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Abstract

This paper addresses the synthesis and optimization ofatligation processes for p-
xylene recovery for systems with feed streams of high cotnagan, a case that arises in hybrid
designs where the first step is commonly performed by adsorpA novel superstructure and
its corresponding mixed-integer nonlinear programmindgNMP) model are proposed. The
distinct feature of this superstructure is the capabibitgénerate optimum or near optimum
flowsheets for a wide range of specifications of p-xylene amsitjipns in the feed stream of the
process. In order to cope with the complexity of the MINLP &l two-level decomposition
approach, consisting of the solution of an aggregated maotteh detailed model, is proposed.
The results obtained show good performance of the decotigposirategy, and the optimal

flowsheets and p-xylene recoveries are in agreement wittitsegported in patents.
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| ntroduction

The separation of high purity p-xylene from a mixture of niixeylenes —m-xylene, o-xylene,
p-xylene and ethylbenzene- is industrially performed @yiph one of the following methods:

(1) crystallization, (2) adsorption, or (3) a hybrid cnjlération/adsorption processDistillation

is not a competitive technology due to the boiling pointefiénce of only 2C between p-xylene

and ethylbenzene (see Table 1) resulting in columns with refux ratios and a large number of

trays.
Tablel

Adsorption is a competitive technology compared to criigition. In adsorption the separation is
achieved by exploiting the differences in affinity of the ad®nt for p-xylene relative to the other
components. The adsorbent is fixed in one column with meliiget and outlet ports, whereas the
feed and the desorbent are swapped between ports of theaimguinoving bed (SMB). Typical
values for recovery per pass and purity of p-xylene are aqmately 95.0 wt % and 99.7 wt %?2
Crystallization based processes exploit the large fregepwint difference between p-xylene
and the remaining components in the mixture. Typical preegsonsist of one or two crystalliza-
tion stages operating at different temperature levelgjdigolid separation devices using different
types of centrifuges (imposed by operation ranges of feidd soncentrations and of feed tem-
perature), melting stages with slurry drums and heat exgdranand a final stage of purification
involving centrifuges with wash streams. The units are gl by stages in series and/or parallel
configurations giving rise to complex structures. A simpbdsvBheet that illustrates crystallization

separation based processes without heat integrationvensind=igure 1.
Figurel

In the specific case of the p-xylene separation, the maxinewamvery of p-xylene is limited by
the eutectic point, i.e. the temperature level where a sbcomponent starts to crystallize. Typical

values for recovery are between 60-65 wt % for feed streartisatbiout 20 wt % of p-xylené3



This limitation is one of the main drawbacks of crystallisatwhen processing feeds with a low
concentration of p-xylene. For higher concentrations goevery rates can be above 90 wt %.

Several commercial processes have been developed bymyndwanely the Amoco, Chevron,
Arco or Philipst processes. These differ in the type of crystallizers engapyopology and pro-
cess conditions. The design of crystallization procesasdben the subject of several US patents
in the last decades. The first patents proposed cryst@diizatocesses to recover p-xylene from
a mixture with 20 wt % p-xylené-® The more recent trend has been to design hybrid processes
involving a first stage based on adsorption and a second b&sgl on crystallizatioh? ! This
is because it can be more economical to separate the p-xylamanixtures with approximately
20 wt % p-xylene with adsorption due to the high recovery dditiained per pass when compared
with crystallization® The aforementioned works aim to design energy efficientgsses by min-
imizing the energy consumption through the minimizatiorthed number of melting stages and
refrigeration loads that are required. To accomplish thigdive, these works have suggested
different operating conditions and different process gumitions. For example Hubbell and Rut-
ten® proposed six alternative flowsheets in order to deal withl fteeams with different p-xylene
compositions, while Eccli and Fremuttexplore the fact that for fixed feed streams with high con-
centration of p-xylene, decreasing the operating tempesaif crystallizers the p-xylene recovery
rate increases. However, a systematic approach for thbesistof p-xylene separation processes
is lacking.

In general, the synthesis of flowsheets can be addresseaypiarsiof the following approach&s
1) hierarchical decomposition, or 2) mathematical prognamg. Ng and co-worker$-1" have ex-
tensively studied the application of hierarchical apphesdbased on step-by-step procedures using
rules and phase diagrams, as tools for the synthesis o&digation processes. These authors have
studied the synthesis of fractional crystallization pssas, crystallization systems with multiple
stages, and the necessary systems around crystallizensr@dugh discussion about the hierarchi-
cal approach can be found elsewhété? In addition, Chang and NY have also recognized the

value of the mathematical programming approach, and pezpasonceptual superstructure of a



crystallization system.

The synthesis and optimization of crystallization proesssmploying mathematical program-
ming techniques is an area where little work has been reghoftee studies tend to be dominated
by works related with reactor networks, distillation, heathanger networks, mass exchange net-
works and utility systems?

Cisternas et af® were the first to devise a flowsheet synthesis methodologgthas mathe-
matical programming for the design of crystallization msses. These authors developed a net-
work comprising four subnetworks: (1) thermodynamic fta() tasks, (3) heat integration, and
(4) afiltration and cake washing subnetwork. In their nelwnafrthermodynamic states the solid-
liquid equilibrium conditions are represented by satorattonditions at specific temperatures.
They proposed models for crystallization and separatioicds for several salt separation pro-
cesses, which result in Mixed-Integer Linear Programmmti_P) models.

Méndez et al*! developed an MINLP model for the synthesis of p-xylene recp¥rom a
stream with approximately 20 wt % of p-xylene. These autipooposed a new superstructure for
the crystallization stages, and furthermore consideredfitimization of several process config-
urations individually. The major decisions involved th@atogical configuration and operating
conditions. In all process configurations they considehedsame superstructure for the crystal-
lizers, but in each one they considered different staggs,neimber of melting stages, number of
crystallization stages and separation stages.

The aim of this work is to develop a mathematical programnapgroach for the optimal
synthesis of p-xylene separation processes based onlkrgsian. \We propose a novel super-
structure, an MINLP model, and a decomposition strategyotgecwith the complexity of the
model. In addition, in this study we will only consider fedteeims with compositions of p-xylene
greater than 65 wt %. This situation occurs in the design ydtatlization as a second stage of
hybrid processes, where the feed stream to the crystatlizatocess has a high concentration of

p-xylene.



Problem statement

Given is a multicomponent feed with fixed compositions of edxylenes and a production tar-
get of p-xylene in terms of product quantity and quality. Tneblem then consists in synthesize
a flowsheet consisting of crystallizers, centrifuges, rglarums, splitters, mixers, and heat ex-
changers, in which the number of these process units mugtbewined as well as their operating

conditions. The goal is to minimize the total annualized odshe process.

Superstructure

In order to address the proposed synthesis problem a sumtuse was developed, and then mod-
eled as an MINLP problem. Figure 2 illustrates the compacioa of the proposed superstructure

that has embedded flowsheet structures to be analyzed.
Figure2

The superstructure used in this work is delimited in Figulog & discontinuous line, where the feed
stream is the output of a p-xylene enriching zone that coeld low temperature crystallization, a
selective adsorption or a toluene disproportionation @set’

This superstructure includes all the flowsheets studied Bypdéz et aP*, but with modifi-
cations in the centrifuges blocks and with many new conaoestbetween stages. The blocks
shown in Figure 2 correspond to superstructures of submgstee. CSI and CSII represent two
superstructures of crystallizers, the blocks CFI, CFIf @Il stand for structures of centrifuges
with different characteristics, and the blocks SLDI and 8lBpresent structures involving slurry
drums.

