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The last dozen years have pro_duced al most 50 English’ |anguage
articles on the synthesis of separation systems (Nishida, et al (1981)).
Host work has considered separating a single relatively ideal mxture into-
sharply split, wusually pure conponent products u;ng' systens of_;sji_n‘gle
feed, two product distillation colums. O late the work has considered
heat integrating these colums to reduce energy consunption. Present
research wll wvery [likely produce valuable results for non sharp
separations* _

Ea.rl i er approaches developed both algorithnic and heuri. stic based
tree search algorithms for discovering the better systens of non heat
integrated colums. New results pernmit the design of heat integrated

systems.

The paper reviews the above devel opnents.

“Paper presented at 25th CONI CET Anniversary International Conference on

New Devel opnents Toward Technol ogi es with Low Energy Requi rements, |NTEC,

Santa Fe, Argentina, August 1983. " WINVERITY LBRRES .
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1. | NTRODUCTI ON

In this presentation we shali review much of the work done in the
|ast two decades on the synthesis of separation systens. W shall restrict
ourselves to distillation technology. First we define, as Rudd and Watson
(1968) ..did some 15 years ago, the génefal separation probl em which i‘s to
transform several source mxtures into several product m xtures.

Interestingly enough that problem is still essentially unsolved, but

recent researchers are |ooking nore seriously at it.

Next we shall consider the restricted problem nost often addressed
In the literature—_to separate a single source mixture into several

products. Focusing even nore we look in particular at problens where the

product sets contain nonoverlapping species with each other —i.e. are the -~

result of “shaf p" separations.

Even for this nost restricted prdbl em the -élternatives possi bl e
using distillation technology are enornous in nunber. Initial work | oo-k-ed
anong the conbinational nunber of alternative sequences for |east cost
solutions, but where those solutions used utilities for all condenser
cooling and reboiler heating. Later work considered .how to select colum
pressures to all ow for "optimal" heat integration anong the colums to

reduce utility requirenents. Qur own nost recent work considers nulti-

_effect columm structures and notes one can lower bound in a practical way

the utilities required to solve a given separation problem

We finish by noting colums can bé represented on a T vs Q diagram
(the same diagram wused for heat exchanger netwo‘r ks) permtting
considerable insight into the desi gn. of energy efficient cloI um sequences

to solve given probl ens.




The General Distillation System Synthesis Problem -

Fi gure' 1 illustrates the nature of the general problem we are going
“to consider* Gven a set of source mixtures, wth anmounts specified,
create the cost optimal structure from distillation colums and sinple
stream.m' xers and sblitters whi ch can produce a set of specifie-d product s.
The products in general can be arbitrary mixtures of the species found in
the source mxtures. It is assumed the source nixtures and products are
conpatible, i.e. all the products desired can in total be recovered by
redi stributing the conmponents avail abl e withi_n the source m xtures.

The cost optinal solution is that sol ution which requires the |east

annual i zed investment costs for equipnent plus annual utility costs.

Singl e Source Problem

O'ten the problem considered has only a single source which is to be

split into all the desired prdducts.

Sharp Separation Sol utions

If each colum separates the feed to it into producf's- with no
overlap in the conponents between them it is perforning a "sharp™
hseparation. An exanple is to split a mxture containing conponents A B,C
and D into the pure conponent product A and the mixture of B,C and D. |If

the solution uses only colums performng sharp separations, it is a sharp

separation sol ution.

S npl e Col umms

Distillation colums having one feed and producing two products are

denoted as "sinple" columms. -




Figure 1 General Distillation System Separation Problem



- The Ri chness of the Solution Space

Separation problens based only on di sfi Ilation technology can have
an enornmous variety of alternate solutions. Figure 2 shows the five
alternat.e three task sequences one can devise to separate a four conponent

. n xture .i nto four .|‘oure conponents based only on sinple sharp separators.
Thonpson and King (1972) provide the following fornula to deternine the

nunber of such alternative sequences for separating an N conmponent nixture

into N pure conponent products.

