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{68221  FIG. 3 s a disgram of a real-time optimization control system for controlling a gas-

phase polymenzation process, according to one embodiment; and

160231 FIG. 413 agraph showing a nonlinear relationship between ICA added to the gas-phase

polymerization reactor and ICA recovered in the recovery loop over a range of optimized
s manipulated pararoeters, according to one embodiment.

[0624]  While the disclosed process and system are susceptible to various modifications and

alternative forms, the drawings tlusirate specific embodiments and/or aspects herein described in

detail by way of example. It should be understood, however, that the description herein of a

specific embodiment is not intended to limit the invention to the particular forms disclosed, but on
w  the contrary, the intention is to cover all modifications, equivalents, and alternatives falling within

the spirit and scope of the invention as defined by the appended claims.

DETAJLED DESCRIPTION OF THE INVENTION

{66251 Hlostrative embodiments of the subject matter claimed below will now be disclosed.
In the interest of clanty, some features of some actual implementations may not be described in
13 this specification. It will be appreciated that in the development of any such actual ersbodiments,
aumerous implementation-specific decisions must be made to achieve the developer’s specific
goals, such as compliance with systeru-related and business-related constraints, which will vary
from one implementation to ancther. Moreover, it will be appreciated that such a development
etfort, even if complex and time-consuming, would be a routine undertaking for those of ordwary
20 skill in the art having the benefit of this disclosure.
{0026]  The words and phrases used herein should be understood and wterpreted to have a
meaning consistent with the understanding of those words and phrases by those skilled in the
relevant art. No special definition of a term or phrase, 1.e, a definition that is different from the
ordinary and customary meaning as understood by those skitled in the art, 1s intended to be imphied
35 by consistent usage of the term or phrase herein. To the extent that a term or phrase is intended to
have a spectal meaning, 1.¢., a meamng other than the broadest meanng understood by skilled
artisans, such a special or clarifving definition will be expressly set forth in the specification in a
definitional manner that provides the special or clarifying definstion for the term or phrase.
{68277 For example, the following discussion contatns a non-exhaustive list of definttions of
w  several specific terms used in this disclosure {(other terms may be defined or clasified in a

definitional manner elsewhere herein}. These definttions are intended to clanfy the meanings of

-
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the terms used herein. 1t is believed that the terms are used in 3 manner consistent with theur
ordinary meaning, but the definitions are nonetheless specified here for clarity.
Definitions
{0028]  As used herein, “inert” means that the referenced composition (gas or otherwise) is
s ert to reaction conditions within a reaction vessel in a reactor system {e.g, does not react 10 2
polymerization reactor in a gas phase polymerization system).
100297 Asused herein, “control parameter” is a dependent parameter or variable in operating
conditions in a process that 1s directly or indirectly dependent upon one or more mampulated
parameters. A control parameter is further a constrained parameter or variable in the operating
w  conditions in that it is subject to an equality constraint (e.g., hydrocarbon solubility 1n polymer
particles in the fluidized bed) or an inequality constraint {e.g , dMIT, or delta-MIT, 1 e, delta from
Melt Imtiation Temperature, a measure of nearness of operating temperature to melf initiation
temperature, and hence an indicator of resin stickiness; see U.S. Pat. No. 7.774,178). An equality
constraint produces a control parameter having g certain value in response to selecting specific
15 values of one or more manipulated parameters upon which the controlled parameter depends
directly or indirectly (alternatively, this could be phrased as baving both an upper Hnit and a lower
limit of a manipulated parameter immediately surrounding the target value, such that the target
value of such manipulated parameter s maintained). An inequality constraint produces a limit on
a control parameter in response to selecting specific values of one or more manipulated parameters
20 upon which the controlled parameter depends directly or indirectly—i ¢, the control parameter 13
either greater than or less than a certain value in response to selecting specific values of one or
more manipulated parameters upon which the controlled parameter depends directly or indirectly
{e.g., upper hmits and/or lower lumits selecied tor each of the mampulated parameters). In some
instances, a control parameter, subject to etther an equality or inequality constraint, may be further
25 constrained to a hmited range of values related to a physical configuration of equipment
implementing the process and/or maintenance of thermodynamic conditions suitable for stable
operation of the process. All of the foregoing are considered exarples of constraints for a control
parameter.
16030  As used herein, “i1C4” and “isobutane” refer to Z-methylpropane.
so (0838  Asused herewn, “1Cs” and “1sopentane” refer to 2~-methylbutane.
{6032} As used herein, “ICA” refers to a condensing agent. “ICAs” refers to condensing

agents. “ICA composition” refers to the total condensing agent in the reactor and encompasses
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compositions with two or more condensing agents. JCAs suitable for use in methods of the present
disclosure may include Ca-Cs hydrocarbons or combinations thereof. For example, ICAs suitable
for use may include n-butane, ischutane, n-pestane, isopentane, ngo-pentane, hexane, isohexang,
and other hydrocarbon compounds that are similarly non-reactive in the polymerization process.
s A “binary ICA composition” 1s an ICA composition that includes two ICAs, and a “temary ICA
composition” is an ICA compaosition that includes three ICAs.
{0833]  As used herein, “instantaneous,” with reference to a matenial property in a contingous
reaction, denotes the value of the matertal property of the most recently value. The most recently
produced quantity typically undergoes mixing with previcusly produced quantities of the material
w  before a mixture of the recently and previously produced material exits the reactor. In contrast,
with reference to a product being produced by a continuous reaction, “average” {or “bed average”)
value (ata time “T7) of a property denotes the value of the property of the material, such as polymer
product that exits the reactor at time T
0034]  Ac used herein, “linear low density polvethylene” (LLDPE) refers to polyethylene
15 having a density in the range of from 0.890 to 0.970 g/om’®, from 0.905 to 0.960 g/em®, 0.910 to
0.950 g/cra® or from 0.910 to 0.940 g/em®, and a melt index (2.16 kg at 190°C) in the range of
from €.1 to 50 dg/min. or from 0.5 to 20 dg/min, that is linear and is substantially free of fong

chain branching. LLDPE can be produced with single-site ¢

aot limited 1o, metallocene catalysts in gas-phase reactors and/or in slurty reactors and/or in
20 solution reactors

[0035]  As used heretn, “roanipulated parameter” 18 an independent parameter or variable in

operating conditions in a process that is intentionally maintained or changed to determine a

TE3PONSE 1N oue of more control patameters of the process,

100361  As used herein, “melt index” refers to a measure of the use of flow of the melt of the
25 thermoplastic polymer. Melt index may be measured according to ASTM D1238-13 at suitable

weight and temperature. Generally, the melt index of polvolefing 1s measured at 2.16 kg at 190°C,

Skgat 190°C, or 21.6 kg at 190°C.

{8837]  As used herein, “M," is number average molecular weight, “My” 1s weight average

molecular weight, and “M.” is z average molecular weight, wt % is weight percent, and mol % is
s mole percent. Molecular weight distribution (MWD), also referred o as polydispersity index

{PDI), is defined to be My divided by M., Unless otherwise noted, all molecular weights {e.g.,

Muw, My, M.} are reported in units of g/mol.
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{8838]  As used berein, “nC4” and “n-butane” refer to normal-butang.

{00391 Asused herein, “nCs” and “n-pentane” refer to normal-pentane

{66487  Asused herein, “n{s” and “n-hexane” refer to normal-hexane.

{0041}  Asused herein, “neoCs” and “neo-pentane” refer to 2,2-dimethylpropane,

{0042]  As used herein, “objective parameter” means a value of a quantifiable aspect

corresponding to an input to or an output from the operation of the gas phase polymerization

process, wherein the objective relates to a quantifiable aspect of operating the gas phase

polymerization process. For example, one aspect of the operation of a gas phase polymerization

process could be profitability. Inputs of raw materials and energy would have a corresponding

w  cost associated with each unit of raw materials and energy. Outputs from the process would have
a corresponding value per unit of measure, such as a sales value of polymer product or a cost of
managing a vent stream for the polymer product stripper. In another example, an aspect of the
operation of a gas phase polymenzation process could be energy consumed per mass umt of
polymer product. loputs of raw materials and energy would bave a corresponding sroount of

15 energy associated with each unit of polymer product produced.
{00437  As used hereln, “polyethylene” denotes a polymer of ethylene and optionally one or
more C3-Ciz alpha-olefins, while the term “polyolefin” denotes a polymer of one or more Cy-Cis
alpha-olefins and optionally one or more comonomers. An “olefin” 1s an unsaturated hydrocarbon
that contains at least one carbon-carbon double bond.  An alpha-olefin is a hydrocarbon that

20 contains at least one carbon-carbon double bond at one end of a carbon chain (e g., I-butene, vinyl-
cyciohexane), For the purposes of this disclosure, ethylene shall be considered an g-olefin,
Further, when a polymer is referred to as having “ethylene” content, or content of any other
monomer, 1t should be understood that the polymer has content detived from such monomer (in
the polymerized form of the monomer). Thus, for example, an “ethylene content” of 90moldc in a

25 polymer is equivalent to “cthylene-derived content” of 90mol% 1n such polymer.
{06441  As used berein, “real-time” means data processed, and svstems adjusted, without
mtentional delay, given the processing limitations of the system and the time to accurately measure

the data.

{6845}  The term “gas-phase polymerization” refers to the production of polymer in a gas-phase
w  reactor (referred to herein simply as a “reactor”). It should also be noted that when a “gas-phase”
polymerization or reactor s referenced, it is contemplated that monomers are typically reacted in
a gas phase in a reaction zone; however, the monomers need not necessarily be supplied 1o the

9.
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reactor in 3 gas phase. Rather, the monomers may be supplied in a gas phase, liqud phase
{condensed phase}, or a hybrid gas-liguid phase. Accordingly, when gaseous monomeric sireams
or cycle gas streams are referenced herein as part of a gas-phase polymerization reactor system or
process, it should be understood that such gas streams can in fact be at least partially condensed
s ({that s, v a gas-liquid bybrd phase). o other words, any stream referenced as a gas stream,
recirculated gas, or the like, in the context of a gas-phase reaction system as described herein, can
be considered to optionally be at least partially liguefied, as 15 known in the art. See discussion of
so-called “condensed mode” of operating certain gas-phase polymerization reactors, e.g., in
Nambkajorn et al., Condensed Mode Cooling for Ethviene Polymerization: Part I The Impoct of
w  Induced Condensing Agents on Particle Morphology and Polviner Properiies, . MACROMOL.
CHEM. AND PHyYS. 217, 1521-1528 (Wiley 2016}, where it 18 noted that in some fluidized bed gas-
phase polymerization reactors, recycle stream or cycle gas can be cooled 10 a temperature below
its dew point so that it is partially liquified, and then fed into the bottom of the fluidized bed reactor,
where latent heat of vaporization of the liquid in the feed absorbs the heat of polymerization and

15 thereby offers increased cocling and the potential for increased reaction rates.