Figure 3 shows the two superstructures associated witlk®I081 and CSII. In the first crystal-
lization stage the lower bound for the outlet temperatui@ystallizers is the eutectic temperature,
while in the second a higher bound on the outlet temperasuraposed so that the superstructure

can consider two stages of crystallization at differentgeratures. The block CSII involves less



flexibility in terms of interconnections between units besa it is expected to treat streams with
high concentrations of p-xylene and at higher temperaturke superstructure in Figure 3, when
compared with the one proposed by Méndez et'aincludes more feed streams and new streams

from the splitter after each crystallizer to the block CFlII
Figure 3

The latter streams increase the flexibility of the supecstme to generate efficient flowsheets for
high compositions of p-xylene in the feed stream of the gsc&his means that for a process feed
stream with 90 wt % of p-xylene, the output from crystallzeloes not need to go through the
block of centrifuges CFl, but it can be sent directly to thedsl with centrifuges CFIIl. The blocks
CFl, CFIl, and CFlll are shown in Figure 4.

Figure4

The first block includes a set of centrifuges in parallel atiag at the same temperature since they
have a single feed. CFIlI and CFIII have the flexibility of hayicentrifuges in parallel working
at different temperatures since they handle multiple feetisese three blocks represent three
different types of centrifuges, with different ranges otagtion in terms of inlet total flowrate,
inlet solid p-xylene flowrate and minimum inlet temperatuf@erefore, the three blocks are not
alternatives between them. In addition, based on the pofitlye cake obtained, the final product
is set to be the output cake from the centrifuges CFlII

The structures merged in blocks SLDI and SLDII, which ineoblifferent interconnections,

are represented in Figure 5.
Figure5b

The slurry drums are used to increase the temperature of stoe@ns in order to meet the temper-
ature constraints imposed by the centrifuges. From thdipeapoint of view the rise of tempera-
ture in slurry drums leads to the melt of crystals contribgialso for the elimination of impurities

in the crystals. However, this phenomenon is not considieredr model.



Mixed-integer nonlinear programming (MINLP) model

The MINLP model used in this work is based on the model proppbgeMéndez et af! The three
key ideas of their model are (1) the inclusion of a crystallimetwork in the first crystallization
stage, (2) the way the components are defined in the mode(3atite submodel used for dealing
with the solubility prediction.

The main feature of the crystallization network proposedhmnse authors is the imposition
of an order between them, with recycles only to downstreamstallizers. Here, the network is
augmented not only due to the existence of more externatiesyreams, but also because of the
streams that link this network with the block CFlll (see FigQ).

Méndez et al?* proposed a model using individual flowrate components @kt concen-
trations, and considered 3 components: (1) solid p-xyl&)djquid p-xylene, and (3) m-xylene,
o-xylene and ethylbenzene aggregated as one componenefditeg the liquid phase is made of
liquid p-xylene and the aggregated component.

Regarding the solubility predictions, these authors &g correction in some mass balances
based on the use of a smooth approximation of the max furféttorcorrect the eventual surplus
predicted by the nonlinear solubility correlation. Howeva this work, the small value used in
the smooth approximation revealed to have an impact in tlaé fasults. Therefore, the smooth
approximation is substituted by an approach that makesfusé gariables. In this model the level
of detail involves the existence of two phases with the gmoading p-xylene equilibrium between
liquid and solid phases, associated with the previouslytimeed correction. However, it does not
involve prediction of particle size or crystal impuritieghich is a critical factor for efficient lig-
uid/solid separation where larger crystals are favdr@dgreatly rigorous model involving crystal
size distribution and the phenomena that affect it wouldagase the model complexity making the
problem extremely difficult to solve. Nevertheless, the sis@f the centrifuges involve mass bal-
ances with nonlinearities and several parameters thaigbreake and filtrate streams conditions,
while in slurry drums the volume size involves density cidtons and it is assumed a specific res-

idence time. Therefore, with the current level of detaibassted with the described superstructure
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our model offers the possibility to explore alternative fihweets and operating conditions.

The proposed model, which is described in the next subsestincludes several nonlineari-
ties, mainly in individual component mass balances for fhgters and heat balances, as well as
discontinuities in the solubility correlations, givinge to a nonconvex MINLP problem of large

dimension.

Objective function

The objective function, given by Equation 1, representsttitael annualized cost that is to be
minimized considering both operating and capital investisieThe operating costs include feed,
rejected filtrate and energy costs (electricity, refrigeraand steam), while the capital invest-
ments include all the costs related with the crystallizers different type of centrifuges used, heat

exchangers, drums and the rejected filtrate stream:

Z =CppFD —CrF+Cp > > O(T,HR,)+Cr » > HR/+

ueUCRT 559 ueUCRT 559

Cs Y > HA+ Y (ouyu+CpELE)+ Y (owy, + CrELE,)+

ueUHEH 5¢50 ueUCr! ueUCriI

> (o +CrELE)+ Y BuDy+ > BuD+ > B.DL+

weUCFIII weUCRT weUSLD weUHEH

Z BuDy + PXorrser ArrCrr + AeCr + ArpCrp) + Cupft (Fir)

weUMXR

(1)

whereCs, Crp, Cr, Crr, Cg, Cyg, oy, Buy ArL, Ag, Arp, andy,, are cost parameters;D is
the flowrate of the process feeH,= is the flowrate of the rejected filtraté) is the temperature
of streams, H R, is the heat removed in crystallizers from stregjmf{ A, is the heat added in
heat exchangers to streamy, is a discrete variable associated with the processwniiLF,
is the electricity required by centrifuges and the refragien systemD,, denotes the size of unit
u, PXorrser 1S the wt % of p-xylene in the rejected filtrate stream, &dnd(2 are nonlinear

functions. The units considered for the objective functo® monetary units per year (m.u./year).



M ass balances
The individual component mass balances for all units ara&léd into two equations. The first,
Equation 2, is the mass balance for the components in thil lghase not considering the liquid

p-xylene:
Y Fu=> Fi YueU (2)
seSL seSQ

while the second equation takes into account the phase ehafng-xylene, and therefore it is

applied to solid and liquid p-xylene:
Z (Fspx + Fesx) = Z (Fsx + Fosx)  YueU (3)
SGS{L 8659

where I, is the individual flowrate of the aggregated liquid compdnémn;, x is the individual
flowrate of p-xylene in the liquid phase in the strearand F ;s x is the individual flowrate of p-
xylene in the solid phase in the streamThe flowrate of each stream is given by the summation

of the individual flowrate components;..,

F,=Y F. VseS§ (4)
ceC
Whenever the feed composition is known the following eaqurais considered:

FD.,=FD(. VceC )

where(. and F D, are the wt % and individual flowrate, respectively, of eacmponent in the

feed stream to the process. The flowrate of the liquid phiase, is given by,

FLs:FsLX+FsL Vs e S (6)



The following equation is only used for splitters, where bt $gaction is used to set the individual

output flowrate for each component.

Foo=&usFoe  YueUSPE Vee €, Vs € S s e SO (7)

Heat balances

Y Fuhe(T,) =) Fulo(Tv)+ HRy  Vue UM Vse SI s € SO (8)
ceC ceC
DY Fobo(T) =) Fucle (Ty)  Vue USSP UUMY, v e 50 ©)
s€SL ceC ceC
> Pl (T,) =) FyA. —HAy,  NueU"EH vse Sl vs e 89 (10)
ceC ceC
T,=T, NuecUF vse S vseSY (11)
HTC, = ® (HR,) Vu € USHT vs € SO (12)
- ~41/3
ATIAT, (AT, + AT))
HR,= HTC,D, 5 vu € USHT s € 59 (13)
_ 41/3
AT, AT, (AT, + ATy)
HA, = HCU,D, 5 Yu € UHEH s ¢ SO (14)

whereA. are nonlinear functions df, used to calculate the heat capacity of comporehtTC,,
is the heat transfer coefficient for crystallizedsjs a nonlinear function to calculatd 7’C,,. In
Equations 13 and 18, are the surface areas of the crystallizers and heat excrsamggpectively,

and HC'U, the heat transfer coefficients for heat exchangers.