o m-1)) !
Ho. of :Sequences NI (N-1) 1

with N=3 givi _hg 2 sequences, 4 gi v-i ng 5, and 9 givi né an inpressive 1430.
Figure 3 shq\/\s how one m ght take one of the sequences fromFigure 2
and heat integrate it to reduce .the consunption of wutilities. Cdearly
several different heat integrated configurations can result for the same
sequence. Figure 4 illustrates the concept of nultieffect distillation
where one splits the f.-eed into two parts and separates one part 'vin a high
pressure .colum, the other in a |bw pressure colum. The tenperature |evel
of the high pressure colum is elevated enough such that the heat ejected
fromits condenser is hot enough to be used as heat into the |ow pressure
col umm rebo'iler. Figure 5 shows a conplex structure one night develop
. based on nultieffect ideas to separate a three conponent mxture, into

three pure conponent products.
Finally Figure 6 shows "thermally coupled” columm .configurations
where the coupling is by the direct flow of material . |
The question that nust arise is: "how can one discover the better
separation systens for the problem being solved?" Cdearly the solution

alternatives are enornous, particularly when one attenpts to discover

energy efficient solutions. . _ o' *
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Figure 2. Five Aternative Sequences for Separating a
Four Conponent M xture
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2. REVIEW OF APPROACHES TO SYNTHESIS

Simple Sharp Separations with No Heat Integratiom

The problem receiving the most a:tention has been the single source
mixture to be separated into sharply split products using simple one
feedltw;:' product columns. The problem of enumerating the sequences without
considering' heat integration is straightforward, as Figure 2 demonstrates.

The earliest effort was by Lockhart (1947) when he examined sepa-
rating a three component mixture and propoéed beuristics to aid in
selecting the preferred structure. Harbert (1957) considered a similar
problem. Heaven (1969) con_:inued the notion of case study to develop
heuristics. A reasonable sét of heuristics which were rank ordered as
given here t;y Seader and Wes-.terberg (1977) are=z 1) (most important)
separate first where the adjacent relative volatilities are large, 2)
separate out-plen:iful components early, and 3) use the "direct sequence"
of separating out the most volatile component first, then the second most
volatile and so fo'r:th‘. Rudd, Powers and Siirola (1973) give additional
heuristics: a) separate out the desired produc; as a top product from a
column (it will then have much. reduced contamimation by trace heavy
components), b) remove cor;:osive components early. |

Amed.with these heuristics one can often write down very quickly
reasonable sequences which will prove to be close to the best sequences.

The second class of approaches was to set wp the "tree" of al-
ternatives as in Figure 2 and search ‘for the best sequence algorith-
mically. Thompson and King (1972) used a heuristic, pseudo algorithmic
search that was almost a branch and bound search. It could fail by cycling
but, when it worked, it was very fast. Hendry and Hughes (1972) proposed a
. dynamic programming search algorithm. Westerberg and Stephanoéoulos
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(1975), Rodrigo and Seader (197S) and Gonez and Seader (1976) proposed
branch and bound algorithns. Branch and bound at their worst perfornance
vill require the effort of the dynam c programrng approach and are to be
'préferred, with the clever approxinmte bounding used by G(Srrez and Seader
maki ng that algorithmquite effective*

Heuristic search with evolution _seem; to be remirkably ef fecti ve,
and two papers report on this approach, Seader and Westerberg (1977) and
Nat h and IVbtard‘(1981). Using the heuristics in the order of preference
given earlier, Seader and Vesterberg generate an .initial flowsheet. COten
t he .I ower level heuristics contradict the upper level ones and the second
step is to interchange two adjacent separ-ation tasks- in the current
structure if the interchange is supported by a lower |evel heuristic which
was violated to generate the current structure..

Nath and Motard ‘devel dped a  ranki ng function to | quantify the
selection of the next separation task. It--was designed to agree quél-
itatively with heuristi.cqs such as those above. |f an alternate decision at
each selection step had a value within a few percent 01; the best, it was
subsequently nmmde as an "evolutionary change, and the structures
resulting fromthis alternate decision were searched too.

