40 mol % Hz; not more than10 mol % ethane; and not more than 5 mol % CO, based on the

total moles of molecules in the CH4-rich stream.

5. The process of claim 1 farther comprising:

(IX) supplying a portion of the hydrocarbon feed to the steam cracker under steam
cracking conditions to produce a steam cracker effluent exiting the steam cracker;

(X)  producing a CHs-nich stream from the steam cracker effluent, the CHa-rich stream
having an absolute pressure higher than that of the hydrocarbon feed supplied into the syngas
producing unit in step (I);

(XIa) expanding the CHsrnich stream through a tubo-expander and/or a
Joule-Thompson valve to produce a cooled CHy-rich stream having a pressure in the vicinity of
the pressure of the hydrocarbon feed;

(XIb) heating the cooled CHa-rich stream to produce a heated CHs-rich stream; and

(XIc) providing at least a portion of the heated CHa-rich stream as at least a portion of
the hydrocarbon feed.
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6. The process of claim 1, further comprising:

(IX) producing a steam cracker Ha stream in the steam cracker; and

(X)  supplying one of the following to the syngas producing unit located in the olefins
production plant as at least a portion of a reforming fuel gas for the reforming reactor: (a) at least
a portion of the Hz-rich stream; (b) at least a portion of the steam cracker Hz stream; and (c) a joint
stream of (a) and (b).

7. The process of claim 1, further comprising:

(IX) producing a steam cracker Ha stream in the steam cracker; and

(X)  supplying one of the following to the steam cracker as at least a portion of the
steam cracker fuel gas: (a) at least a portion of the H>-rich stream; (b) at least a portion of the
steam cracker Hz stream; and (c) ajoint stream of (a) and (b).

8. The process of claim 1, further comprising:

(IX) producing a steam cracker Hz stream in the steam cracker; and

(X)  supplying one of the following to boiler(s) located in the olefins production plant
as a boiler fuel gas: (a) at least a portion of the Ha-rich stream; (b) at least a portion of the steam
cracker H» stream; and (c) a joint stream of (a) and (b); and combusting the boiler fuel gas to
supply thermal energy to the boiler(s).

9, The process of claim 7, wherein the Hz-rich stream and the steam cracker H» stream, taken
together, provide at least 60% of total fuel gas combusted, on a BTU basis, by the olefins
production plant.

10. The process of claim 9, wherein the Hz-rich stream and the steam cracker H; stream, taken

together, provide at least 80% of total fuel gas combusted, on a BTU basis, by the olefins
production plant.
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11.  The process of claim 9, wherein the H>-rich stream provides at least 60% of total fuel gas
combusted, on a BTU basis, by the operation of the olefins production plant.

12.  The process of claim 1, wherein the HPS stream generated in step (I) has an absolute
pressure from 4,000 kPa to 14,000 kPa, and the process further comprises:

(IX) heating the HPS stream to produce a superheated HPS (“SH-HPS”) stream having
a temperature from 350° C to 550° C; and

(X)  supplying at least a portion of the SH-HPS stream to a first steam turbine in the
olefins production plant, and expanding the SH-HPS stream in the first steam turbine to produce
shaft power and a first expanded steam stream.

13.  The process of claim 12, wherein in step (X), the portion of the SH-HPS stream is
combined with a SH-HPS stream produced from the steam cracker to form a joint SH-HPS stream,
and at least a portion of the joint SH-HPS stream is then supplied to the first steam turbine.

14.  The process of claim 12, wherein the shaft power produced by the first steam turbine
drives at least one of the following in the olefins production plant: a process gas compressor, a

propylene refrigeration compressor, and an ethylene refrigeration compressor.

15.  The process of claim 12, wherein the first expanded steam stream has a pressure in the
vicinity of that of the steam feed to the syngas producing unit, and the process further comprises:

supplying at least a portion of the first expanded steam stream to the syngas producing
unit as at least a portion of the steam feed.