Production loop
{0046]  The methods described may be used to pilot plant or commercial size reactors including
a variety of designs. For example, the model can be used in commercial-scale reactions, such as
gas-phase floidized-bed polymerization reactions, that can be montored and optionally also
w  controlled. Some such reactions can occur in a reactor having the geometry of the fluidized bed
reactor 101 discussed with respect to FIG. 1. In other embodiments, a reactor is monitored and
optionally also controlled while operating to perform polymerization using any of a variety of
different processes {€.g., slurry or gas-phase processes).
{88471  Generally, in a gas-phase flutdized-bed process used for producing polymers, a gaseous
35 stream containing one of more monomers s continuously cycled through a fluidized bed in the
oresence of a catalyst under reactive conditions. The gaseous stream is withdrawn from the
fluidized bed and recycled back into the reactor. Simultaneously, polymer product is withdrawn
from the reactor and fresh monomer is added to replace the polymerized monomer. {See, for
example, U.S. Pat. Nos. 4,543,399; 4,588,790; 5,028,670, 5,317,036, 5,352,749, 5.405,922;

i

W 5436304, 5453471 5,462,999 5616661 and 3,668,228 the sub
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{0048]  FIG. 1 1s a schematic diagram of a production loop 188 that can be monitored and
conirolied in accordance with embodiments described. Production loop 188 comprises a fluidized
bed reactor 101 and production loop peripheral equipment 102, The polymerization systern 108
includes a fluidized bed reactor 101, The fluidized bed reactor 101 has a bottom end 103, a straight
s section 188, atop expanded section 187, and a distaibutor plate 189 within the straight section 145,
A fluidized bed 111 of granular polymer {once formed}) and catalyst particles is contained within
the straight section 185 and may optionally extend shghtly 1nto the top expanded section 147, The
bed is fluidized by the steady flow of recycle gas through the distributor plate 18%. The recycle
gas enters fluidized bed reactor through line 113, additional reaction and inert gases (including
w  ICAs) may be added in adjustable ratios through line 115 Aluminum alkyl {optional) may be
added through line ¥17. The flow rate of the recycle gas is regulated to maintain circulation of
fluidized bed 111, In some embodiments, a recycle gas velocity of from about 1 fi/sec to about 3
fi/sec, such as from about 2 ft/sec to about 3 ft/sec, or from about 2.4 fi/sec to about 2.8 fi/sec is
used to maintain a fluidized bed 111 in the reactor 181 while operating the reactor 101 at a total
15 pressure of about 4200 kPa or less, about 700 kPa to about 4200 kPa, about 1300 kPa to about
2800 kPa, or about 1700 kPa to about 2500 kPa.
{0049}  The polymerization system 108 has one or more catalyst Hines 119 for controlling the
addition of polymerization catalyst to a reaction zone {not shown) withun fluidized bed 111, and
generally within straight section 105, Within the reaction zone, the catalyst particles react with
0 reaction gases including an olefin monomer {e.g., ethylene) and optionally a comonomer and other
reaction gases (e.g., hydrogen) to produce the graoular polymer particles. As new polymer
particles are produced, other polymer particles are continually withdrawn from the fluidized bed
111 through a product discharge line 121 fo product recovery system comprising recovery loop
peripheral equipment 202. An exemplary product recovery system 260 and recovery loop
25 peripheral equipment 282 are shown and described inmore detail in connection with FIG. 2 below
The fluidized bed 111 may be maintained at a constani height by withdrawing 2 portion of the
flndized bed 111 at a rate equal to the rate of formation of particulate product. The product may
be removed contintously or nearly continuously via a serigs of valves (not shown) inte the
recovery loop peripheral equipment 202, and the recovery loop peripheral equipment also includes
s means for refurning recovered condensed liquid back to the production loop peripheral equipment
via recycle line 133, where it joins cvcle gas returning to the reactor 101 via line 113, Optionally,

the system could further include a fixed-volume chamber to which the product discharge line 121
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delivers the discharged product prior to eantering the product recovery system 208 shown in Fi(.
2, and such chamber could also include a line for venting gas back to the reactor 181, in this way,
oroduct discharge inchuding solid product and unreacted gas can enter the fixed-volume chamber
while unreacted gas is simultaneously vented back to the reactor 101, allowing for highly efficient
s removal of the product, while recycling a large portion of the unreacted gases back to the reactor.
[6658]  The polymerization system 106 also has a cooling loop which includes a first recycle
gas line 139, compressor 141, a second recycle gas line 143, and cooling system 145 (such as a
circulating gas cooler), coupled with the fluidized bed reactor 161, Cooling system 145 may accept
cooling water via line 147 and expel heated water via line 149, Cooling of the recycle gas is a
w  method used to cool the polymerization system 168 to reduce or eliminate issues that may arise
from exothermi¢ polyolefin production. During operation, the cooled circuiating gas from cooling
systemy 145 flows via line 113 through inlet 151 into the bottom of the fluidized bed reactor 181,
then propagates upward through the distributor plate 189, into and through the fluidized bed 111,
and out from the fhdized bed reactor 181 via outlet 183 back into the first recycle gas line 139
15 [883%]  The top expanded section 187 may also be known as a “velocity reduction zone,” and
is designed to reduce the quantities of particle entrainment in the recycle gas line 139 from the
fluidized bed. The diameter of the top expanded section 187 generally increases with the distance
from straight section 108, The increased diameter causes a reduction in the speed of the gas stream,
which allows most of the entrained particles to settle back into the fluidized bed 114, thereby
0 mimmizing the quantities of solid particles that are “carried over” from the thudized bed 111
through the recycle gas line 139 In some iustances, a screen {not shown} may be included
upstream of the compressor 141 to remove larger material from the recyele gas line 139.
{6052}  To matain a reactor temperature, the tempersture of the recycle gas may be
continuously adjusted up or down to accommodate changes in the rate of heat generation due to
25 the polymerization reaction. One or more temperature sensors 155 may be focated in the fluidized
bed and used with a control system and the cooling loop to control the temperature of the fluidized
bed 111 near the process set-point.  Heated reactor gas, which carries heat energy from the
fluidized bed reactor 101, is withdrawn from the outlet 183 and 1s pumped by the compressor 141
via line 143 to cooling system 145 where the temperature of the heated reactor gas is reduced and
so  atleast a portion of the ICA composition present 1s condensed to a liguid. The recycle gas from
the cooling system 148, including condensed liguids, flows via line 113 to the reactor inlet 151 to

cool the fluidized bed 111, Temperature sensors (not shown ) near the inlet and outlet of the cooling

A0



WO 2025/136608 PCT/US2024/057269

system 145 may provide feedback to a controd system {not shown} to regulate the amount by which
cooling systern 143 reduces the temperature of the recycle gas entering the fluidized bed
reactor B0
{00653]  The fluidized bed reactor 101 may also include one or more skin temperature sensors
s {one such skin temperature sensor 1587 15 shown for dlustrative purposes m FIG, 1), mounted n
positions along a wall of the straight section 105 of the thudized bed reactor 101 so as to protrude
into the bed from the reactor wall by a small aroount (e.g., about one eighth to one quarter of an
inch {3-6 mm}). The skin temperature sensors 157 may be configured and positioned to sense the
temperature of the resin near the wall of the fluidized bed reactor 101 during operation.
w8854}  The temperature sensors in the fluidized bed 111 can also or instead include a resistance
temperature sensor 1885 positioned and configured to sense bed temperature during reactor
operation at a location within the fluidized bed reactor 101 away from the reactor wall. The
resistance temperature sensor can be mounted so as to protrude into the bed more deeply than the
skin temperature sensors 1587 (e.g, about 8 to 18 inches (20-46 cm) away from the reactor wall).
15 Although multiple resistance temperature sensors 155 can be deployed along the reactor wall, only
one 18 shown in FIG. 1 for dlusirative purposes.
{6085 (Mher sensors and other apparatuses may be employed to measure other reaction
parameters during a polymerization reaction. The reaction pararcters may include instantaneous
and bed-averaged resin product properties (e.g., melt index and density of the polymer resin
0 product being produced by the polymerization system 108 during a polymerization reaction).
Resin product properties roay be measured by periodically sampling the resin when exiting the
reactor {(e.g., about once per hour or at any other desired frequency), and performing the
appropriate tests in a quality control Iaboratory.
10056]  Other measured reaction parameters may include reactor gas composition {e.g.,
25 concentrations and partial pressures of reactant gases, ICA and other inert gases, such as nitrogen,
inert hydrocarbon, and the like). The reacior gas composition may be measured by removal of gas
from upper portion 187 via line 18% to a gas chromatograph (“GC”) system 161, GC system 161
may also be connected by lines {not shown} other than line 15% to other parts of polymerization
system 199, such as recycle gas line 139, compressor 141, line 143 or any combination thereof.
s [0037F  The process control variables may be controlied to obtain the desired productivity for
the polymerization system 108 and properties for the resin. For example, the parameters used to