These two nethods appear to be_ver)}' successful and are recomended
for this special problem (It. should be noted extractive distillation is
among the technologies allowed for these approaches.) They search nany
fewer structures, cannot guarantee finding optinmal structures, but usually

do find them for the probl em_consi dered here.
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Heat Integrated Solutions for Above Structures

Rat hore et al (1974a9b)- were the first to investigate nethods to
di scover the better sequences for the above problens if the colum
cohd_ensers Land reboilers can be heat integrated Co reduce the use of
utilities. The fir‘st paper did not allow colum pressures to be selected
to irrp-rove the opportunities for heat ihtegration; 'the second renoved this
not too reasonable restriction. They de;/el oped a conputationally expehsi ve
dynam ¢ prograrm.i ng based search al gorithm

Sophos et al (1978) and Faith and Morari (1979) devel oped branch and
bound nethods based on bounds which can be obtai ned usi ng Lagrange theory.
Their al gorithms. too are conputationally expensive.

Sophos et al (1981) argued that a two |evel procedure works well for
devel oping heat integrated colum sequences. First one should find the
better nonintegrated sequences and then heat integrate .them They. ar gue
that the heuristics that di scoVer the noni ntegrated sequences suppb-rt
di scovering sequences that have the best poteqt.i al for heat integration.
This two |evel approach significaptly reduces the effort required to find
good sol Gti ons. _

Naka et al (1982) recently proposed an approach to finding heat
integrated solutions based on thernodynam ¢ "avail ability" érgurrents. They
al so allow process streans to be heat. sources and sinks for the problem
giving a branch and bound search algorithmfor this fornulation. |

Dunford and Linnhoff -(1982) argue that a colum integrated within a
process should not receive heat in its reboiler above the ;'pi nch" poi nt
and reject it below the "pinch" as such an arrangenent will not reduce the .

requirenents for utilities. Their insight is useful for exam ning existing

or proposed processes to see if they are heat integrated rationally or

not, or to place a single colum into a process.
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Sonme recent insights are from work by Andrecovich on his Ph.D. at

Carnegi e-Mel l on University (Andrecovich and Westerberg (1983), Andreécovich’

(1983)). He di scqvered a representation for a distillation task that can
be used on the sanme T-Q diagram that is used in heat exchanger network
synthesis studi es. It permts one to develop wutility bounds for
distillation sequences and to "see" quantitatively when the earlier
heuristics will work and when they will not. W shall consider this work

in nore detail. | ater.

Thernmal |y Coupl ed Confi gurations

Petlyuk' et at (1965) exanmined the wutility requirements for the
second column configuration shown in Figure 6 to separate a thr eé com
ponent mixture into three pure conponent products. St upi' n and Lockhart
(1972) al so presented a case study for this configuration along with a
suggested short-cut method to determne the reflux flows for it. ‘Both
studi es denonstrate significant savings i. n utility requirenments, wth. 407.
not unconmon* )

Tedder and Rudd (1978a,b) did extensive parametric studies of such
colum configurations, and presented heuristics to select anong them
partly in the form of conposition plots to allow feed conposition to be a
factor in deciding. Sar gent and | Gam ni bandara (1976) proposed a
I"superstruct ure" configuration containing virtually all the alternative
thermally coupled configurations as substructures. Optimzing the

superstructure was proposed as a method to discover the best substructure

* and, in later work with apprdxi mat e nodel s, was an effective approach.




The latest and a significant insight appears to be that of Hohmann
(1982) in vvhich. he considers first not condensing (i.e. use a partial
condenser) a top product froma colum that is to feed rtg'r & second col um.
This nove saves both condensing costs in the first colum and reboiler
costs in the second* It does require the second colum to operate at the
sane or lower pressure than the first. A snall change allows one to
el i.nri nate the condenser at the top of the first columm altogether by
taking liquid fr-t)m the second colum to use as reflux to the first. One
then has the topological equivalent of the first structure shown in Figure
6. Thus one can see a bit nore of the evol qt_i onary noves that might
transform a noncoupled solution into a coupled one, wth e.ach-‘ move

reducing the requirenents for utilities. W have started at CMJ to exam ne

how to select anong the alternatives by sinple bounding cal cul ations.