10



Solubility

The solubility of p-xyleneg,, is defined by the following expression:
os =1 (Ts) Vse S (15)

wherel is a nonlinear function, with the general form of the funogallustrated in Figure 6.
Figure 6

In each stream a two-component system (p-xylene - aggeegamponent) is considered,
where the p-xylene can exist in the solid state and in thadigalution. Based on the p-xylene
solubility behaviour, two cases should be considered: 4 stilubility is greater than the concen-
tration of p-xylene in the liquid, and 2) the solubility isskor equal than the concentration of
p-xylene in the liquid. The first case may occur for some stigae.g. for the rejected filtrate
of the centrifuges from block CFI, where the amount of solikyfene may be equal to zero. In
this caser; > F,px/FL,, and therefore, to correct an eventual surplus predictetidoponlinear

solubility correlation, Méndez et &' applied the following solubility correction:
Fyx =o0FLy—max{0,e,}  Vue (UM UUu?Pf) vs e 59 (16)

Fix = o,FLs—max{0, &4} Yu € (UCFI U UCFHI) Vs € (Sggl uUSsh U Sg?ln) a7

in addition with the following equations:
es=0sFLy— Fypx — Fysx  Yue (UMY yU"F!) vs € 89 (18)

wheres, is the amount of p-xylene predicted in excess. From the abquations, for the first case
F,x =0,FL,—¢,, andF,sx = 0. In the second case the streams contain solid p-xylenehand t

above equations becont€¢, y = o,F L,, andF,sx = —¢, With e, < 0.
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The correction proposed by Méndez et’alwas based on the definition of a smooth approxi-
matior?? to represent the max function in the equations. In this wiekrhax function is replaced
by a mixed-integer formulation using the convex hull refatation?® as expressed by Equation 20

wheresl < 0 ande¥ > 0. Thus, the ternp = max{0, ¢, } is formulated as:

o=l
gs=¢r+ €2

Yer + Yoo = 1 Vu e (UMXR2 JUHEH) vs e SO (20)
0<el<elyq Vu € (U U s e (SEE, U SEE, U SEE )

ehyer <2 <0 |

In order to avoid the crystallization of a second compongqgtiation 21 ensures that the tempera-
ture of all streams is above the eutectic poifit!’ = 205.7K and a p-xylene concentration of 7.4
wt %. Equation 22 sets an upper bound on the temperature otitpet streams from crystallizers

in order to guarantee specific operating conditions.
T, > T Vse S (22)
T, <T*  YueU“ vse SY (22)

Density correlations

The volumes of some drums are calculated using densitylatioes:
ps = U (Ty) Vu € UMXE s € 59 (23)

ps = U (Ty) Vu € USHP s € SO (24)

wherey is a nonlinear function ang, the density of the stream

12



Centrifuges

The separation performance of each type of centrifuge ine@fby a set of parameteks that
are associated with Equation 25 to determine the flowraté€ampositions of each outlet stream
—cake, rejected and screen filtrate— from the centrifugeguation 25 involves a set of linear

equations and nonlinear equations,

Fyo=®(Fy, Ky) vu € (UCFTuuCHit gyt vs € S vs' € S9 (25)
Ty = ® (T, ky) Vu(UCFTy ettt gyt vs € St vs' € §9 (26)
ELE, = ® (F.sx, Fs,y4) Vs € SI vu e Ut (27)
ELE,=®(F,,y.)  Vse& Sl vuecUu“! (28)
ELE, = ® (Fisx, Fo,yu) Vs € S vu eyt (29)

whereE' LE, is the electricity required for each centrifuge, which isiadtion of the inlet flowrate
(total and/or solid p-xylene). In the optimum flowsheets, ¢tentrifuges are assumed to be located
in specific locations of the process according to their dpegaconditions. These are related to
feed flowrate to the centrifuge, viz. maximum concentratbsolids or maximum flowrate, and
minimum temperature. These constraints are representéthbgtions 30 to 33. Equation 30
defines a constraint on the maximum value of solid p-xylenerfite, F%, in the centrifuges

feed, while equation 31 defines the maximum feed flowra{g, for the centrifuges in the block

CFIII.
Fosx < Flvy,  Yue (UFTUUT) vse St (30)
Fo.<FY%, YueU“"M vscgs! (31)
Z Fsc < Fszu Yu e U (32)
s€SQ
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T, > TSL Vu € (UCFH U UCFIH) Vs € Si (33)

Equation 33 imposes a lower bound on the inlet temperatiitbg aentrifuges to keep the streams
viscosity and density in ranges so they can operate efédgtiMn addition, in the last stage a lower
bound on the inlet temperatures also prevents the waslgogllto crystallize, which would lead

to a reduction of the efficiency of the washing procedure.

Production targets

The desired amount and quality of the p-xylene product arbysthe following two equations:

> Fpe> Fmn (34)

ceC

FSPLX+FSPSXZHZFSPC (35)
ceC

whereF™" denotes the required output flowrate anthe minimum p-xylene purity in the output

stream. The minimum number of units in the block CFlll can &kas the inequality,

F,

sPe
D > g

weUCFIII

(36)

since the minimum amount of p-xylene in the output streanmsak.

Process units additional constraints
Some of the remaining units have specific additional massloak equations. The next two equa-
tions set the wt % of solid p-xylene in the output stream asnatfan of a parametet,,, for the

slurry drums and for the crystallizers of the second stage,

> (Fusx — Fary) =0 VueUSP (37)

seS?
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Y Fux—rFo=0 VueU™" (38)

seS?
Z Fosx > Z Fosx vu € UTEH (39)
seSeL s€S9

The above equation forces the inlet flowrate of the solid lemxg to the heat exchangers to be
greater or equal than the output flowrate of the solid p-xgldrhe wt % of p-xylene in the rejected

filtrate stream is defined by:

Ferpx + Fyrgy
Fun

< PXorrser (40)

where F;r; x is the individual flowrate of liquid p-xylenelF;rqx is the individual flowrate of
solid p-xylene, andF,= is the flowrate of the rejected filtrate stream. The tempesatd the
rejected filtrate is always above the eutectic temperatecalse of the temperature increase in the
centrifuges, (defined by Equation 26), leading also to d#ligncrease of the concentration of p-
xylene in the liquid. In addition, the amount of solid p-xyéein the rejected filtrate is considerably
less than the amount of solid p-xylene in any stream at thecgatconditions. This is important
because there is a cost associated with the concentratpmyéne in the rejected filtrate stream

that is recycled.