control gas-phase composition within the fluidized bed reactor 181 can mclude the concentration
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{partial pressure} and composition of the ICA composition and comonomer, the partial pressure of
monomer, the type and properties of catalysts, and the temperature of the reaction process. For
example, a polymenzation reaction during a transition from production of a certatn grade of
polyoletin to a different grade may be controlled by controlling process control variables to ensure
s that the product {e.g, the granular resin) has properties compliant with an witial specification set
at the start of the transition, the product produced during the transition ceases to comply with the
initial specification set at a first time, and the product has properties compliant with a final
specification set at the end of the transition. In the processes described herein, stickiness of the
resin during the reaction may be controlled by a control system adjusting (or regulating) the
w  temperature in the reaction zone and/or the concentration {partial pressure) of the ICA composition
used in the reaction.
{06038}  Polyolefin polymerization may be performed by contacting in a reactor {such as the
fluidized bed reactor 181 of FIG. 1) an olefin monomer {optionally with a comonomer) with one
or more catalysts (supported or not) in the presence of ICA composition aud optionally hydrogen.
15 The individual flow rates of olefin monomer, optional comonomer, optional hydrogen, and ICA
composition {or individual components thereof) may be controlled to maintain fixed gas
composttion targets. The concentration of all gases may be measured with a chromatograph. A
solid catalyst, a catalyst slurry, or hiquid solution of the catalyst(s) may be injected directly nto
the reactor using a carrier gas (e.g,, purified nitrogen), where the feed rate of catalyst{s) may be
20 adjusted to change or maintain the catalyst inventory in the reactor.
[6059] o some embodiments, the polymerization reaction may be performed at a reactor
pressure of about 4,200 kPa or less, about 700 kPa to about 4,200 kPa, about 1,300 kPa to about
2,800 kPa, or about 1,700 kPa to about 2,500 kPa.
10060f  Generally, the olefin monomer concentration is controlled and monitored by the olefin
:s  monomer partial pressure. [n some embodiments, the olefin partial pressure may be at about 4200
kPa or less, such as about 500 kPa to about 2,000 kPa, about 1,000 kPa to about 1,800 kPa, about
1,200 kPa to about 1,700 kPa, or about 1,400 kPa to about 1,600 kPa.
{68661}  The comonomer concentration may be controiled and monitored by a comonomer to
olefin monomer mole ratio (or aiternatively, the flow rates of comonomer and olefin monomer are
so  held at a fixed ratio). When present, the comonomer may be at a relative concentration to the
olefin monomer that will achieve the desired weight percent incorporation of the comonomer into

the finished polyolefin. In some embodiments, the comonomer may be present with the olefin
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monomet in a mole ratio in the gas-phase of from about 0.0001 to about 5¢ {comonomer to olefin
monomer}, from about 0.0001 to about 5, from about 0.0005 1o about 1.0, or from about 0.001 1o
about 0.5,
{0062]  The olefin monomer or comonomers, for example, may be a C;-Cig alpha-olefin. In
s some embodiments, the olefin monomeris ethylene, and a comonomer s a Ca-Crz alpha olefin. In
some embodinients, the olefin monomer may be ethylene or propylene; and a comonomer may
include Cs-Cio alpha-olefins. For example, C:-Cis alpha-olefins that may be ulilized as a
comonomer in embodiments described may include: ethylene, propylene, i-butene, 1-pentene, 1-
hexene, 1-heptene, l-octene, 4-methylpent-1-ene, 1-decene, i-dodecene, 1-hexadecene, and the
w ke, and a combination thereof. Additionally, a polyene may be used as a comonomer according
10 some embodiments described.  For example, polyenes may include: 13-hexadiene, 14-
hexadiene, cyclopentadiene, dicyclopentadiene, 4-vinyleyclohex-1-ene, methyloctadiene, 1-
methyl-1,6-octadiene, 7-methyl-1,6-octadiene, 15-cyclooctadiens, norbornadiene, ethylidene
norbornene, S-vinylidene-2-norbornene, S-vinyl-2-notbornene, and olefins formed v situ in the
15 polymerization medium. When olefins are formed 1n situ 1n the polymerization medium, the
formation of polyolefins containing long chain branching may occur. Additional examples of
comonomers may include isoprene, styrene, butadiene, isobutylene, chloroprene, acrylonitrile, and
cychic olefins. Combinations of the foregoing may be uithized in the methods deseribed.
10863}  Examples of polymers that can be produced in accordance with the method dascribed
0 may mnclude the following: homopolymers and copolymers of C2-Cie alpha olefins; polyvinyl
chlorides, ethylene propylene rubbers (EPRs), ethylene-propylene diene rubbers (EPDMs);
polyisoprene; polystyrene; polybutadiene; polymers of butadiene copolymernized with styrene;
polymers of butadiene copolymerized with 1soprene; polymers of buiadiene with acrylomtrile;
polymers of isobutylene copolymerized with isoprene; ethylene butene rubbers and ethylene
25 butene diene rubbers; polychloroprene; norbornene homopolymers and copolymers with one or
more Cr-Cig alpha olefin; and terpolyvmers of one or more C2-Cig alpba clefing with g diens. In
some embodiments, the polyolefin produced by the method described may include olefin
homopolymers (e.g., homopolymers of ethylene or propylene). In some instances, the polyolefin
produced may be copolymers, terpolymers, and the like of the olefin monomer and the
3 COMORoOmer.
{0064}  In some embodiments, the polyolefin produced may be a polyethyvlene or a

polypropylene.  Exemplary polyethylenes produced by the methods described may be
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homopolymers of ethylene or copolymers of ethviene {or terpolymers of ethvlene) having at least
one alpha-olefin {comonomer) where the ethylene-derived content may be at least about 50% by
weight of the total monomers tnvolved. Such copolymers of ethylene can include comonomer-
derived content, and in particular contert derived from one or more C3 — Cyo alpha-olefing, such
s as one or more of 1-butene, 1-hexene, or 1-octene. Exemplary polypropylenes produced by the
methods described may be homopolymers of propvlene or interpolymers of propylene and at least
one alpha-olefin {comonomer) where the propylene content may be at least about 50% by weight
of the total monomers involved.
{0065]  Hydrogen gas is often used in olefin polymerization to control the final properties of
w  thepolyolefin. For some types of catalyst systems, increasing concentrations {or partial pressures)
of hydrogen may alter the molecular weight or melt index of the polyclefin generated. The melt
index can thus be influenced by the hydrogen concentration. Generally, the amount of hydrogen
in the polymerization is expressed as a mole ratio relative to the total polymerizable monomer
{e.g, relative to ethylene or relative 1o a blend of ethylene and hexene or propylene). The amount
15 ofhydrogen used in some polymerization processes is an amount necessary to achieve the desired
melt index {or molecular weight) of the final polyolefin restn. In some embodiments, the mole
ratio in the gas-phase of hydrogen to total polymerizable monomer (Hz to monomer) may be about
0.00001 or greater, about 0.0005 or greater, about 0.001 or greater, about 10 or less, about 5 or
fess, about 3 or fess, or about 0.10 or less, where a range may include a combination of an upper

o mole ratio with a lower mole ratio described.

Recovery loop
{6066]  Recovery loop 280 comprises a fluidized bed reactor 181 and recovery loop peripheral
equipment 282, as shown in FIG, 2. The polymerization system 108 includes a fluidized bed
reactor 181, Particulate polymer product is removed intermittently from the reactor 1681 via stream
35 121 typically from a region just above the distributor plate and passed to a polymer product
recovery system 288 as shown in FIG. 1 and FIG. 2 {optionally, with intervening delivery to a
fixed volume vessel with gas vent return to the reactor 181, not shown in FIGs. 1 and 2 but
discussed previously in connection with the product discharge line 121 of FIG. 1) Product
withdrawal 15 usually initiated when the product inventory in the reactor exceeds a desired value.
w  The inventory in the reactor is generally determined by tluidized bed level and/or weight
measurements, or from secondary measurements used to infer fluidized bed level and/or weight.
Upon detection of a high reactor inventory, the product discharge system is initiated to pass the
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polymer product to the product discharge system 218, as shown in FIG, 2 and further explained
below.
{00677 The polymer product as it leaves the reactor 1s saturated with unreacted monomer as
well as other hydrocarbong added to, or produced in, the polymerization process. The polymer
s product 15 discharged from the reactor along with reactor gas, comprising unreacted monomer
{e.g, ethylene) optionally comonomer (e.g., hexene), inert carrier gas used to fluidize the catalyst
and transport 1t into the reactor in the first place. The inesrt carrier gas can be nitrogen, though it
can be any inert gas that would not react or otherwise alter the polymerization reaction. Carrter
gases for gas-phase fluidized bed polymerization reactors are well known in the art, and their

w  identity 1s not the focus of the present disclosure. The reactor gas may further comprise hydrogen
{used, e.g, as a chain transfer agent in polymerization) as well as reaction and other process
byproducts such as water, ammonia, methane, higher alkanes (e.g., an ICA composition}, carbon
dioxide, and/or other compounds of oxygen, carbon, and/or hydrogen. To recover hydrocarbons
entraimed with the polyrer product and initiate purification of the product, the particulate polvroer

15 collected by the product discharge system 218 is transferred by a conveying gas, such as nitrogen
or a mixture of nitrogen and ethylene, vialine 212 to a roonomer siripping vessel 228, The polymer
product enters the top of the stripping vessel 220 and, as it flows downwardly through the stripping
vessel 228, is contacted with fresh and/or recycled stripping gas supplied to the bottom of the
vessel vialine 235, The countercurrent contact between the polymer product and the stripping gas

20 flushes out reactor gas entrained in the polymer product and stnips and desorbs hydrocarbons,
including ICA and unreacted monomer, dissolved in the polymer product powder. The stripping
cas can be a gas inert to the polymerization process, such as mitrogen. In some instances, the
polymer granules may also be treated with a small stream of burnidified nitrogen to deactivate
trace quantities of residual catalyst.

s [8068]  The stnpped polymer product exits the bottom of the vessel 228 and 1s fed via line 236
to a finishing section {not shown), whereas the hydrocarbon-containing stripping gas effluent exits
the top of the vessel 220 and is fed via line 222 to the low-pressure side of a recovery compressor
238, The high-pressure side of the recovery compressor 238 is connected to a condenser 240
where at least a portion of the hydrocarbons contained in the compressed stripping gas effluent are

s cooled and condensed. The condensed liquid s then recovered w a condensed hquids drum 250

before being sent via line 133 to line 113 to be recycled to the fluidized bed reactor 101,
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{88691  The gaseous component of the stripping gas effluent remaining after passage through
the condenser 240 is fed by line 252 1o a spltt where a portion 13 removed and, after passage through
a surge tank 278, 1s recycled to line 272 to assist in conveying the polymer product in the product
discharge system 116 to the stripping vessel 228, The remainder of the stripping gas effluent in
s line 2582 is fed by line 284 to a membrane separation system 268 where entratned hydrocarbons
are removed from the effluent before the remainder of the effiuent is fed via line 237 to a flare {not
shown},
{6678]  The product discharge system 210 shown in FIG. 2 comprises a first pair of lock
hoppers and a second pair of lock hoppers connected in parallel between line 121 from the reactor
w  and line 212 to the stripper vessel 228, Such lock hopper configuration and operation are described
in U 5. Pat. No. 11,492 422 the substance of which is fully incorporated herein. Each pair of lock
hoppers comprises an upstream lock hopper connected by valve means to the reactor and to a
corresponding downstream lock hopper. Each downstream lock hopper 1s connected by valve
weans 1o the cotresponding upstream lock hopper and by further valve means to line 242, Each
15 downstream lock hopper i1s connected by a valve means to a source of conveying gas to facilitate
transfer of polymer product from the downstream lock hopper to line 212 In addition, a first
valved connection, also referred (o as the upstream crosstie, s provided between the upstream lock
hoppers, and a second valved connection, also referred to as the downstrear crosstie, 1s provided
between the downstream lock hoppers. The timing and frequency of opening and closing the
20 upstream and downstream crossties m relation to the other lock hopper valves provides additional
conirol of the rate of polymer product withdrawal from the reactor, the reactor pressure, and/or the
amount of nitrogen in the reactor gas in the reactor. In other embodiments, a product discharge
system can comprise other configurations of one ot more paurs of upstream and downstream lock
hoppers with or without crossties, or can comprise other equipment configured to separate polymer
25 particles from reactor gas and reduce pressure to a level compatible with the stripper vessel 228
The product discharge system 214 can be utilized to provide alternate control of the rate of polymer
product withdrawal from the reactor, the reactor pressure, and/or the amount of nitrogen in the
reactor gas w the reactor.
{6671} Since the monomer stripping vessel 228 operates at a lower pressure, often a
s sigoificantly lower pressure, than the reactor 101, the construction and operation of the product

discharge system 210 is designed not only to provide efficient removal of the solid polymer
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product but also to allow reduction n effluent pressure without excessive loss of the reactor
comients.