Mil tieffect Solutions B Coe
Work just conpl et_ed at OWJ (Andrecovich (1983) and Andrecovich and
V;zst erberg (1983)) was aimed at finding the better distillation .sequences
based on given allowable tasks. Miltieffect d_i stillation was permtted as
a neans to reduce energy consunption. This work resulted in 1) an approach
based on a mxed integer linear programming (MLP) algorithmto find cost
optimal structures, 2) an insight that allows one to determine a useful
bound on the utility requirenents for a gi ven separation problem and 3) a

representation for a distillation task which permts one to visualize

directly the better solutions and to see the tradeoffs anong alternatives.
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W shall examine sone of these ideas here. Figure 7 illustrates a
conventional distillation columm together with a representation for it on-
a T vs Qdiagram The representation indicates that a columm receives heat

Input Q@ into its reboiler at tenperature T o The columm extracts work by
K« C

degrading this heat to a lower tenperature TS where it is expelled from
the condenser. |f the feed and both products are bubble point |iquids and

if the separation is noderately difficult, then Q" « Qe+ W can see this
) X c

by observing in the heat balance the nuch l-arger size of these heats to
the sensible heat difference between the feed and products. W thus can
crudely characterize a colum as a device which degrades Q= Q ~ Q)

units of heat from T to T and thereby produces separation work. (The
& c

second law efficiency is only 6 to 20% for this process so the second | aw
does not particularly aid in establishing useful bounds.) W represent the

separation task done by the colum as*an area QT -T ) on a T-Q di agram
& ¢ ; T

t herefore.

If we nmake the apparently unjustifiable assunption that this area is
pressure independent, then looking at Figure 8, we can stretch the area
between the ravailable AT for the utilities, with the area width represent-_
ing a lower bound on utility requirenents for the task. For a sequence of
tasks, the utility bound is sinply the sum of the QAT afeas for the
tasks stretched out between the -aIIOV\abI e- AT for the utilities. Thus, if
we want the sequence with the least utility use, we mght conjecture it is
found by |ooking anong the sequences whose sum of QAT forl t he tasks' in
the sequences are the smallest. This term "QAT" gives us a quantita-

tive neasure for characterizing a distillation task.
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Figure 9 shows how one can use the bound to discover multieffect
solutions on‘ a T-Q d{;gram by the simple construction process called
"stacking'. Each task is partitioned into vertical segments of width Qmi .
These segments are then stacked on top of each other betwéen the utility
tempera;ures. The discrete nature of the problem precludes exactly fitting
~ the columns into an area of width Qmin’ but slightly increasing the width,
say to divide the bottom task into exactly three columns, allows the

stacking to be done in the allowable ATutil' -
We note that the width of the stack at its widest pointmié"the
required utility use for the sequence.

Andrecovich and Westerberg extend this observation to obtain a very

simple bound for a problem in which the number of columns is restricted.—1 ,;"
Figure 10 illﬁstrates. Here thrée tasks 1, 2 and 3 are stacked withoug
splitting in Figure 10b. The maximum width sets the utiiity requirement;.
To reduce this requirement, one could multieffect task 2, as illustrgged
in Figure 10c.

We need one added insight to aid in establishing which column to rumn
at the lower temperatures.

The individual terms Q and AT are well approximated for a number
of separation tasks as linearly increasing functions of T, with QAT al-
most doubling when pressure (and thus T) for a column increases from 1 bar
to 20 or 25 bars.

Thus the task which sets the utility bound, task 2 in Fjgure 10b and
task 1 in Figure 10c, should be operated to minimize its ﬁidth: 1) run it

at the lowest temperature possible, 2) run it nearest to its minimum

internal reflux — for examplelac 1.05 times its minimum internal reflux.
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O it should be the one attacked to change the structure: 1) nultieffect
task 2 in Fi gUre 10b to get the structure in Figure 10c or 2) replace task
.2 by anot her ‘rret hod of separation i e.g. absorption.

As Andrecovich discusses in his thesis, QAT quantifies nany of
the heuristics used__ in distillation. The width Q establishes utility
requirements, and it is larger for di‘fficult separations and for com
ponents occurring in large anmounts.

Based on néw work by Hrymak in our group, we can even begin to see._
t he irrplicafions of using side stripping colums W th this construcfio;l.