L ogic constraints

When using integer cuts, solutions liKe € 59, u € U"T : y, =1, F, = 0} can occur (i.e. a

crystallization unit is selected but with zero flow), and sequently the objective function value
would not correspond to the topology of the process. Thesefthe following constraint was

included:

Z F,.> FSLyu Vu e UCET (41)

ses@
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whereF is the lower bound for the flowrate of streamOne of the main features of the crystal-
lization network is the order of selection of crystallizenghich is accomplished by the following

equation:

Yu = Yurl u=1,..,1 (42)

wherei is the maximum number of crystallizers in the block CSI.
The imposition of the constraint defined in Equation 38 resgpithe introduction of a bypass

stream, (see Figure 7).
Figure?7

The goal of this stream is to deactivate those constraistscéated with the second stage of crys-
tallization whenF, > 0,D, = 0, s € S9, u € U“S!  i.e. when the flowrate is nonzero but the
transfer area is zero, the constraint from Equation 38 ddmmmet. Therefore, using the notation

from Figure 7, this can be represented by a disjunction d@el

pvwevest | LYl
Feo2 = 0 Fs0o=0
Feo2e 20, c€C Fs09. =0, c€C
FLgy2 > 0 FlLgp =0
02 > 0 v 602 = 0 (43)
Feo3 =0 Fgo3 > 0
Fso3. =0, ceC Fs03. >0, ceC
FLgyz =0 FLgs >0
i €603 = 0 | 603 = 0

Introducing the binary variable, wherez = 1 means thaf Ju € U“5'" : y, = 1}, this can be

16



represented in logic form as:
V ez (44)

which is equivalent to:

( \V yu:sz>A<z:» \ yu) (45)

uey s weUCSII

Transforming these logic propositions into inequalitiesgs*:

2=y, >0 vu € U9 (46)
Y 220 (47)
’LLGUCSII

Therefore, the above disjunction can be additionally regméd by:

Fo3 < Fijsz (48)
Fiose < Fejae? (49)
FLgos < FLYys2 (50)
Eo03 < Egos? (51)
Fooo < Fiy (1 — 2) (52)
Foze < Figpe (1= 2) (53)
FLgyy < FLY, (1 — 2) (54)
Eooz < Egpo (1 — 2) (55)

Logic constraints are also used to choose only one outparstout of two streams from two

17



specific splitters. These constraints are introduced tadesgitting one stream into two streams,
heat one of the streams and afterwards mix them again. FRyuliestrates an extract of the

superstructure with the two splitters where the constsaindre imposed.
Figure8

Following the notation used in Figure 8, these constraiatshe logically represented as:

_ . - . B}
Fo13 >0 Fo13=0
Fy13. >0 Fyi3. =0
FLgi3>0 FLy3=0
§o13 20 | V| &o1z=0 (56)
Fo14 =0 Fg14 2 0
Fo14c =0 Fo14c 2 0
FLgis =0 FlLgiy >0
| =0 | | =0 |
_ ) . . ;
Fo15 >0 Fo15=0
Fo15. > 0 Fyi5. =0
FLgis >0 FLgi5=0
§o15 >0 | V| &o5=0 (57)
Fo16 =10 Fg16 > 0
Fo16c =0 Foi6c > 0
FlLgig=0 FlLgig >0
I €916 = 0 1 | 16 > 0 |
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and converted into inequality constraints using a big-Mdfarmation:

Foi3 < Flsz (58)
Foize < Fy 521 (59)
FLgs < FLY 32 (60)
o13 < &3 (61)
Fous < Fy (1—2) (62)
Forse < FG,. (1= 21) (63)
FLyyy < FLY, (1 —2) (64)
o104 < &Gy (1 — 21) (65)
Fois < Fijs2 (66)
Foise < Fy5o22 (67)
FLgys < FLY,. 2 (68)
o5 < EG1522 (69)
Foi6 < Flg (1 — 2) (70)
Foiee < Flg. (1 — 29) (71)
FLgis < FLY16 (1 — 22) (72)
16 < e (1 — 22) (73)

Wherezl =1if Fyi13 >0, and22 =1Iif Fy15 > 0.
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Solution approach

The MINLP model described was implemented using the modedjyrstem GAMS?® The model
has 3054 constraints, 2991 continuous variables and 1@tybwariables. The latter are associated
with the existence of equipment units, and with the soltybédguations and logic constraints. The
nonlinearities arise from the mass balances for the s@ijtteeat balances, density correlations,
solubility correlations and from the mass balances forrdeiges, resulting in a nonconvex MINLP
problem.

The first case that we have studied was the synthesis of mexykrovery from a stream with
65 wt % of p-xylene. As a first approach DICOFwas employed to solve the MINLP problem.
However, there were difficulties for obtaining feasibleutimins for the relaxed MINLP problem,
resulting on several failures to get optimum solutions. c8pmg a good starting point and up-
per bounds based on process insights allowed DICOPT torobtgimum solutions for the re-
laxed MINLP problem and nonlinear programming (NLP) sulpeas. However, because of the
nonconvexities of the model this solver was highly depehdenthe starting point of the inte-
ger variables, and several suboptimal solutions were méxdiai As a second approach, the solver
GAMS/SBB was employed with a maximum number of nodes set @ &0d then its output solu-
tion was used as an initial point for GAMS/DICOPT, but a cleaprovement was not observed.

In order to obtain better solutions to the MINLP model in gaotime and in a more robust
way, a two-level decomposition approach is proposed. Thgaach consists of the solution of
an aggregated model and a detailed model. In the proposedssuyzture (see Figure 2) the block

CFI corresponds to a set of centrifuges in parallel as iiftst in Figure 9a).
Figure9

This block and the additional blocks CFIlI and CFlll, suggésan aggregated model, where the
set of units in parallel would be substituted by only one (sgie Figure 9b)).
The two key ideas in the aggregated model are: (1) mergingrhs in centrifuge blocks and

slurry drums into single input-output blocks so that theraggted model is defined in the space of
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interconnection of major blocks, and (2) the relaxationhaf tonstraints that set an upper bound
on the inlet flowrate of each centrifuge unitin order to mbetsame production targets. Figures 9,
10 and 11 show the set of centrifuges in parallel in the detamhodel and the respective structure

defined in the aggregated model.

Figure 10
Figure 11

From these figures one can see the degree of simplicity athleyaggregating each of the sets of
centrifuges in parallel into only one centrifuge. This me#rat in the mathematical model a large
number of equations and variables are replaced by equaif@single equivalent unit.

The two-level decomposition approach is applied accotdingth the algorithm illustrated in

Figure 12.
Figure 12

Note that the aggregated and detailed models are formuéstedINLP models. The optimum
solution of the aggregated model is used to initialize arfthdeghe superstructure of the detailed
model. In particular, streams with zero flowrate in the solubf the aggregated model are re-
moved from the superstructure of the detailed model. Thesggged model yields an upper bound
on the total annual cost (see next section) while the detailedel yields a lower bound. The al-
gorithm iterates between the solution of the aggregateddatailed model until the difference
between the bounds is less than a specified tolerance. Bewesh iteration two integer cuts are
added to expedite the search. The next three subsectianthgidetails about the bounds of each
problem, the integer cuts added between the two levels,renddfinition and initialization of the

detailed model.

Bounds on the cost
Generally for a minimization problem, it would be expectbdttthe aggregated model yields a

lower bound on the objective function due to relaxationsame constraints or the underestimation
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of the objective function. However, in this work the aggreglemodel yields an upper bound. This
bound is the result of a more constrained model because tregaed model only uses one unit
in the blocks CFI, CFll, and CFlll instead of a combinatioruaits in parallel.