Polvmerization Process Control Svsiem

{0672]  FIG. 3 is a block diagram of a control system 360 that can be used to control the
s polymerization system comprising a production loop 1080 (comprising production loop peripheral
equipment 102 and reactor 101) and/or a recovery loop 200 (comprising the recovery loop
peripheral equipment 202). The control system 380 may be a distributed control system (DCS), a
direct digital controlier (DDC), a programmable logic controller (PLC), or other suitable systems
or combination of systems. The control system has a processor that implements machine readable
w instructions from a storage system o provide a process simulation model 310 and an optimizer
320. Tlustrative processors may include a single core processor, a multiple core processor, a
virtual processor, a virtual processor in a cloud implementation, an application specific integrated
circutt {ASIC), or a combination of these systems. Hlustrative storage systems can include random
access mernory (RAM), read only memory (ROM), hard drives, virtual hard drives, RAM drives,
15 cloud storage systems, optical storage systems, physically encoded wnstructions {for example, in
an ASIC), or a combination of these systems.
{60731  In some embodiments, a method of optimizing a gas-phase polymerization process
comprises simulating the operation of the gas phase polymerization process using a process
simulation model 336 of steady state operation of the process to produce a simulated cutput
0 comprising predicted values of the set of control parameters 315 based on selected values of the
set of manipolated parameters 305, The gas phase polymerization process comprises a gas-phase
fluidized bed reactor 181, production loop peripheral equipment 182 and recovery loop peripheral
equipment 202
{0074f  The gas-phase fluidized bed reactor 191 has operating conditions comprising a set of
25 manipulated parameters 365, The combination of the production foop 188 and the recovery loop
2064 have operating conditions comprising a set of control parameters 318, Each control parameter
in the set of control parameters 313 is a function of one or more of the manipulated parameters
365 and has a tower limit and/or an upper limit related to a physical configuration of equipment
implementing the process and/or maintenance of thermodynamic conditions suitable for stable

s operation of the process.
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{8875}  In some embodiments, a method for optimizing a gas-phase polymerization process
further comprises measuring one or more inputs 323 from the process to confirm or correct ouiput
from the process simulation model.
{0076}  In some embodiments, a method for optimizing a gas-phase polyrmerization process
s further corprises performing process optimization using an optimizer by selecting values for each
parameter in the set of manipulated parameters 305 based on one or more measured inputs 325
{rom the process and the simulated output from the process siroulation model 310 to minimize or
maximize an objective function 338 within the constraints of the set of control parameters 315.
Obijective parameters 338 (e.¢., costs of inputs to the process and value of outputs from the process)
w  are provided to the objective function 33€ for correlation to applicable aspects of the process.
[0677]  In some embodiments, a method for optimizing a gas-phase polymerization process
further comprises using the selected values for each parameter in the set of manipulated parameters
365 to control the process.
{6078]  In some embodiments, operation of the production loop 188 comprises: withdrawing a
15 gas-phase stream from the gas-phase fluidized bed reactor 1081, wherein the gas-phase stream
comprises an induced condensing agent {ICA) component; pressurizing the gas-phase stream 1o a
recycle gas compressor to produce a pressurized recycle stream; cooling the pressurized recycle
stream to condense at least a portion of the ICA component to produce a condensed recycle strearm;
and recycling the condensed recycle stream 1o the gas-phase fluidized bed reactor 161,
0 ({8879 In some embodiments, the production loop 100 comprises the following: a fluidized
bed tn the gas-phase fluidized bed reactor 181 comprising polymer particles; the ICA component
is a mixture of two or more induced condensing agents; and the amount of the ICA component 15
maximized to a stickiness Tt of the polymer particles, wheretn the stickiness limit1s determined
by the relative amounts of the two or more induced condensing agents in the ICA component and
25 solubility of each of the two or more induced condensing agents in the polymer particles relative
{0 isopentane.
{6080}  In some embodiments, the production loop 106 comprises the following: a fluidized
bed 1 the gas-phase flurdized bed reactor 181 comprising polymer particles; and the amount of
the ICA component is maximized by reducing reactor temperature and adding additional ICAtoa
s stickiness limut of the polymer particles.
{0081}  In some embodiments, operation of the recovery loop 206 comprises: withdrawing a

portion of first polymer particles from a fluidized bed of the gas-phase fluidized bed reactor 181,
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separating the first polymer particles from entrained reactor gas in a product discharge system to
produce a first polymer product, wherein the first polvmer product comprises a first amount of an
induced condensing agent (ICA) component; contacting the first polymer product with an inert gas
in g stripper vessel 1o form a second polymer product and second gas stream, wherein the second

s polymer product comprises a reduced amount of the ICA component, and the second gas stream
comprises a gas-phase of the ICA component removed from the first polymer product; cooling the
second gas siream to condense at least a portion of the gas-phase of the ICA component to form a
fiquid stream comprising the condensed ICA and a third gas stream; and recycling the hydrocarbon
fiquid stream to the gas-phase fluidized bed reactor 101,

w  {0082]  Insome embodiments, the set of manipulated parameters 385 comprises make-up of an
ICA component composition, a partial pressure of the ICA component, a partial pressure of
ethyleng, a temperature, a pressure, or a combination thereof, in the reaction zone of the gas-phase
fluidized bed reactor.

{60831  The set of control parameters 318 can comprise reactor cooling capacity, cycle gas

15 condensation thermodynamics, hydrocarbon solubility in polymer particles, thermodynamic
closed-loop conirol relationships, polymer particle stickiness, catalyst productivity, discharge of
polvimer particle containing dissolved hydrocarbons and reactor/stripper gas balance, purging
nitrogen requirements, compressor capacities, VLE flashes, vent to flare flow rates and
compositions, recycle toops and a reactor nitrogen balance, or & combination thereof.

0 [0084]  Simulating the operation of the process can coraprise simulating the operation of the
process concurrently with the operation of the process.

{6085}  Also or instead, simulating the operation of the process can comprise measuring
feedback inputs 328 from the process, and correcting sunulation results based oun the measured
feedback inputs 323 from the process.

s [8086]  Optionally, process optimization can be performed independently of simulating the
operation of the process, or it can be performed as part of simulating the operation of the process,
{6087}  The objective{s) can relate to quantifiable aspect(s} of operating the gas phase
polymerization process. An objective parameter in a set of objective parameters is a value of the
guantifiable aspect corresponding to an input to or an output from the operation of the gas phase

s polymerization process. The objective function s satisfied by maximizing or minimizing the sum

of selected objective parameters,
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{08881  In varicus embodiments, the objective function is maximizing 3 sum of values of
selected products from and the costs of selected inputs to the gas phase polymerization process.
{00897 Alsoorinstead, the objective function can minimize an amount of energy consumed in
the process to produce a polymer product, wherein energy is measured as energy per mass unit of
s the polymer product.
{6090F  In another aspect, a process control system for controlling a gas-phase polymerization
process is disclosed herein. The process control system comprises a process simulation model, an
optimizer, and a multiple-input/multiple-output controlier.
{06091}  The process simulation model simulates steady state operation of the process to
w  produce a simulated output comprising predicted values of a set of control parameters based on
selected values of a set of manipulated parameters.
{06921 The optimizer selects values for each parameter in the set of manipulated parameters
based on one or more measured inputs from the process and the simulated output from the process
simulation model to satisfy an objective function within the constraints of the set of control
15 parameters.
{60931  The nmultiple-input/multiple-output coniroller is adapted to produce, during each
operational cycle of the process control system, multiple control outputs configured to control the
process based on the selected values of each parameter in a set of manipulated parameters provided
1o the multiple-input/multiple output controtler from the optimizer during each operational cycle
20 of the process control system. “Operational cycle” as used in this context refers to a single
execution of g control process {e.g., any of the coutrol processes described heretn, such as any of
the control methods described in the “Certain Embodiments” section below; and/or, eg., an
execution of the simulation of steady state operation of the process to produce a simulated output
comprising predicted values of a set of control parameters, based on selected values of a set of
:s manipulated parameters). It is envisioned that the comtroller could control the gas-phase
polvmerization process using a continuous serigs of operational cycles. In this way, the process
controller 1s continually, sertally, intaking inputs and producing outputs {e.g, the aforementioned
stmuiated outputs) that can be adapted for ongoing continuous control of the polymerization
DIOCESS.
s [0094]  The process control system can be adapted to control a gas phase polvmerization
process. The gas-phase polymerization process comprises a gas-phase fluidized bed reactor, a