16.  The process of claim 12, further comprising:
(XI) expanding at least a portion of the first expanded steam stream in a second steam

turbine in the olefins production plant to produce additional shaft power and a second expanded

steam stream.
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17.  Theprocess of claim 12, wherein the SH-HPS stream obtained in step (IX) is a Super-HPS
stream, and the first expanded steam stream is an HPS stream, a medium-pressure steam (MPS),

or a low-pressure stream (LPS).

18.  Theprocess of claim 16, wherein the second expanded steam is a medium-pressure stream
(MPS) or a low-pressure stream (LPS).

19.  The process of claim 12, wherein at least one of the first steam turbine and a second steam
turbine, expanding at least a portion of the first expanded steam stream, does not produce a steam

stream supplied to a surface condenser.

20.  Theprocess of claim 12, wherein step (VII) is carried out using an amine COz capture unit
comprising an amine regenerator, and the process further comprises:

(XI) extracting a process heating steam stream from at least one of the first steam
turbine or a second steam turbine which expands at least a portion of the first expanded steam
stream, and the process heating steam stream having an absolute pressure from 200 kPa to 1,050
kPa; and

(XII) supplying the process heating steam stream to the amine regenerator to effect the

separation of the CO; stream from the Hz-rich stream.

21.  The process of claim 1, further comprising;

(IX) producing a steam cracker Hz stream in the steam cracker;

wherein the olefins production plant comprises a combined-cycle power plant, the
combined-cycle power plant comprises one or more duct burners combusting a duct burner fuel
to generate thermal energy, and the process further comprises combusting a portion of the Hx-rich
stream and/or a portion of the steam cracker H; stream as at least a portion of the duct bumer fuel.

22.  The process of claim 17, wherein the Ha-rich stream and the steam-cracker H> stream
together provide at least 60%, on a BTU basis, of the total fuel gas combusted by the operation of
the olefins production plant.
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23.  The process of claim 1, wherein the Ho-rich gas production plant and the olefins

production plant are supplied with water from the same water demineralization plant.

24, The process of claim 1, wherein the steam cracker produces a flue gas stream comprising
CO: at a concentration no greater than 20 mol % based on the total moles of H>O and CO: in the
flue gas stream, wherein the steam cracker is operated under steam cracking conditions to convert
a steam cracker feed into a steam cracker effluent comprising olefins;
and wherein the method further comprises:
(IX) producing a CHa-rich stream from the steam cracker effluent; and
(X) providing the CHa-rich stream as at least a portion of the hydrocarbon
feed.

25.  Theprocess of claim 24, wherein:

the syngas producing unit comprises a steam methane reformer (SMR);

the SMR comprises: one or more SMR bumers where a SMR fuel combusts to supply
thermal energy to the SMR; a radiant section heated by the thermal energy in which the
hydrocarbon feed and steam react under the syngas producing conditions, and a convection
section heated by the thermal energy in which the hydrocarbon feed and steam are preheated
before entering the radiant section; and the process further comprises:

(XI) combusting a portion of the Hz-rich stream at the plurality of SMR bumers
as at least a portion of the SMR fuel.

26.  The process of claim 1, wherein the Hz-rich stream comprises H: at a concentration of at

most 98 mol%.

27.  'Theprocess of claim 1, wherein the Hz-rich stream comprises H; at a concentration of at

most 95 mol%.
28.  Theprocess of claim 1, wherein the Hz-rich stream comprises H> at a concentration of at

maost 90 mol%.
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29.  The process of claim 1, wherein the Ho-rich stream comprises Hz at a concentration of at

most 85 mol%.

30.  The process of claim 12, wherein the first turbine has a power rating of at least 1 MW.

31.  The process of claim 12, wherein the first turbine has a power rating of at least 5 MW.

32.  The process of claim 12, wherein the first turbine has a power rating of at least 10 MW.

33.  'The process of claim 12, wherein the first turbine has a power rating of at least 20 MW.
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