In the aggregated model each block of centrifuges CFI, Giald, CFlll is represented by only
one centrifuge with the maximum inlet flowrate constrairgkaxed. Note that the relaxations
imposed in the maximum inlet flowrate of the centrifuges do ecantribute to obtain a lower
bound. However, this aggregation has two important impbes: (1) in the detailed model in
each block of centrifuges the units can operate at diffelemperatures, while in the aggregated
model the aggregated centrifuge can only operate at a deglperature, (2) the performance of
the aggregated unit can be different of the set of units coatbin parallel. In the first point it is
easy to understand that the lack of flexibility to operateddsetrifuges at different temperatures
may lead to a more constrained model and consequently tog@er bpund. However, the second
point needs to be explained in more detail. Here, the teriopaance is used to relate the output
of a centrifuge with the same inlet flowrate.

Generally, the performance of a set of units in parallel ig equivalent to a single unit with an
equivalent capacity if all the equations describing thesuawe linear. However, when the units are
described by nonlinear equations, the performance of af sgtits in parallel and one equivalent
unit may not be the same. In Appendix A it is shown that theild@segion of the aggregated
model is a subregion of the detailed model, and thereforditsteyields an upper bound on the

objective function.

Integer cuts

At each iteration of the two-level decomposition, one speaiteger cut is added in each level in
order to expedite the search. In the aggregated level ageintait is implemented, with the goal
of eliminating from the solution combinations of aggregabdocks with a previous equivalent
number of centrifuges, where equivalent number of cergefudenotes the number of centrifuges

obtained from the ceiling of the ratio between the inlet flat@rand the maximum inlet flowrate of
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each centrifuge,

F,
Nopy = {F[fﬂ Vu € UHT Vs € 5! (74)
sSX
F
Noprr = {FUW Vu € USFH s e 1 (75)
F,
sSX

whereN¢crr, Noprr andNepppp are the equivalent number of required centrifuges to del the
inlet streamsFsx is the flowrate of solid p-xylend;'’;  is the upper bound on the inlet flowrate
of solid p-xyleneF, is the total inlet flowrate ané’V the upper bound of the total inlet flowrate.
Instead of using Equations 74 to 76, additional binary \des, v,,., and disaggregated vari-
ables,F,sx or F;, are introduced for each block to represent the actual nuofhmitsk. Figure
13 depicts the partition, in terms of these variables, Agyx, where the disaggregated variable

F,sxs, has as lower bounfl'}  (ky., — 1) + €, and upper boundly,, F% .

Figure 13
This is represented mathematically by:
M
F.ox = ZFngk Yu € UCFI, Vs € Si (77)
k=1
Fosxr < Fxkya  k=1,...,M;Yuec UM vsec S! (78)
Fosxr > Flx (kyar — 1) +e k=1, M;Yuc UM vse S! (79)
M
S yu=1  VueU! (80)
k=1
N
F,=Y Fy YueU Vses) (81)
k=1
Fp. < FVkyy k=0, N;VYuec U vses! (82)
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Fg.>FY (kya — 1) +e  k=1,..,N;Yu e U vsec S! (83)

N
S yu=1  VueUH! (84)
k=0
P
Fisx =Y Fuxr  YueU vses) (85)
k=1
Fosxiy < Flvkyy — k=1,..,P;Yuec U vsec s! (86)
Fosxr > Flx (kyar — 1) +¢ k=1,..,P;Yuc U vsc St (87)
P
Z Y = 1 Vu € UCFII (88)
k=1

where M, N and P are the maximum number of units in each aggregated block CHI, and
CFIlIl, respectivelyF.sx, andFy, are disaggregated variableg, are binary variables andis a

small number. Thus, for all blocks the integer cut is defingthie following expression:

DA SR A W AR SR AR V (89)

ul|gK e PK el epPK ulgEeNK elgFeNK

where
PE = ({u|gk =1} U {elgk =1}), N = ({ulgh =0} U {e|gk = 0}) with {u|u € UFT U USLP}

ande = (lk) with
{lk: (eU k=1, ))u(leU k=1..m)u(leU " k=1,.,n)}

and K denotes the iteration number of the two-level decompasitibherefore, despite the fact
that for each aggregated unit of centrifuges there is ongy/ wmit, an integer cut can be used to
eliminate solutions with previous equivalent number oftaérges.

The second cut was applied at the detailed level to avoidcehetition of previous combinations

of units in the solution. In this case the integer cut is defibg Equation 90, associated with
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Equations 91, 92 and 93.

Do > wi <Pt -1 (90)
i|gi e PK i|lgeNK
where PX = {ulgl =1}, N¥ = {u|gk =0}, {u:ue (UCFIUUCFI Y UCFI)} and K
denotes the iteration number of the two-level decompasitiln addition, to avoid symmetric

solutions inside of each block of centrifuges the followeguations were considered:

which set an order of selection for the units in parallel.
In the aggregated model the logic relationships betweebitreay variables assigned to each

block, y, and the disaggregated binary variables is as follows:

\/ Yuk g Yu VU € UOFI (94)
k=1,...M

\/ Yuk & Yu Yu € UCFH (95)
k=1,..,N

\/ Yuk <= Yu Vu € UCFIII (96)
k=1,..,P

Transforming these logic propositions into inequalitiesgs®*:

Yo —Yu >0  NVue U k=1,.,M (97)
M
Zyuk—yuZO Vu € UYH! (98)
k=1
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Yo —Yu >0  Yue U k=1, N (99)

N
Zyuk —y >0 VueU“tH! (100)
k=1
Yo=Y >0 VuecUT =1, P (101)
P
>y -y >0 VueU“! (102)
k=1

Initialization of the detailed model

In the proposed decomposition approach, the aggregatedlrdedcribes the superstructure de-
fined in Figure 2. The optimization of the aggregated modeVigles solutions with several zero
flowrates. This information is used to define a new superstrador the detailed model, where
the streams with zero flowrate in the aggregated model arevednfrom the superstructure of
the detailed model. Therefore, an analysis of the input angut streams of splitters and mix-
ers is made in order to remove from the detailed model thé&tesgiwith only one output stream
and mixers with only one input stream. In this way severaltamthl equations and variables are
removed from the detailed model, decreasing consideralelysize of the problem. In addition,
singularities that may appear due to many zero entries idabebian matrix are avoideéd Figure

14 illustrates the reduction in terms of units and strearasadhn occur with this model reduction.
In the detailed model the variables associated with thastserepresented in Figure 2 are initial-
ized using the values of the final solution of the aggregatedeh However, it was necessary to
devise an initialization strategy for the continuous anthby variables associated with the streams

and units inside the blocks CFlI, CFIl, and CFIIl.
Figure 14

As a first approach, based on the solution of the aggregatettlmive number of units of
blocks CFlI, CFIl, and CFlII (calculated by Equations 74 tQ W@re set as the maximum number
of units in the detailed model. However, due to nonlineasitihis restriction has shown to elim-

inate some combinations of units from better solutions. rétoee, three alternative approaches
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were considered, where the main idea is to avoid startingtpevith sets of variables with zero
values that could cause problems to the solvers. The fisshaltive approach consists of using the
maximum number of units in each block, initialize each bynaariable associated with each unit
and divide the feed stream equally to each unit. The secaacdhative approach consists in using
the values of units calculated by Equations 74 to 76, andldi9® % of the feed stream to those
units, with only those initiated with, = 1, while the remaining units share 1% of the feed stream
andy, = 0. The third alternative divides the flowrate as in the secartchld the binary variables

were initialized withy,, = 1.

Decomposition strategy

The steps of the suggested decomposition are as follows:
Step 1. SetK =1 andK,,.,. SetZy = oo andZ;, = —co.

Step 2. Aggregate centrifuges in blocks, redefine new input andudgppeams of the aggregated

blocks. Select an initial starting point and flowsheet tigtoy,,, andy,,.
Step 3. Solve the aggregated MINLP model to yiele' . If Z < Z; thenZy = Z[F.
Step 4. Add the integer cut from Equation 89.