production loop, and a recovery loop. The gas-phase fluidized bed reactor has operating conditions
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comprising the set of manipulated parameters. The combination of the production ioop and the
recovery loop has operating conditions corprising the set of control parameters. Each control
parameter in the set of confrol parameters 15 a function of one or more of the mampulated
parameters and has a lower limit and/or an upper limit related to a physical configuration of
s equipment implementing the process and/or maintenance of thermodynamic conditions suitable
for stable operation of the process.
[0895] 1o vanious embodimentis, the production loop can implement: withdrawing s gas-phase
stream from a gas-phase fluidized bed reactor, wherein the gas-phase stream comprises an induced
condensing agent (ICA) component; pressurizing the gas-phase stream in a recycle gas compressor
w  toproduce a pressurized recycle stream; cooling the pressurized recycie stream to condense at Ieast
a portion of the ICA component to produce a condensed recycle stream; and recycling the
condensad recycle stream 1o the gas-phase fhindized bed reactor.
{66961  The recovery loop can implement: withdrawing a portion of first polymer particles
from a fluidized bed of a gas-phase fluidized bed reactor and separating the first polymer particles
15 from entrained reactor gas in a product discharge system to produce a first polymer product,
whetein the first polymer product comprises a fivst amount of an tnduced condensing ageut (ICA)
component. The first polymer product is contacted with an inert gas 11 a stripper vessel to form a
second polymer product and second gas stream. The second polymer product comprises a reduced
amount of the ICA component, and the second gas stream corprises a gas-phase of the ICA
0 component removed from the first polymer product. The second gas stream 1s cooled to condense
at least a portion of the gas-phase of the ICA component to form a liquid siream comprising the
condensed ¥CA and a third gas stream. The ICA is recycled to the gas-phase fluidized bed reactor.
{60977 The set of manipulated parameters can include one or more oft make-up of an ICA
component composition, a partial pressure of the ICA component, a partial pressure of ethylene, a
35 temperature, a pressure, or a combination thereof, in the reaction zone of the gas-phase fluidized
bed reactor.
{0098}  The set of control parameters can include one or more of) reactor cooling capacity,
cycle gas condensation thermodynamics, hydrocarbon solubility i polymer particles,
thermodynamic closed-loop control relationships, polymer particle stickiness, catalyst
s productivity, discharge of polymer particle containing dissolved hydrocarbons and reactor/stripper
gas balance, purging nitrogen requirements, compressor capacities, VLE flashes, vent to flare flow

rates and compositions, recycle loops and a reactor nitrogen balance, or a combination thereot.
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The reaction zone pressure can 1o various embodiments be a manipulated parameter

reteranes

correlating to nitrogen partial pressure in the gas phase fluidized bed reactor a5 a contral para
Wisst  Optionally, the recovery loop can further comprise a photoionization detector
configured to ionize C4 to Cy hydrocarbons to measure a hydrocarbon content of the polymer

product discharged frovo the stripper vessel. The use of such photolonization detector is described

recovery loop as control parameters.

{81077  Alsoormnstead, the set of manipulated parameters can comprise any one of more of the
following: rake-up of an ICA component composition, a partial pressure of the ICA component,
a partial pressure of ethylene, a temperature, a pressure, or 2 combination thereof, in the reaction
zone of the gas phase fluidized bed reactor, or a combination thereof) in the reaction zone of the
gas-phase fluidized bed reactor,

{0108]  Further, the set of control parameters can comprise any one or more of the following
in accordance with various embodiments: reactor cooling capacity, cvcle gas condensation
thermodynarics, hydrocarbon solubility in polymer particles, thermodynamic closed-loop control
relationships, polymer particle stickiness, catalyst productivity, discharge of polymer particle
containing  dissolved hydrocarbons and reactor/stripper gas balance, purging uitrogen
requirements, compressor capacities, VLE flashes, vent to flare flow rates and compositions,
recycle toops and a reactor nitrogen balance, or a combingtion thereof,

{6109} A non-exhaustive list of control parameters and manipulated parameters upon which
these control parameters depend are shown 1 Table 1, below. This illustrates the interdependence
of the listed control parameters, but in some instances it will be appreciated that seme coatrol
parameters are functions of other control parameters in addition to certain manipulated parameters.
Traditional linear controls are unable to optimize the process when it is desired to optimize g0
many variables simuoltaneously. Furthermore, traditional control models do not include control

parameters related to the recovery foop.

N
26
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TABLE 1
Mampulated parameters
(reaction zone of the gas-phase fluidized bed reactor)
Control parameters iCA Partial pressure Partial Termperaiure § Pressure
conmponent of the ICA pressure of
component cthylene
Reactor eooling capacity K X X %
Cyele gas condensation thermodynamics X b
Hydrocarbon solubility in polyimer particies X X X X
Themmodynaniic closed-loop control < X X X <
relationships
Polymer particle stickiness X X X g
Calalyst productivity ¥ X
Discharge of polvmer particle contatning X X
dissolved hydrocarbons and reactor/stripper
gas balance®
Purging nitrogen requirements™® X i X X %
VLE flashes® X X X
Vent to flare flow rates and corupositions™ X X
Production and recovery loops and reactor % % X
nitrogen balance®

* related fo recovery loop

{61108 Simulating the operation of the process optionally can comprise simulating the
operation of the process concurrently with the operation of the process, thereby creating a
simulated process “shadow.” Various simulation techniques may be used with this approach, from
high Fidelity first principal models to the “black box” geveric modeling. For example, itis known
to implement process simulation using HYSYS {(a high-fidelity simulation program)} when
designing a plant and to later use that same simulation to assist in performing plant operations.
Concurrent simulation, on the other hand, allows continuous feedback updates of the modeling
results from the process measurements, resulting 1n superior performance and fidelity to be
achieved, particularly compared to simple modeling techniques, such as step responses when
concurrent simulation 1s not applied. As a result, the cost of developing and running simulation is
dramatically reduced, and 1s acceptable for common implementation process control systems. A
process control system with concurrent simulation features would improve performance and
extend functionality, including for intensive processing system diagnostics and optimization.

{0113}  Simulating the operation of the process can comprise measuring feedback inputs from

the process, and correcting simulation results based on the measured feedback mputs from the

PTOCESS.
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S, the disclosures of which are
{0124}  Also or instead, a catalyst compound of the present disclosure can be a chromium or
chromtum-based catalyvst. Such catalysts and polymenization processes have been described, for
example, in U.S. Patent Application Publication No. 2011/0010938 and U.S. Pat. Nos. 7,915357
8,129,484, 7202313, 6,833 417, 6,841,630, 6,989 344, 7,504,463, 7,563,851, 8,420,754, and
8,101,661,

{0125} In some embodiments processes disclosed herein utilize single-site ansition metal

Exemplary -site fransition m ysis suitable for use in the embodiments described
may include metallocene catalysts and other single-site or single-site-like catalysts. A single
catalyst may be used, or 3 mixiure of catalysts may be emploved, if desired. The catalyst may be
oluble or insoluble, supported or unsupported. Further, the catalyst may be a prepolymer, spray
dried with or without a filler, a liquid, or a solution, slurty/suspension, or dispersion.
{8126}  Metallocenes may include “half sandwich” and “full sandwich” compounds having one
or more pi-bonded ligands {e.g., cyclopentadieny] and ligands isolobal to cyclopentadienyl} bound
to at least one Group 3 to Group 12 metal atom (Including the Lanthanide series and Actinide
series clements), and one or more leaving groups bound to the at least one metal atom. The
metaltocene may be supported on a support material, and may be supported with or without another
catalyst component.
16127} The structure of the metallocene catalyst compound ruay take oo many forms, such as
those disclosed in, for example, U.S. Pat. Nos. 5,026,798, 5,703,187, and 5,747,406, including a
dimer or oligomeric structure, such as disclosed in, for example, U.S. Pat. Nos. 5,026,798 and
6,069,213, Gthers include those catalysts described in U S, Patent Application Publication Nos.
US2005/0124487A1, US2005/0164875A1, and US2005/0148744. In some embodiments, the
metallocene may be formed with a bafuium metal atom (e.g., bis{n-propyleyclopentadienyl)
hatnium X, bis(n-butyleyclopentadienyl} hafnium X, or bis(n-pentylcyclopentadienyl) hatnium
Xa, where X 15 one of chlonde or fluonide and n 1s 2), such as is described m U8 Pat. Nos.
6,242,545 and 7,157,531
{0128} A catalyst compound of the present disclosure can be a chromium or chromium-based
catalyst. Chromium-based catalysts include chromium oxide (Cr03) and silyvichromate catalysts.

Chromium catalysts have been the subject of much development in the area of continuous

30~
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physical configuration of equipment implementing the process and/or maintenance of
thermodynamic conditions suitable for stable operation of the process; and
the method comprises:
simulating the operation of the process using a process simulation model of steady
5 state operation of the process to produce a simulated output comprising
predicted values of the set of control parameters based on selected values of the
set of roanipulated parameters,
measuring one or more inputs from the process to confirm or correct cutput from the
process simulation model;
w0 performing process optimization using an optunizer by selecting values for each
parameter in the set of manipulated parameters based on one or more measured
inputs from the process and the simulated output from the process simulation
model to minimize or maximize an objective function within the constraints of
the set of control parameters; and
15 using the selected values for each parameter in the set of manipulated parameters to
control the process.
{61391 In some embodiments, the method s further characterized by one or more of the
following:
a)  the production loop implements:
20 withdrawing a gas-phase stream from a gas-phase fluidized bed reactor, wherein the
gas-phase stream cormprises an induced condensing agent (JCA) component,
pressurizing the gas-phase stream in a recycle gas compressor to produce a
pressurized recycle stream;
cooling the pressurized recycle stream to condense at least a portion of the ICA
25 component to produce a condensed recycle stream; and
recycling the condensed recycle siream to the gas-phase fluidized bed reactor;
b}  therecovery loop implements:
withdrawing a portion of first polymer particles from a fluidized bed of a gas-phase
fluidized bed reactor;
30 separating the first polymer particles from entrained reactor gas in a product

discharge system to produce a first polymer product, wherein the first polymer
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¢}

d)

~

5

o
)

product comprises a first amount of an induced condensing agent {ICA)
component;

contacting the first polymer product with an inert gas o a stripper vessel to form a
second polymer product and second gas stream, wherein the second polymer
product comprises a reduced amount of the ICA component, and the second gas
stream comprises a gas-phase of the ICA component removed from the first
polymer product;

cooling the second gas stream to condense at least a portion of the gas-phase of the
ICA component to form a liquid stream comprising the condensed ICA and a
third gas stream; and

recycling the hydrocarbon liquid stream to the gas-phase Hluidized bed reactor;
wherein in further embodiments, the recovery loop further comprises
comprising recovering the second polvmer product for finishing and storage;

the set of manipulated parameters comprises make-up of an ICA component

composition, a partial pressure of the ICA component, a partial pressure of ethyiene,

a temperature, a pressure, of a combination thereof, 1n the teaction zone of the gas-

phase fluidized bed reactor,

the set of control parameters comprises reactor cooling capacity, cycle gas

condensation thermodynamics, hydrocarbon solubility in polymer particles,

thermodynamic closed-loop control relationships, polymer particle stickiness, catalyst

productivity, discharge of polymer particle contatning dissolved hydrocarbons and

reactor/stripper gas balance, purging nitrogen requirements, compressor capacities,

VLE flashes, vent to flare flow rates and compositions, recycle loops and a reactor

nitrogen balance, or a combination thereof;

simulating the operation of the process comprises simulating the operation of the

process concurrently with the operation of the process,

simulating the operation of the process comprises:

measuring feedback outputs from the process, and

correcting simulation results based on the measured feedback outputs from the
process;

performing process optimization comprises performing process optimization

independent of simulating the operation of the process;
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the objective function is maximizing a difference between value of a polymer product
produced in the process and a cost of inputs to produce the polymer product; and

the objective function 1s mimimizing an amount of energy per mass unit of a polymer
product consumed in the process to produce the polymer product,

In some embodiments of the method related to the production loop:

a fluidized bed in the gas-phase fluidized bed reactor comprises polymer particles;

the ICA component is a mixture of two or more induced condensing agents,

the set of manipulated parameters comprises an amount of the ICA component and the

relative amounts of the two or more induced condensing agents in the ICA componert,

the set of control parameters comprises a stickiness of the polymer particles; and

the gas-phase polymerization process is optirmized by maximizing the amount of the ICA

(0141}

component while maintaining the stickiness of the polymer particles below a constraint
of a stickiness limit of the polymer particles, wherein the stickiness limit is determined
by (i) the relative amounts of the two or ruore tnduced condensing agents in the ICA
component and (it} solubility of each of the two or more induced condensing agents in
the polymer particles relative to tsopentane.

