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Abstract

A new approach to separation process synthesis and selection of single separations is presented. The method is based on the reuse of existing
design cases by case-based reasoning (CBR). CBR is a method for finding the most similar existing separation designs and for applying the
knowledge of their concept to solve new problems. The method has previously been applied for selecting single separations and simple
sequences but has now been extended to cover synthesis of more complicated systems. The method is mainly intended to screening feasible
process alternatives in preliminary process design for more detailed study by simulation.
© 2005 Elsevier Ltd. All rights reserved.
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. Introduction

The paper presents a method for finding feasible separa-
ion process sequences by using case-based reasoning (CBR).
BR is a method of reusing existing design cases for making
ew designs. This means finding most alike existing pro-
esses and applying the knowledge of their separation ca-
acity and design for solving new design problems. This is
specially important in the early phases of process design
hen many alternatives should be quickly screened before
more detailed study is done. There is a great need for this

ind of screening tool to reduce the number of design options
nd quicken the process design, since the quick introduction
f products into markets is of prime importance (Cordiner,
001).

When dealing with multicomponent mixtures, the num-
er of possible separation methods, their combinations and
rocess structures to be screened is huge as well as the work

nvolved. The problem has been discussed successfully as a
INLP problem; see for instanceGrossmann, Aguirre, and
arttfeld (2004). Very much different type of approach is

2. CBR in process synthesis

Case-based reasoning is one of the non-symbolic AI m
ods (Watson & Marir, 1994). CBR solves new problems
finding and adapting existing successful designs for so
new problems.

The lack of systematic reuse of existing design exp
ence has been a shortage in process design. The main
of CBR approach is that readily available existing kno
edge can be utilised systematically also in large and com
problems such as process synthesis and design. In this
the time-consuming conceptual screening phase of a d
project can be fastened. CBR is attracting attention, bec
it seems to directly address the conceptual process d
problems outlined earlier.

Some benefits of the CBR approach are:

1. CBR does not require an explicit domain model an
elicitation becomes a task of gathering case histories

2. Implementation is reduced to identifying significant f
tures that describe a case, which is an easier task
creating an explicit model.
he CBR-based methodology, which tries to emphasize the

ractical experience from existing separation systems.

∗ Corresponding author.
E-mail address:markku.hurme@hut.fi (M. Hurme).

3. By applying database techniques, large volumes of infor-
mation can be managed.

4. CBR systems can learn by acquiring new knowledge as
cases, thus making maintenance easier.

d.
098-1354/$ – see front matter © 2005 Elsevier Ltd. All rights reserve
oi:10.1016/j.compchemeng.2005.02.016
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Because generalisations are not needed in CBR, no data
are lost. CBR gives answers to design problems in a straight-
forward way. The results are dependent on the retrieval pa-
rameters and the adaptation applied. The strong interaction
with the user makes the flexible and interactive use of ex-
isting data and design experience possible. The CBR search
can be focused on different aspects by defining new search
criteria and weighting retrieval criteria differently. In this
way, the same case base can be used for several types of
tasks. The system learns by updating the information of the
database.

As a general engineering design approach CBR has been
used earlier (Maher & de Silva Garza, 1997), the appli-
cations to chemical engineering, however, have been quite
few as discussed byAvramenko, Nystr̈om, and Kraslawski
(2004). The design of separations by CBR has been stud-
ied by King, Bañares-Alćantara, and Manan (1999), but
they used the residue curve map approach and limited
to azeotropic separations. The CBR-based selection of
separation methods and the synthesis of simple separa-
tion sequences based on the characteristics of separated
components has been discussed in earlier papers (Pajula,
Seuranen, & Hurme, 2001; Pajula, Seuranen, Koiranen,
& Hurme, 2001; Seuranen, Pajula, & Hurme, 2002) but the
more comprehensive methodology has not been presented
yet.
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4. The CBR-based separation synthesis algorithm

The main phases of general CBR-based separation process
synthesis algorithm consist of: (1) selection of the methods of
single separations; (2) selection of separation sequences; and
(3) selection of combined (hybrid) separations. The phases of
the algorithm are listed below and discussed in the following
sections in more detail.