Step 5. Remove streams, splitters, mixers, drums, heat exchaagdrsrystallizers not used in the
solution of the aggregated model. Define new input streatosuinits due to the elimination
of streams and some units. Disaggregate the units in eachfega block using either of
the three alternative approaches. Set the starting poihtthve solution from the aggregated

model.
Step 6. Solve the detailed MINLP toyield~. IF ZF > Z; thenZ, = ZK.

Step 7. Add the integer cut from Equation 90.
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Step 8. If {July, =1,F, =0,{u:ue (U UUTyUu“rin)} s|s e SI} add an integer

cut (Equation 90), updatg, and ZX, and add one more integer cut (Equation 90) to the

detailed model.

Step 9. If Z;, > Zy or K > K, thenZ* = Z;, STOP. Otherwise go to 3.

Remarks

1.

In the aggregated model the variables and the equati@ugiated with the streams not
present are not considered; i.e. they are eliminated freamtbdel, instead of setting some

binary variables to zero.

In the detailed model the only variables that cannot l&lied using the values from the
aggregated model correspond to the variables associategdane streams of slurry drum

blocks. All other variables can be initialized from the aggated model solution.

Both MINLP models, aggregated and detailed, are noncoawe have multiple suboptimal
solutions. At each iteration of the two-level decompositioe MINLP problem is not solved
to global optimality, which may lead to situations where slodution of the detailed model

could be worse than the solution of the aggregated model.

Both integer cuts, Equations 89 and 90 are added to aveickthetition of previous config-
urations. These integer cuts complement the cuts applitdnADICOPT?®, since the last
are applied to all integer variables of the problem, whilessémposed by the decomposition
are only applied to the integer variables related with tleeess units. The integer cut added
to the detailed model, is expected to increase the lowerdobithe objective function, thus
a stopping criterion was developed based on the crossingpdriand lower bound. In ad-
dition, a criterion based on the maximum number of iteratiohthe decomposition was

implemented.

Deterministic algorithms for global optimization, suat BARON?® and LINDOGIobat®

were not able to be solved in many hours.
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Numerical results

The proposed superstructure and decomposition strategyapelied to three cases with different
p-xylene compositions in the feed stream: Case | with 65 wC#se 1l with 90 wt % and Case
[l with 98 wt %. For all cases the product specification is @&t with a flowrate of 13.8 kg/s
and 99.8 wt % of p-xylene. These compositions were taken fraimbell and Rutted, who have
proposed different flowsheets for each one. With these aasgsetend to cover the more recent
trend where the crystallization is used as a second stadpe ip-kylene recovery. Therefore, the
inlet feed stream can be the output of an adsorption protess.

Note that the same prices for the feed and rejected filtragecansidered in the three afore-
mentioned cases. This means that a feed with 65 wt % and anwithe98 wt % p-xylene have
the same economic value. Although this may not be accutaeieed costs and rejected filtrate
costs only influence the value of the objective function aodat have any influence in the struc-
ture of the optimum flowsheet. This was supported by severtinizations using different cost
parameters.

The MINLP models and the decomposition strategy were implged using GAM® and
solved on a computer running Linux with a Intel Xeon CPU, G8& and 8GB of RAM. The
strategy used to solve each MINLP problem involved two stépsst, GAMS/SBB was used to
solve the MINLP problem with a maximum number of nodes, arhttine output solution from
GAMS/SBB was used as an initial point for GAMS/DICOPT. Thenaif this strategy was to
perform a fast screening in the branch and bound tree, anddhey to improve the solution with
GAMS/DICOPT. In this way most of the times GAMS/DICOPT stattwith a feasible integer
solution.

Table 2 shows the sizes of the aggregated model and typied sf the detailed models for
Case lll. Note that while the size of the aggregated modekélffor the three cases, the size of

the detailed model can vary depending on the solution of dlgeegyated model.

Table2
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As can be seen, the proposed decomposition scheme reqgsiggsfacantly smaller sized MINLP.

Casel
The optimum flowsheet obtained for the first case, with a medeed stream with 65 wt % of

p-xylene, had a cost of 101.2 m.u./year and is shown in Figjgre
Figure 15

In the optimum flowsheet the blocks CSII and SLDII are notudeld, and only two crystallizers
are used in the block CSI. The process feed stream is divilediwo streams that are mixed
with several recycle streams and feed to each crystalliagalyzing the input flowrate of the
block of centrifuges CFII, the number of centrifuges do rmtespond to the minimum number of
centrifuges. This fact suggested that this solution mayespond to a local minimum. Therefore,
this case was solved using the third alternative for theaiimation. The best solution obtained
corresponded to a flowsheet with three units in the block Qitit with a worse value of the
objective function, 101.4 m.u./year, (see Table 3). Thaghthe impact of the initialization of the
streams of block CFIll in the detailed model, but also thatrtii@imum number of units in each
block may not correspond to the minimum value of the objedtinction.

The p-xylene recovery rate was 90.3 wt %, which is in agre¢méh the value of 90.7 wt %
reported by Hubbell and Ruttén Table 4 shows that the algorithm stopped after nine itenati
because the bounds crossed with each other. The optimailosoluas found in iteration number
four, 101.2 m.u./year, where the operating costs corredptm94.6% of the total cost, with the

feed stream contributing to 92.6% of the total cost, (sedelap
Table 3

Table4

Casell and |11
For the two cases with 90 wt % and 98 wt % of p-xylene in the gedeed stream, the optimal

flowsheets are shown in Figures 16a) and 16b), with costs .&f @u./year and 98.4 m.u./year,
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respectively.
Figure 16

These two flowsheets present considerable differencesnstef topology when compared with
the flowsheet presented for Case |. The main features of floeggheets are: (1) use of two crys-
tallization stages at different temperature levels, wia¢the higher temperature level the process
feed stream is cooled down until the upper bound on the testyrer of the outlet stream, 234.4
K, while at the lower temperature level the p-xylene fromfilimtes from the centrifuges is crys-
tallized at the eutectic temperature, 205.7 K; (2) the augtneam from the warmer level is only
directed to the block CFIIl where it is mixed with differertesams to meet the centrifuges tem-
perature constraints; and (3) one centrifuge in the blockilCboth cases, and only one centrifuge
in the block CFIl in Case llI.

The flowsheet presented for the 90 wt % case was obtained tigrigst alternative approach
for the initialization. In this flowsheet the number of céioges used in the block CFIl is also
greater than the required number of centrifuges based otothleflowrate that they are treating.
Therefore, in order to assess if a better solution with a tawenber of centrifuges in this block was
possible, the third initialization alternative was alsopdoyed. The optimum flowsheet obtained
includes three units in the block CFIl, but two more crystalls leading to a similar objective
function value, 100.3 m.u./year as shown in Table 3.