In some embodiments of the method related to the production foop:

a floidized bed 1n the gas-phase Huidized bed reactor compnises polvmer particies;

the set of manipulated parameters comprises an amount of the ICA component and a reactor

temperature;

the set of control parameters comprises a stickiness of the polymer particles, and

the gas-phase polymerization process is optimized by maximizing the amount of the ICA

[0142]

component by reducing the reactor temperature and adding additional 1ICA, while
maintaining the stickiness of the polymer particles below a constraint of a stickiness
himit of the polymer particles.

In some embodimentis of the method related to the recovery loop:

the product discharge system comprises first and second pairs of upstream and downstream

lock hoppers having a crosstie between upstream lock hoppers, a crosstie between
downstream fock hoppers, and valve means to enable control of reaction zone pressure
base on the amount of reactor gas withdrawn in cach product discharge cycle, wherein
increasing withdrawal rates decreases reaction zone pressure and decreasing

withdrawal rales increases reaction zone pressure;
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the set of manipulated parameters comprises reaction zone pressure in the gas-phase
fluidized bed reactor;
the set of control parameters comprises direct reactor venting; and
the gas-phase polymerization process is optimized by controlling reaction zone pressure
5 through reactor gas withdrawal rates to mantain the amount of ditect reactor venting
below a constraint of a threshold amount of direct reactor venting.
{0143] 1o some embodiments of the method related to the recovery loop:
the recovery loop comprises a photoionization detector configured to ionize Tt to Cs
hydrocarbons to measure a hydrocarbon content of the second polymer product;
w0 the set of manipulated parameters comprises a reaction zone pressure, a reaction zone
temperature, and an amount of the ICA component in the gas-phase fluidized bed
Teactor;
the set of control parameters comprises the hydrocarbon content of the second polymer
product and the amount of effluent o flare; and
15 the gas-phase polymerization process is optimized by controtling the reaction zone pressure,
the reaction zone temperature, and the amount of the ICA component in the gas-phase
fluidized bed reactor to maintain the amount of effluent to flare below a constraint of a
threshold amount of effluent to flare, and further to mamtain the amount of
hydrocarbon in the second polymer product below a threshold amount of hydrocarbon
20 in the second polymer product.
0144]  Disclosed hereinis a process control system for controlling a gas-phase polymerization
process, the process control system comprising:
a process simulation model of steady state operation of the process to produce a simulated
output comprising predicted values of a set of control parameters based on selected
25 values of a set of manipulated parameters;
an optimizer to select values for each parameter in the set of manipulated parameters based
on one or more measured inputs from the process and the simulated output from the
process simulation model to minimize or maximize an objective function within the
constraints of the set of control parameters; and
30 a multiple-toput/multiple-output controller adapted to produce, during cach operational
cycle of the process control system, multiple control cutputs configured to control the

process based on the selected values of each parameter in a set of manipulated
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[0145]

b)

3

d)

{01486}

parameters provided o the multiple-input/multiple cutput controller fro

Q8 DPYQCESS

plintizer during each operational cycie of the process
control system.

In some embodiments of the process control system:

the process comprises a gas-phase thadized bed reactor, a production loop, and a
recovery foop;

the gas-phase fluidized bed reactor has operating conditions compnising a set of
manipulated parameters;

the combination of the production loop and the recovery loop has operating
conditions comprising a set of control parameters, and

each control parameter in the set of control parameters is a function of one or more of
the manipulated parameters and has a lower limit and/or an upper mit related 0 a
physical configuration of equipment implementing the process and/or maintenance of
thermodynamic conditions suitable for stable operation of the process.

In some embodiments of the process control system, the process is further characterized

by one or more of’

2)

b)

production loop tmplements:

withdrawing a gas-phase stream from a gas-phase fluidized bed reactor, wherein the
gas-phase stream comprises an induced condensing agent (ICA) component,

pressurizing the gas-phase stream in a recycle gas compressor to produce a
pressurized recycle stream,

cooling the pressurized recycle stream to condense at least a portion of the ICA
component o prodace a condensed recycle stream; and

recycling the condensed recycle stream to the gas-phase fluidized bed reactor;

the recovery loop implements:

withdrawing a portion of first polymer particles from a fluidized bed of a gas-phase
fluidized bed reactor;

separating the first polymer particles from entrained reactor gas in a product
discharge system to produce a first polymer product, wherein the first polymer
product comprises a first amount of an induced condensing agent (ICA)

componeit,
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contacting the first polymer product with an inert gas in a stripper vessel to form a
second polymer product and second gas stream, wherein the second polymer
product comprises a reduced amount of the ICA component, and the second gas
stream comprises a gas-phase of the ICA component removed from the first

5 polymer product;

cooling the second gas stream to condense at least a portion of the gas-phase of the
ICA component to form a liquid stream comprising the condensed ICA and a
third gas stream; and

recycling the hydrocarbon liquid streaim to the gas-phase fluidized bed reactor,

10 wherein in some embodiments the recovery loop further comprises recovering
the second polymer product for finishing and storage.
c)  the set of manipulated parameters comprises make-up of an ICA component
composition, a partial pressure of the ICA component, a partial pressure of ethylene,
a temiperature, a pressure, or a conbination thereof, o the reaction zone of the gas-
15 phase fluidized bed reactor; and
d}  the set of control parameters comprises reactor cooling capacity, cycle gas
condensation thermodynamics, hydrocarbon solubility in polymer particles,
thermodynamic closed-loop control relationships, polymer particle stickiness, catalyst
productivity, discharge of polymer particle containing dissolved hydrocarbons and
20 reactor/stripper gas balance, purging nitrogen requirements, Compressor capacitics,
VLE flashes, vent to flare flow rates and compositions, recycle loops and a reactor
nitrogen balance, or 2 combination thereof.
{0147}  Dasclosed herein 1s 3 second method optimizing a gas-phase polymerization process,
wherein:
25 the process comprises a gas-phase fluidized bed reactor and a production loop;
the gas-phase fluidized bed reactor has operating conditions comprising a set of

manipulated parameters, comprising make-up of an ICA component composition, a

partial pressure of the ICA component, a partial pressure of ethylene, a temperature, a

pressure, of a combination thereof, in a reaction zone of the gas-phase fluidized bed

30 reacior;

the production loop has operating conditions comprising a set of control parameters; and
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each control parameter in the set of control parameters is a function of one or more of the
manipulated parameters and has a lower limit and/or an upper limit related to a
physical configuration of equipment implementing the process and/or maintenance of
thermodynamic conditions suitable for stable operation of the process; and
5 the method comprises:
simulating the operation of the process using a process simulation model of steady
state operation of the process to produce a simulated output comprising
predicted values of the set of control parameters based on selected values of the
set of manipulated parameters;
w0 measuring one or more inputs from the process to confirm or correct output from the
pracess simulation model;
performing process optimization using an optimizer by selecting values for each
parameter in the set of manipulated parameters based on one or more measured
inputs from the process and the simulated output from the process simulation
15 model to minimize or maximize an objective function within the constraints of
the set of control parameters, and
using the selected values for each parameter in the set of manipulated parameters to
control the process.
{0148}  In some embodiments, the second method is further characterized by one or more of
20 the following:
a}  the production loop implements:
withdrawing a gas-phase stream from a gas-phase fluidized bed reactor, wherein the
gas~phase stream comprises an induced condensing agent (ICA) coraponent;
pressurizing the gas-phase stream in a recycle gas compressor to produce 2
25 pressurized recycle stream;
cooling the pressurized recycle stream to condense at least a portion of the ICA
component to produce a condensed recycle stream; and
recycling the condensed recycle stream to the gas-phase fluidized bed reactor;
b}  the set of control parameters comprises reactor cooling capacity, cycle gas
30 condensation thermodynamics, hydrocarbon solubiity 1 polymer particles,
thermodynamic closed-loop control relationships, polymer particle stickiness, catalyst

oroduciivity, discharge of polymer particle containing dissolved hydrocarbons and
d fe] R o R
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reactor/stripper gas balance, purging nitrogen requirements, COmpressor capacities,
VLE {lashes, vent to flare flow rates and compositions, recycle loops and a reactor
nitrogen balance, or a combination thereof]
¢} simulating the operation of the process comprises simulating the operation of the
5 process concurrently with the operation of the process;
d}  simulating the operation of the process comprises:
measuring feedback outputs from the process, and
correcting simulation results based on the measured feedback cutputs from the
process,
w0 e} performing process optimization comprises performing process optimization
independent of simulating the operation of the process;
£} the objective function is maximizing a differsnce between value of a polvmer product
produced in the process and a cost of 1nputs to produce the polymer product; and
g} the objective function is minimizing an amount of energy per mass unit of & polymer
15 product consumed 1n the process to produce the polymer product.
{01481  In some embodiments of the second method related to the production loop:
a fluidized bed in the gas-phase fluidized bed reactor comprises polymer particles;
the ICA component 18 a mixture of two or more induced condensing agents;
the set of manipulated parameters comprises an amount of the ICA component and the
20 relative amounts of the two or more induced condensing agents in the ICA component;
the set of control pargroeters comprises a stickiness of the polymer particles, and
the gas-phase polymerization process is optimized by maximizing the amount of the ICA
component while maintaining the stickiness of the polymer patticles below a constraiut
of a stickiness limit of the polymer particles, wherein the stickiness limit is determined
25 by (1) the relative amounts of the two or more induced condensing agents in the ICA
component and (ii) solubility of each of the two or more induced condensing agents in
the polymer particles relative to isopentane.
{8156]  In some embodiments of the method related to the production foop:
a fluidized bed in the gas-phase fluidized bed reactor comprises polymer particles;
30 the set of manipulated parameters comprises an amount of the ICA component and a reactor
temperature;

the set of control parameters comprises a stickiness of the polymer particles; and