Figure 11 illustrates. Consider splitting ABC into pure conponent products

using the "indirect sequence" of first splitting off C then splitting A

fromB. Fi gure |la shows these two tasks heat integrated on-a T-Q diagram —
By inplenenti ng. with a side stripper, we reduce the input of reboiler heat
tol the second col urm and condenéer duty of the first* Figure lib illus-
trates. Finally no heat integrating at all gives Figure lie. Note vve
reduce in each step the-AT across the process and increase the heat
required. Nature trades first law heat for second law AT's. W clearly

»
do not get something for nothing.

If the ATuﬁ).(i needed for Ila is available, we could use it. If the
ATutii .available is less, we mght squeeze in a thermally integrated
structure instead, and finally, if ATm:.l1 is even smaller still, we can-

not save on utilities.

As pointed out in Andrecovich and‘Wester_bErg, the heat degraded can
be from hot process streans to cold process streans in an overall process,
thus giving one -a synthesis tool to integrate a separation sequence into a . -
conpl ete process* Figure 12 iII.u'strates. Agai n the-heurist.ic to use the

sequence having the m ni nrum sum of QAT areas appears sensi bl e.

.
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Honsharp Splits

Figure 13 illustrat ‘es the i rrp_ortance'i of solving the problem of
allowing the use of nonsharp splits in sol \)i ng separation problens where
the products are arbitrary mxtures and are not produét s with only
nonoverl apping species as we have concentrated on so far. If we sinply

split a mixture of A B and C partially in a-single colum and try to match

" those products by splitting into pure conponent products and nixing them

one can find the latter solution costs seve\r'al times the cost of the
former in terns of both utilities and capital.

Hohmann (1982) gave a very wuseful insight into devel oping colum
sequences to effect nonsharp splits for three conponent ﬁixtures: He uses
a triangular conposition diagram as illustrated in Fi gure 14. The lever’
rule (naterial balance constrai nts)' require a single feed, ;[V\D pr oduct
colum to have the top, feed and bottom conpositions appear on a straight
line on Figure 14. Points D (distillate), F (feed) and B (bottons) Withi-n
the diagram illustrate a colum which is feasible from the -material
bal ance point of view

Noting that the recovery -of the nost volatile conponent A rust
exceed that of the second nost B Whi ch in turn exceeds that of C in the
di stiIIate,‘ Hohmann observed that the hatched area bounded by the feed,
pure A and pure C cannot be reached b3-/ a di stillatio_n process alone. If a
desired product is in the hatched area, one will have to over separate and

¥

m x two or nore products to obtain it.

Let's suppose our desired products are Pl’ Pz_and Pj« VW could

‘propose the colum (D/F,B) illustrated on Figure 14 as our first nonsharp

split. W can then hope to split D into P.l and P;. as illustrated. By the
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above argunent though, -P1 cannot be reached froma feed of D see the

dashed lines outlining the unreachable region from D. However, we could
«

first split F into P} and a bottoms product that can potentially be split
into P£ and P;_’. Materi al bal ance constraints do not preclude this sequence*

A colum cannot generally split a feed to match an arbitrarily
selected distillate or bottorrs. conposition for three conmponents. Only two,
not three, independent recoveries can be specified. So the above only
shows really what cannot be done rather than what can. -

Kof ke, a senior in our departnent, éxam ned Hdnsharp separati;)ns'for

the last year in an honofs project under ny direction. Independently

taking advantage of the same idea that the recoveries in the top product

of a colum nust - be - in-the sane sequence as the volatilities, he devel oped '—-
the construction in Figure 15 to discover if a product can be reached from
a emticonmponent feed in just two col ums. i

If the feed flow of conponent i, f} and middle product flow desired

for it, pi are specified, then the product of-.the two recovers albl as

illustrated, is fixed, a* and b* are thgs rel ated as foll ows:

log a. « | ogCPi / f"s” - log \

In Figure 15, a plot for the recoveries of four conponents is given, wth
| og a.1 vs. log bi plotted for each.
The constraints

>a >
'A>aB ac aD

bA< b3< bc< bn

result in the stepping off illustrated. The hatched segnents on each line
are feasible segnents and nean that the above constraints can be satisfied
in two colums and the product desired can possibly be reached in tw °

col ums*
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Kof ke also noted that if one can bypass the.col um with part of the
feed, then fhree recovery specifications can be net; thus the colum
per f or mances requiréd by Hohmann's analysis can in fact be nmet since
Hohmann limts hi_s argunments to three conponent feeds. Incidently it is
not eas-y (but it can be done) to construct a tetrahedron diagram so
Hohmann's ideas can be extended to four conponents. W never tried five

conponent di agrans.