For these two cases the total annualized operating costsspond to more than 97.2% of the
total cost, where the cost of the feed contributing to 97.1f%b 88.0% of the total cost, in Cases
Il and Ill, respectively, (see Table 7). For Case Il the optimsolution was found at the second
iteration and the decomposition stopped because the bavosis with each other as seen in Table

5.
Table5

Analyzing these results, it can be observed that in itenatioee the lower bound; X, is greater
than the upper boundff. This may occur, as previously explained, because thele@taiodel

got trapped in a local solution.
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Table 6 shows the results for each iteration of Case lll, witeran observed that the decompo-
sition stopped after two iterations because the boundsedowith each other. In this case, in the
second iteration the value of the lower bound, 98.4 m.ut/yeaimilar to the value of the upper
bound. This can occur because in the solution of both motelblocks CFI and CFIl only have
one unit, and therefore the effect of units in parallel is pr@sent here as discussed in Appendix
A. Note also, that the algorithm did not stop in the first itena, even withZX > ZX because the

stop criteria is relaxed for the first iteration.
Table 6

The p-xylene recovery rates obtained for these processes3ved wt % and 99.5 wt % for
the feed streams with 90 wt % and 98 wt %, respectively. Themyph flowsheets obtained in this
work are similar to the ones proposed by Hubbell and Rit@md Wilsak'*. For the feed streams
with high concentrations of p-xylene they also suggest flmess where the feed stream is cooled
down at a warmer level in a set of crystallizers and the outputy is centrifuged, separating the
filtrate from the desired high concentration p-xylene pddiiheir flowsheets include also another
set of crystallizers to recover the p-xylene from the praslg mentioned filtrate, and additional
filtrates from centrifuges used to separate the outputysfoom a second stage of crystallizers.
However, due to the lack of information in these patents rmgeof operating conditions and
number of units, it is not possible to perform a detailed cangon.

In our superstructure all units have bounds on the inlet antigétotemperatures. These bounds
not only constrain the feasible links between the units,dlsib the mixing of streams to meet
constraints in the inlet streams of centrifuges. Therefdierent specifications for the inlet or
outlet temperature streams can change the operating morgd#nd give rise to different flowsheets

with alternative topologies.

Table7
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Conclusions

In this paper we have proposed a mathematical programmipigpagh for the optimal synthesis
of p-xylene recovery based on crystallization. Our appnaamsists of the following three major
steps: a) development of a superstructure for the cryz#ithn and associated liquid/solid separa-
tion stages; b) formulation of an MINLP model associatedlie superstructure; and c) solution
of the MINLP model employing a decomposition approach.

The proposed superstructure includes several alterniftiveheets in order to be able to deal
with compositions of p-xylene in the process feed streargirgnfrom 65 wt % to 98 wt %.

The complexity of the superstructure and MINLP model madédathe study of a two-level
decomposition approach that could cope with difficultidgeirent with a nonconvex and large size
model. The initialization and optimization of the aggreghimodel have proved to make it easier
to solve the MINLP than the full size problem, while at the satime providing good starting
points for the detailed model. Although the proposed deasiipn approach does not guarantee
global optimality, it provides a methodology to providefdient starting points that can lead to
different optimal solutions with different combinationsumits.

For the three cases presented, the superstructure deatedstnough flexibility to deal with p-
xylene compositions in the feed stream above 65 wt %. Theathgation network, CSI, revealed
to be able to cope with the existence of two crystallizatitages at different temperatures. This
flexibility could be used in the future to create an extendggesstructure where an alternative
separation process based on adsorption could be includid superstructure.

The flowsheets and the results in terms of p-xylene recoverynsagreement with published

results in the literature, which verifies the accuracy ofrtialel.

Acknowledgments - The first author would like to acknowledge financial supgostm FCT (Portuguese

Foundation for Science and Technology) under contract SBRH/26115/2005.

33



Nomenclature

Indices
C

L

LX
SX

RF
SCFI

SF
SCFIII

RF
SCFIII

UC’FI
UCFII

UCFIII

components

components that can only be in liquid phase
p-xylene in liquid phase

p-xylene in solid phase

iteration

streams

process feed

product stream

rejected filtrate

units

all components

components that may be in liquid or solid phase
all streams

input streams for unit

output streams for unit

reject filtrate streams from centrifuges in CFI
screen filtrate streams from centrifuges in CFlII
reject filtrate streams from centrifuges in CFllI
all units

centrifuges

centrifuges

centrifuges
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UCRT all crystallizers

Uest only crystallizers in the first crystallization stage

yest only crystallizers in the second crystallization stage
UHEHR heat exchangers

UMXR mixers

UstLp slurry drums

UsPL splitters

Parameters

Cg electricity cost, $/(kwh)

Crp feed cost, $ kg!

Crr, fuel cost, $ 3!

CHE hot end cost, $

Cr rejected filtrate cost, $ kg

Cy steam cost, $ kg

Fr lower bound on flow in stream kg s™*

FL lower bound on the individual flow of compone$if in streams, kg s™*
Frmin minimum flowrate of the product stream, kg's

FY upper bound on flow in stream kg s°*

FY% upper bound on the individual flow of componehX in streams, kg s™*
HCU, heat transfer coefficient of unitu € U7FH Js I m2 K—!
I maximum number of crystallizers in the block CSI

I maximum number of crystallizers in the block CSII

M number of units in block CFI

K iteration number of the two-level decomposition

35



k intervals

N number of units in block CFII
P number of units in block CFllII
Tew lower bound on stream temperature, eutectic point, K
Tet upper bound on the temperature of output streams of crigste| K
n minimum concentration of p-xylene in product feed, wt %
o cost parameter
Bu cost parameter
€ small value
n minimum concentration of p-xylene in product feed, wt %
e concentration of each componenh the feed stream, wt %
K liquid/solid device parameter of unit
Vu cost parameter

L lower bound on split fraction for streamin splitteru

o upper bound on split fraction for streanin splitter
Variables
D, size of unitu, m? or n?

ELE, electricity consumed by unit, kWh

F flowrate of the stream, kg s

F,. flowrate of the componentin streams, kg s*

Frx flowrate of the liquid p-xylene in stream kg s7!

F,r flowrate of the aggregated component in streaikg s!
F.ox flowrate of the solid p-xylene in streasmkg s!

Fir, flowrate of the componentin the product feed, kgs
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FsPLX
FsPSX

Fir

Forpx
Firgx
FD
FD,
FL,
HA,
HR,
HTC,
PXorrser
T

T,

Z

ATy
ATy

Ps

Os

flowrate of the liquid p-xylene in the product feed, kg s
flowrate of the solid p-xylene in the product feed, kg s
flowrate of the rejected filtrate, kg's

flowrate of the liquid p-xylene in the rejected filtrate, kg s
flowrate of the solid p-xylene in the rejected filtrate, kg s
flowrate of the feed to the process, kg s

flowrate of the componentin the process feed, kg s
liquid flowrate of streans, kg s*

heat added in heat exchangers to streats*

heat removed in crystallizers from stream) s™*

heat transfer coefficient of unit, € U“FT, J st
concentration of p-xylene in the rejected filtrate strea/ov
temperature of stream K

operating temperature of unit K

total annualized cost, $ yedr

temperature difference 1 for LMTD, K

temperature difference 2 for LMTD, K

amount of component required to meet solubility, kg s
disaggregated variable fer, kg s*

disaggregated variable fer, kg s*

split fraction of streans in splitteru

density of the stream, kg m—3

solubility prediction for stream, wt %

Binary variables
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Ye1

Ye2

Yu

Yuk

21

zZ2

equal to 1 if variable! takes a value between 0 arfd

equal to 1 if variable? takes a value betweerf and 0

equal to 1 if unitu is present

equal to 1 ifF,.s.y is betweenF %y (kyu, — (1 —€)) andk FY v yur

equal to 1 if exits at least one crystallizer in the secondtetiization stage
equal to 1 if stream 913 exists and stream 914 does not

equal to 1 if stream 915 exists and stream 916 does not
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Appendix A

Consider two separation systems to perform the same task/ing the same type of units. These
units have one input and two output streams. The first systesoamposed by only one unit, and

the second system involves three units in parallel, (sear&iy7).
Figure 17

The first system is described by the set of equatiafs,, z, u)=0,
To=2+u (A1)

z = f(xo) (A.2)

and the second by(zo, z, u;, z;,y;) = 0,

o — T + T + T3 (A3)
Z/ =21 + z9 + z3 (A4)
U, = U1 + U + usg (A5)

wheref(z) is the relation between the input and one output stream, f{ith = 0. Let F4 be the

feasible region of the first system,

FA:{(ZC(),Z,U)VL:O, xo,Z,UZO} (A?)

and F, the feasible region of the second system

FD = {(l’o, Zlau,wl'ia Yi, uz)‘g = 07 Zo, 2/7 ulamia Yi, Uj 2 O} (A8)
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Proposition: F4CFp, for nonlinearf(x).