A0
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the gas-phase polymerization process is optimized by maximizing the amount of the ICA
component by reducing the reactor temperature and adding additional ICA, while
maintaining the stickiness of the polymer particles below a constraint of a stickiness
Himit of the polymer particles.
s [8181]  Insome embodiments of the second method related to the recovery loop:
the product discharge system comprises first and second pairs of upstream and downstream
lock hoppers having a crosstie between upstream lock hoppers, a crosstie between
downstream fock hoppers, and valve means to enable conirol of reaction zone pressure
base on the amount of reactor gas withdrawn in each product discharge cycle, wherein
10 increasing withdrawal rates decreases reaction zone pressure and decreasing
withdrawal rates increases reaction zone pressure;
the set of manipulated parameters comprises reaction zone pressure in the gas-phase
fluidized bed reactor;
the set of control parameters comprises direct reactor venting; and
15 the gas-phase polymerization process 15 optimized by controlling reaction zone pressure
through reactor gas withdrawal rates to maintain the amount of direct reactor veniing
below a constraint of a threshold amount of direct reactor venting.
{0152}  Insome embodiments of the second method related to the recovery loop:
the recovery loop comprises a photoionization detector configured to fonize Cq to Cx
20 hydrocarbons to measure a hydrocarbon content of the second polymer product;
the set of manipulated parameters compnises a reaction zone pressure, A reaction zone
temperature, and an amount of the ICA component in the gas-phase fluidized bed
reactor,
the set of control parameters comprises the hydrocarbon content of the second polymer
25 product and the amount of effluent to Hare; and
the gas-phase polymerization process is optimized by controlling the reaction zone pressure,
the reaction zone temperature, and the amount of the ICA component in the gas-phase
fludized bed reactor to maintain the amount of effluent to flare below a constramt of a
threshold amount of effluent to flare, and further to maintain the amount of
30 hydrocarbon in the second polymer product below a threshold amount of hydrocarbon

in the second polymer product.
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Test Methods/Polymer Characterization

{8133}  Density {g/cm’): Density measurements were made following ASTM D-1508.
{6184} (el permeation chromatography ("GPC”) 43 Methodology:
a) Unless otherwise indicated, the distribution and the moments of molecular weight (M,
5 M, Mz, Mw/Mn, etc.), the comonomer content {Cy, Cs, Cs, etc ), the branching index {(g"), and
CCDL (My-specific, 5-95, and My-M,) are determined by using a high temperature Gel
Permeation Chromatography (Polyrer Char GPC-IR ) equipped with a multiple-channel band-
filter based Infrared detector IRS, an 18-angle light scattering detector and a viscometer. Three
Agilent PLgel 10-um Mixed-B LS columns are used to provide polymer separation. Aldrich
w0 reagent grade 12.4- trichiorobenzene (“TCB”) with 300 ppm antioxidant butylated
hydroxytoluene (“BHT”) is used as the mobile phase. The TCB muxture is filtered through a
0.1-um Teflon filter and degassed with an ouline degasser before entering the GPC instrument.
The nominal flow rate 1s 1.0 mi/min. and the nominal injection volame 1s 200 yl. The whole
system including transfer lines, columns, and detectors are contained in an oven roaintained at
15 145°C. Given amount of polymer sample is weighed and sealed in a standard vial with 80-ul
flow marker (heptane) added to it After loading the vial in the autosampler, polymer is
automatically dissolved in the instrument with 8 ml added TCB solvent. The polymer is
dissolved at 160°C with continuous shaking for about 1 hour for most polyethyiene saraples or
2 hours for polypropvlene samples. The TCB densities used in concentration calculation are
20 1463 g/ml at room temperature and 1284 ¢/ml at 145°C. The sample solution concentration
s from 0.2 to 2.0 mg/mol, with lower concentrations being used for higher molecular weight
samples. The concentration {c), at each point in the chromatogram is calculated from the
baseline~-subtracted IRS broadband signal intensity {7}, using the following equation: ¢ =
where 5 is the mass constant. The mass recovery is calculated from the ratio of the integrated
25 area of the concentration chromatography over elution volume and the mjection mass which 1s
equal to the pre-determined concentration multiplied by injection loop volume  The
conventional molecular weight (IR MW) 15 determined by combining universal calibration
relationship with the column calibration which 1s performed with 3 series of monodispersed
polystyrene (PS) standards ranging from 700 to 10M g/mole. The MW at each elution volume

30 1s caleulated with following equation:

, . logi¥pe iKY | wpgtl
fog M = St oo
& il e
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where the variabies with subseript “PS” stand for polystyrene while those without a subscript
are for the test samples. In this method, ups=0.67 and Kps=0.000175, while o and K for other
materials are as calculated and published in hiterature (Sun, T. et al. Macromolecuies 2001, 34,
6812), except that for purposes of this invention and claims thereto, ¢=0.695 and K=0.000579
5 for lincar ethylene polymers, ¢=0.705 and K=00002288 for lincar propylene polymers,
0=0.695 and K=0.000181 for lingar butene polymers, ¢ is 0.695 and K s 0.000579 x (1 -
0.0087 x w2b + 0.000018 x (w2b}?} for ethylene-buiene copolymer where w2b is a bulk weight
percent of butene comonomer, a1s 0.695 and K 15 0.000579 x {1 - 0.0075 x w2b) for ethylene-
hexene copolymer where w2b is a bulk weight percent of hexene comonomer, and ¢ is 0.693
w0 and K 15 0.000579 x {4 - 0.0077 x wib) for ethylene-octene copolymer where w2b is a bulk
weight percent of octene comonomer. Concentrations are expressed in g/em®, molecular
weight 1s expressed in g/mole, and intrinsic viscosity {hence K in the Mark-Houwink equation)
1s expressed in dl/g unless otherwise noted.
b} The comonomer composition is determined by the ratio of the IRS detector intensity
15 corresponding to CHa and CHa channel calibrated with a series of PE and PP homo/copolymer
standards whose nominal value are predetermined by NMR or FTIR  In patticular, this
provides the methyls per 1000 total carbons (“CHs/1000TC”) as a function of molecular
weight.  The short-chain branch (“SCB”) content per 1000TC ("SCB/1000TC”) 18 then
computed as a function of molecular weight by applying a chain-end correction to the
20 CH3/1000TC function, assuming each chain to be linear and terminated by a methyl group at
each end. The weight % comonomer is then obtained from the following expresston in which
fis 03,04, 0.6, 08, and so on for Cs, C4, Cs, Cs, and so on co-monomers, respectively:

wi = f o SCR/1G80TC,

) The bulk composition of the polymer from the GRC-IR and GPC-4D analyses 1s
25 obtained by considering the entire signals of the CHs and CH: channels between the integration

limits of the concentration chromatogram. First, the following ratio is obtained

¥ O CRunal i plegrating s

Balk IR ratio = o

seation s

of Oy sl

d} Then the same calibration of the CHy and CHs signal ratio, as mentioned previously in
obtaining the CHy/1000TC as a function of molecular weight, is applied to obtain the bulk
30 CH3/1000TC. A bulk methyl chain ends per 1000TC (“bulk CHsend/1000TC™) is obtained by

weight- averaging the chain-end comrection over the molecular-weight range. Then

A%
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wabh == § s bulk CHE/1000TC,
ulk SUB/TQ0GTC = balk CHE /100070 ~ bulk CH3eral /1380TC
and bulk SCB/1000TC 1s converted to bulk w2 in the same manner as described above.
&) The LS detector is the 18-angle Wyait Technology High Temperature DAWN
HELEOSH. The LS molecular weight (M) at each point in the chromatogram is determined

by analyzing the LS output using the Zimun model for static Hight scattering (Light Scattering

B, . § 240

Here, AR(0} is the measured excess Rayleigh scattering intensity at scattering angle 8, ¢ is the
polymer concentration determined from the IR5 analysis, A is the second vinial coefficient,
P{(6) is the form factor for 2 monodisperse random coil, and Ko is the optical constant for the
system:

drint{dndde}”

K, = :
AN,

21

where Ny 18 Avegadre’s number, and {dn/dc) 18 the refractive index increment for the system.
The refractive index, n=1.500 for TCB at 145°C and A = 665 nm. For analyzing polyethylene
homopolymers, ethylene-hexene copolymers, and ethylene-octene copolymers, dn/de=0.1048
ml/mg and Ax=0.0015, for analyzing ethylene-butene copolymers,
dn/de=0.1048*(1-0.00126%w2} mi/mg and Ar= 0.0015 where w2 is weight percent butene
COMONOMEr.

£) A high temperature Agilent {or Viscotele Corporation) viscometer, which has four
capillanies arranged 1n a Wheatstone bridge configuration with two pressure transducers, 18
used to determine specific viscosily. One transducer measures the total pressure drop across
the detector, and the other, positioned between the two sides of the bridge, measures a
ditterential pressure. The specific viscosity, 1, for the solution flowing through the viscometer
is calcylated from their outputs. The intrinsic viscosity, n, at each point in the chromatogram
is caleulated from the equation [n]= no/c, where ¢ 15 concentration and s determtned from the
IR5 broadband channel cutput. The viscosity MW at each point is calculated as M =
KpsM™ [n], where s 15 0.67 and K. is 0.000175.

g) The branching index {g'vis) 15 calculated using the output of the GPC-IRS-LS-VIS

method as follows. The average intrinsic viscosity, [1]we, of the sample is calculated by:

A4
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according to the present invention. Accordingly, the appended claims are intended to include

within their scope such processes, equipment, means, methods, and/or steps.
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CLAIMS

What is claimed is:

I. A method of optimizing & gas-phase polymerization process, wherein:
the process 1s implemented using a gas-phase polymenization system comprising a gas-phase
flutdized bed reactor, a production loop, and a recovery loop;
the gas-phase fluidized bed reactor has operating conditions corprising a set of manipulated
parameters;
the combination of the production loop and the recovery loop has operating conditions
comprising a set of control parameters having constraints; and
each control parameter in the set of control parameters is a function of one or more of the
manipulated parameters and has a lower limit and/or an upper limit each related to (i} a
phvsical configuration of equipment implementing the process and/or (i) maintenance
of thermodynamic conditions suitable for stable operation of the process, such that the
fower fimits and/or upper limits of the control parameters form the constraints of the
set of control parameters; and
the method comprises:
simulating the operation of the process using a process simulation model of steady state
operation of the process fo produce a simudated output comprising predicted
values of the set of control parameters based on selected values of the ser of
manipulated parameters;
measuring one of more inputs from the process to confirm or correct the stmulated
output from the process simulation model;
performing process optimization using an optunizer by selecting values for each
mampulated parameter in the set of manipulated parameters to satisfy an
ohjective function within the coustraints of the set of control parameters; and
using the selected values for each manipulated parameter 1n the set of manipulated

parameters to control the process.