The General Problem | A -,

The "BALTAZAR" program by Mhal ec and Metard (1977a,b) to synthesize
conpl ete flowsheets can be used to attack the general separations problem

posed initially, where one has ‘several feed mixtures and desires to create .=

—

several products which are also mxtures. Their nethod is to develop a
sequence of stream nmatching between source streans and product streans.
The original sources and products are listed as such. The product |[isted
first is then considered for matching against all possible sources. Each
proposed match is classified into one of the " fol | owi ng categories: 1)

MATCH____ _matches with the sane conpositions, 2) ADJUST mat ches where

both source and product have the same conponents present, 3) PRODUCE and

ADJUST

mat ches where the source contai ns a subset of the species needed
in the product, 4) SEPARATE____ natches where the soufce contai ns sone or
all of the species needed and 5) IRRELEVANT_rTatches where no species
are in common between the source and product.

The next match proposed involves the product st_reamlisted first and
a aatch from the sets in the order above; i.e. énatch is selected from

the MATCH set if it exists, otherwise fromthe ADJUST set, etc.
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To select which match from within a'set Mahal ec and Motard propose
categorizing a match on the basis of conposition dissimlarity, adding up
the absolute value of the differences in nole fractions of species between
the sources and products. The match giving the | ease value to this measur e
is selected.

Next the amount of the source to be used ousf be determ ned, and
Figure 16 illustrates how this decision is nade. The source can supply all
of species A by. sinply splitting it in half. Species B and C will be
deficient, and this deficiency is defined as a required new internediate
product. Species D nust be separated. W have natched species A here, the

one whose concentration ratio in the product to the source is snmallest to

reduce to a mninmumthe anmount of separation steps needed.

The new intermediate product produced in a match becones the top
listed product and is fhe oné selected next for snatching. The matching
process is continued until the product |ist is exhaust ed. '
o The final flomsheéf is assenbled from the march "structures" created
in each step, and it is "cleaned up" by rennving_redundant portions, e.g
separ ators whose products feed into the same ni xer.

The order one lists the original products affects the structure
di scovered. Thus Mhalec and Mtard propose evolving the structure by
repeatedly destroying portions of " the reshlting fl ownsheet appearing
upstream of mxers. This "create", partially "destroy" cycle is continued

until the structure created is unchanged fron1one-cycle to the next.

. mT e o A e b awa - .-
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Figure 16 General Stream Matching Structure Created by Baltazor

1t



-

The 'approach generates several differ;snt structures while seeking
t he bet.ter ones.. To conpare them a heuristic is used to "cost! .the
separations tasks generated* The cost does not sbecifically consi der -’
distillation as the technology to be used, but it seens one could nodify
BALTAZAR to do so wi thout too nuch effort.

The earlier AIDES program (Siirola and Rudd (1971), Powers (1971,
1972), Siirola, Powers and Rudd (1971), Rudd, Powers and Siirola (1973)')
also had to apbroach the general separations problem The natching " of
sources to products was done first using a set _of__heuristics to _d_g/el_op_'
scoring functions and then a linear program to select the matches }hat

maxi m zed the scores. Scoring function val ues were devel oped on a specie

by species basis —i.e. each specie in each product was matched agai nst -

—— -

each source in which it existed. ‘Using these scores, a |linear programwas
set up and solved to decide the matches.. Once decided, the Al DES program
used heuristics to select the separation methods to be used and then the

sequenci ng to be used.

3. I N CONCLUSI ON
VW have examined the general separation problemwhere it is solved
using only distil lation technol ogy. Recent* insights have provided serious
design aids for constructing energy efficient soluti ons to this pr.obl em
Wor k on nonsharp separations is beginning tq | ook very interesting,
and it is conjectured valuable design tools for it are just "around the

corner".

Tailoring the general separations problemis still to be done where

it is to be solved with the special features present in distillation.
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An area not covered in this review is azeotropic distillation.
have been

Doherty and coworkers at the University of Massachusetts
éxploring this area in depth, and it will be reported on by Douglas (1983).
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