Proof: Assumethat FCF 4. Thisimplies3z € F4, z ¢ Fp. First, from Equations A.4 and A.6 we
havez' = 23: f(x;), and forz; # 0 andz; = 0, Vj # i it follows that f(z;) = f(z¢) andz’ = .
However, :‘T)lrxi # 0,Vi, 2" is equal or different ta. For linearf(z), 2 = z, but for nonlinearf (z),

it is generally different. Thereforél:’ € F, such that’ ¢ F,, which contradicts the assumption

FprCF4. Hence, RCFp. [ |

Corollary: Applying the above proposition for the blocks of centriésgn the proposed models,
the feasible region of the aggregated model represents @ comstrained region than the region
of the detailed model. Therefore, the aggregated modailyiah upper bound on the objective

function.
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List of Figures

Figure 1 Simplified crystallization separation proces$iwitain units.

Figure 2 Proposed superstructure, delimited by the diswoods line. PEZ- p-xylene enrich-
ing zone. CSI and CSII - crystallization networks. CFI, CRlihd CFlII- centrifuge networks.
SLDI and SLDII- slurry drum networks. HEH6- heat exchanger.

Figure 3 Proposed crystallization networks corresponthrijocks CSl and CSll in Figure 4.
and/, denote the maximum number of crystallizers in CSI and C88pectively.

Figure 4 Embedded networks of centrifuges in blocks CFI,IC&d CFlll in Figure 2. M,
N and P denote the maximum number of units in blocks CFI, CFII, andliCFespectively.

Figure 5 Embedded networks of slurry drums in blocks SLDI &h®Il in Figure 2.

Figure 6 Mole fraction of p-xylene in the solution as a fuantiof the temperature. (-) Using
van Hoff relationship, (- -) employing cryoscopic constaht

Figure 7 Second crystallization stage extracted from tbpgsed superstructure.

Figure 8 Units around the heat exchanger located beforeeitend crystallization stage, ex-
tracted from the proposed superstructure.

Figure 9 Set of centrifuges CFI from the detailed model (lafid the respective structure in
the aggregated model (right).

Figure 10 Superstructure for a block of centrifuges from dle¢ailed model (left) and the re-
spective structure in the aggregated model (right).

Figure 11 Superstructure for a block of centrifuges from dle¢ailed model (left) and the re-
spective structure in the aggregated model (right).

Figure 12 Two-level decomposition approach consistindnefdolution of an aggregated and de-
tailed model.

Figure 13 Partition for the variablg,sx based on the variablds sy, andy,.

Figure 14 Example of the analysis that is made in order to venstreams and mixers from the
detailed model based on the results from the aggregatedimode

Figure 15 Optimum flowsheets obtained for a feed stream vbtv6% p-xylene. CFI, CFII,
and CFIII - centrifuges, CRT - crystallizers, SLD - resludiyums.

Figure 16 Optima flowsheets obtained for different compas#t of p-xylene in the feed stream.
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CFI, CFll, and CFllI - centrifuges, CRT - crystallizers, Sk:PReslurry drums.

Figure 17 a) System with one unit, and b) system with thretsumiparallel.
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List of Tables

Table 1 Boiling and freezing point of each component in theepss feed
Table 2 Size of each model for decomposition and simultasisolution for Case Il

Table 3 Best solutions, in terms of objective function, fedrrate and number of units in each
block, obtained with two different initialization apprdees

Table 4 Results at each iteration level for Case |
Table 5 Results at each iteration level for Case Il
Table 6 Results at each iteration level for Case Il

Table 7 Optimum results for the total annual cost, investnagnl operating percentage costs
for each case
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Table1

H,
o, o b —ay

o o
o-xylene m-xylene p-xylene ethylbenzene

Boiling point(C,1bar) 144.4 139.1 138.4 136.2
Freezing pointC) -25.2 -47.9 13.3 -95.0
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Table2

Model 0-1 Variables Continuous Equations Items eliminated
variables Streams Splitters

Aggregated 53 1096 1177

Detailed 79 1646 1786 162 32

Detailed 102 2838 2810

1 - Two-level decomposition - Initial superstructure’, - Items removed in Step 5
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Table 3

z* Feed flowrate Number of units
(m.u./year) (kgls) CRT CFI CFlI SLD CFll
Case | 101.2 23.6 2 4 4 1 4
Case 101.4 23.6 3 4 3 1 4
Case Ii 99.5 15.8 3 1 5 1 4
Case If 100.3 15.8 5 1 3 1 4

t - First initialization alternative approach with feed flate to blocks equally divided:

- Third initialization alternative approach where the fdbmvrate to blocks was divided
99% for the units determined by the aggregated model and t%hé&remaining, with
Yu = 1. Yu € (UCFI U UCFII U UCFIII)
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Table4

Aggregated Detailed
K z ZKT ZK+1 SBB** DICOPT SBB* DICOPT
(m.u./year) (CPU s) (CPU s) (CPU s) (CPU s)
1 105.1 101.5 102.3 2194 3.9 613.2 10.7
2 104.1 104.1 104.8 47.7 3.5 1760.4 4.9
3 104.2 101.3 105.2 68.7 2.1 75.7 22.2
4 104.4 101.2 101.4 28.0 1.3 881.0 5.3
6 104.3 - - - 12.6 - -
7 104.7 102.7 - 52.0 7.8 603.3 11.5
8 104.4 - - 130.6 2.4 - -
9 104.6 105.8 106.1 63.9 1.8 109.1 6.3

t UpdatedZX in Step 8. - 7K yielded by the detailed model before check step 8.

* - Optimal solution** - Maximum number of nodes set to 500.
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Table5

Aggregated Detailed
K zZl ZKT ZE+ SBB** DICOPT SBB* DICOPT
(m.u./year) (CPU s) (CPU s) (CPU s) (CPU s)
1 102.7 100.2 - 68.7 6.3 956.53 7.9
2 101.9 99.5 - 38.8 8.3 786.58 18.2
3 102.1 102.9 104.4 16.2 3.1 - 82.1

t - UpdatedZX in Step 8.F - ZK yielded by the detailed model before check step 8.
L L

* - Optimal solution.** - Maximum number of nodes set to 500.

68



Table 6

Aggregated Detailed
K zZls ZKT zK1 SBB** DICOPT SBB* DICOPT
(m.u./year) (CPU s) (CPU s) (CPU s) (CPU s)
1 98.7 100.5 100.7 23.8 3.1 362.87 13.3
2 98.4 98.4 99.3 28.2 2.9 32.12 55

T - UpdatedZX in Step 8.5 - ZK yielded by the detailed model before check step 8.
* - Optimal solution.** - Maximum number of nodes set to 100.
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Table7

Cases Total cost (m.u./year) Investment cost (%) Operabsy(%)
I 101.2 5.4 94.6
I 99.5 2.8 97.2
1] 98.4 0.8 99.2
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