2. The method of claim 1, wherein the production loop implements:
withdrawing a gas-phase stream from the gas-phase fluidized bed reactor, wherein the gas-

phase stream comprises an induced condensing agent (1ICA) component;

50
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pressurizing the gas-phase stream in a recvele gas compressor to produce a pressurized
recycle stream;

cooling the pressurized recycie stream o condense at least a portion of the ICA component
to produce a condensed recycle stream; and

recycling the condensed recycle stream to the gas-phase flutdized bed reactor.

The method of claim O, wherein:

(o]

a fluidized bed in the gas-phase fluidized bed reactor comprises polymer particles;

the ICA component 1s & mixture of two or more induced condensing agents;

the set of mantpulated parameters comprises an amount of the ICA component and the
relative amounts of the two or more induced condensing agents in the ICA component;

the set of control parameters comprises a stickiness of the polymer particles; and

the gas-phase polymerization process is optimized by maximizing the amount of the ICA
component while maintaining the stickiness of the polymer particles below a constraint
of a stickiness limit of the polvmer particles, wherein the stickiness limit is determined
by (i} the relative amounts of the two or more induced condensing agents in the ICA
component and (it} solubility of each of the two or more induced condensing agents in

the polymer particles relative o isopentane.

4. The method of claim 0, wherein,

a fluidized bed in the gas-phase fluidized bed reactor comprises polymer particles;

the set of manipulated parameters comprises an amount of the ICA component and a reactor
termperature;

the set of control parameters comprises a stickiness of the polymer particles; and

the gas-phase polymerization process 18 optimized by maximizing the amount of the ICA
component by reducing the reactor temperature and adding additional ICA, while
maintaining the stickiness of the polymer particles below a constraint of a stickiness

limit of the polymer particles.

5. The method of claim 1, wherein the recovery loop implements:
withdrawing a pottion of polymer particles and entrained reactor gas from a fluidized bed of

the gas-phase fluidized bed reactor;

.
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separating the polymer particles from the entrained reactor gas in 8 product discharge system
to produce a first polymer product, wherein the first polymer product comprises a first
amount of an induced condensing agent (ICA) component;

contacting the first polymer product with an inert gas in a stripper vessel to form a second
polymer product and a second gas stream, wherein the second polymer product
comprises a reduced amount of the ICA component, and the second gas stream
comprises a gas-phase portion of the ICA component removed from the first polymer
product;

cooling the second gas stream to condense at least a portion of the gas-phase fraction of the
ICA component to form a third gas stream and a hydrocarbon liquid stream comprising
the condensed ICA; and

recycling the hydrocarbon liquid stream to the gas-phase fluidized bed reactor.

6. The method of claim O, wherein:

the product discharge system comprises first and secound pairs of upstream and downstream
lock hoppers having a crosstiec between upstream lock hoppers, a crosstie between
downstream fock hoppers, and valve means to enable control of reaction zone pressure
based on the amount of reactor gas withdrawn in each product discharge cycle, wherein
increasing withdrawal rates decreases reachion zone pressure and  decreasing
withdrawal rates increases reaction zone pressure;

the set of manipulated parameters comprises reaction zone pressure 1o the gas-phase
fluidized bed reactor,;

the set of control parameters comprises direct reactor venting; and

the gas-phase polymerization process is optimized by controliing reaction zone pressure
through reactor gas withdrawal rates to maintain the amournt of direct reactor venting

below a constraint of a threshold amount of ditect reactor venting.

7. The method of claim 0, wherein:
the recovery loop comprises a photoionization detector configured to 1omze Cs to Cy

hydrocarbons to measure a hydrocarbon content of the second polymer product;

S0
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the set of manipulated parameters comprises a reaction zone pressure, a reaction zone
temperature, and an amount of the ICA component in the gas-phase fluidized bed
reactor;

the set of control parameters comprises the hydrocarbon content of the second polymer
product and the amount of effluent to flare; and

the gas-phase polymerization process is optimized by controlling the reaction zone pressure,
the reaction zone temperature, and the amount of the ICA component i the gas-phase
fluidized bed reactor to maintain the amount of effluent to flare below a constraint of 2
threshold amount of effluent to flare, and further to maintain the amount of
hydrocarbon in the second polymer product below a threshold amount of hydrocarbon

in the second polymer product.

8. The method of claim 1, wherein the set of manipulated parameters comprizses make-up of an
ICA component composition, a partial pressure of the ICA component, a partial prossure of
ethylene, a temperature, 3 pressure, or a combination thereof, in the reaction zone of the gas-phase

fluidized bed reactor.

9. The method of claim I, wherein the set of control parameters comprises reactor cooling
capacity, cycle gas condensation thermodynamics, hydrocarbon solubility in polymer particles,
thermodynamic  closed-foop control  relationships, polymer particle stickingss, catalyst
productivity, discharge of polymer particle containing dissolved hydrocarbons and reactor/stripper
gas balance, purging nitrogen requirements, compressor capacities, VLE flashes, vent to flare flow

rates and compositions, recycle loops and a reactor nitrogen balance, or a combination thereof.

10, The method of claim 1, wherein simulating the operation of the process comprises simulating

the operation of the process concurrently with the operation of the process.
11, The method of claim 1, wherein simulating the operation of the process compiises:

measuring feedback outputs from the process, and

correcting simulation results based on the measured feedback outputs from the process.
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12, The method of claim 1, wherein performing process optimization comprises performing

process optimization independent of simulating the operation of the process.

[y
|1

The method of claim 1, wherein:

the objective function relates to a quantifiable aspect of operating the gas phase
polymerization process;

an objective parameter is a value of the quantifiable aspect corresponding to an input to or
an output from the operation of the gas phase polymerization process; and

the objective function 1s satisfied by maximizing or nunimizing the sum of selected objective

parameters.

14, The method of claim 0, wherein the objective function 18 maximizing a sum of values of

selected products from and the costs of selected inputs to the gas phase polymerization process.

15, The method of claim 0, wherein the objective function is minimizing an amount of energy
consumed in the process to produce the polymer product, wherein energy 15 measured as energy

per mass unit of a polymer product.

16, A process control system for controlling a gas-phase polymerization process, the process
control system comprising:

a process simulation model of steady state operation of the process to produce a simulated
output comprising predicted values of a set of control parameters based on selected
vatues of a set of manipulated parameters, the set of control parameters having
constraints that comprise a lower limit and/or an upper hmit of each control parameter
in the set of control parameters,

an optimizer to select values for each parameter in the set of manipulated parameters based
on one or more measured oputs from the process and the simulated output from the
process simulation model to satisfy an objective function within the constraints of the
set of control parameters; and

a multiple-input/multipie-cutput controller adapted to produce, during each operational cycie
of the process control system, multiple control outputs configured to control the process

based on the selected values of each parameter 1 a set of manipulated parameters
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provided to the multiple~-input/multiple output controller during each operational cycle

of the process control syster.

17, The process control system of claim 0, wherein:

the process comprises a gas-phase fluidized bed reactor, a production loop, and a recovery
foop;

the gas-phase fluidized bed reactor has operating conditions comprising the set of
manipulated parameters,

the combination of the production loop and the recovery loop has operating conditions
comprising the set of control parameters; and

each control parameter in the set of control parameters is a function of one or more of the
marnipulated parameters and has a lower it and/or an upper imit related to a physical
configuration of equipment implementing the process and/or maintenance of

thermodynamic conditions suttable for stable operation of the process.

18, The process control system of claim 0, wherein the production loop implements:
withdrawing a gas-phase stream from a gas-phase fluidized bed reactor, wherein the gas-
phase stream comprises an induced condensing agent {ICA) component;
pressurizing the gas-phase stream in a recycle gas compressor to produce a pressurized
recycle stream;
cooling the pressurized recycle strearn to condense at least a portion of the ICA component
to produce a condensed recycle stream; and

recycling the condensed recycle stream to the gas-phase fluidized bed reactor.

19, The process control system of claim 0, wherein the recovery loop implements:
withdrawing a portion of first polymer particles from a flindized bed of a gas-phase fluidized
bed reactor;
separating the first polymer particles from entrained reactor gas in a product discharge
system {0 produce a first polymer product, wherein the first polymer product comprises
a first amount of an induced condensing agent (1CA) component;
contacting the first polymer product with an wert gas in a stripper vessel to form a second

polymer product and second gas stream, wherein the second polymer product

.
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comprises a reduced amount of the ICA component, and the second gas siream
comprises a gas-phase of the ICA component removed from the first polymer product;

cooling the second gas stream to condense at least a portion of the gas-phase of the ICA
component 10 form a liquid stream comprising the condensed ICA and a third gas
streany: and

recycling the condensed 1ICA to the gas-phase fluidized bed reactor

20.  The process control system of claim 0, wherein the set of manipulated parameters comprises
make-up of an ICA component composition, a partial pressure of the ICA component, a partial
pressure of ethylene, a temperature, a pressure, or a combination thereof, in the reaction zone of

the gas-phase fluidized bed reactor.

21, The process control system of claim 0, wherein the set of control parameters comprises
reactor cooling capacity, cvele gas condensation thermodynamics, hydrocarbon solubility in
polymer particles, thermodynanic closed-loop control relationships, polymer particle stickiness,
catalyst productivity, discharge of polymer particle containing dissolved hydrocarbons and
reactor/stripper gas balance, purging nitrogen requirements, compressor capacities, VLE flashes,
vent 1o flare flow rates and compositions, recycle loops and a reactor nitrogen balance, or a

combination thereof
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