Proposed CBR-based synthesis procedure:

1. Selection of single separations
(a) search for the feasibility of conventional distillation

based operations;
(b) search for azeotropes (see subcase; synthesis of

azeotropic systems);
(c) search for suitable mass separation agents (MSA);
(d) search for other separation methods:

(i) calculation of relative physical properties (R’s);
(ii) search for separations based on feasible relative

properties.
1B. Selection of azeotropic separations

(a) search for separation in column in isobaric condi-
tions;

(b) search for separation in columns in non-isobaric con-
ditions;

(c) separation by using MSA;
ure;
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. Case retrieval in CBR

A retrieval algorithm using the indices in the case–mem
hould retrieve the most similar cases to the current pro
r situation. The retrieval algorithm relies on the indices

he organisation of the memory to direct the search to p
ially useful cases. The issue of choosing the best matc
ase has been addressed by research on analogy (Watson &
arir, 1994). This approach involves using heuristics to c

train and direct the search.
Methods for case retrieval are nearest neighbour, in

ion, and knowledge-guided induction and template retrie
hese methods can be used alone or combined into
rid retrieval strategies. If the nearest neighbour is u

hen case features should be able to be weighted and
larity measures customised. If inductive techniques
sed, the index tree generated should be open to in

ion and alteration by developers. A typical equation
alculating nearest neighbour matching is Eq.(1), where
i is the importance weighting of a featurei, n the num-
er of features,sim the similarity function,fI and fR are

he values for featurei in the input and retrieved cas
espectively.

∑n
i=1wi × sim(f I

i , f
R
i )∑n

i=1wi

(1)
(d) separation by using MSA and non-isobaric press
(e) separation by other means; reactive, membran

traction, etc.;
(f) separation by hybrid or combined operations.

2. Separation sequencing by using as search criteria:
- component names or types;
- relative volatilities of components;
- VF values of components (see Eq.(4));
- coefficient of ease of separation (CES) values of c

ponents (Liu, McGee, & Epperly, 1987).
And applying:

(a) sequences in found cases; or
(b) sequence heuristics (if they are stored with cas

For more details see discussion in Section8.2.
3. Search for combined separation operations (see

tion 9).

. Selection of single separations

The feasibility of ordinary distillation is studied first in t
ethodology, since it is the most common way of sep

ng fluid mixtures. This is done by studying the distillat
elated properties (relative volatilities and lacking chem
eactivities) in the first step. The remaining separation p
ems are solved with further reasoning, which applies s
ation methods other than ordinary distillation. In this ph
elative properties are calculated and the values that
otential for separation are used as retrieval parameters
ain steps of the approach of selecting single separatio

Pajula, Seuranen, & Hurme, 2001):
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Step 1. Conventional distillation is usually applied when-
ever the relative volatility (α) is large enough. The first search
for the solution is made using component names,α and reac-
tivities as retrieval parameters. To make the search simpler,
α’s can be classified as easy (α > 1.2), possible, where mass
separating agent (MSA) could be useful (1.1 <α <1.2) and
difficult (1.1). A more accurate search is made (capacity and
component types also as retrieval parameters), if several alter-
natives are found. The nearest strategy found is then applied
in all the separations, where ordinary distillation is applica-
ble.

Step 2. To be able to compare separation methods, where
mass-separating agent is needed, suitable MSA is searched
for each binary component pair that cannot be separated by
conventional distillation. The retrieval parameters used are,
e.g. the types of components, concentrations, relative solu-
bility parameter, dipole moment and dielectric constant. The
found MSA is used for defining solubilities and other sepa-
ration related properties inStep 3.

Step 3. Relative physical property parameters (Jaksland,
Gani, & Lien, 1995) are calculated for each component pair
that cannot be separated by ordinary distillation. The param-
e rent
s
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Fig. 1. y–x diagrams at different pressure (p1 <p2) for minimum-boiling
azeotrope.

forms a pressure-sensitive azeotrope, is added to separate
a pressure-insensitive azeotrope.

2. In homogeneous azeotropic distillation, a third component
is added to modify the components relative volatility.

3. Heterogeneous azeotropic distillation is based on the
same principle as homogeneous azeotropic distilla-
tion, but the added third component is partially mis-
cible with one of the components, solvent reprocess-
ing is easy by means of a liquid–liquid separation
system.

4. Reactive distillation is based on the transformation of one
of the components into a component, which does not form
an azeotrope with the other components.

5. Salted distillation consists in adding an ionic salt that dis-
sociates in the liquid mixture and changes the azeotrope
composition.

Pressure changes can have a large effect on the
vapor–liquid equilibrium compositions of azeotropic mix-
tures and thereby affect the possibilities to separate the
mixture by ordinary distillation. By increasing or decreas-
ing operating pressures in individual columns the distilla-
tion boundaries can be moved in the composition space or
the azeotropes can even be made to appear or disappear
(Figs. 1 and 2).

The synthesis algorithm for azeotropic separations is a
m t

F gram
f pres-
s

ter values are compared to the feasibility limits of diffe
eparation methods.

tep 4. Separation methods are searched using the
tive parameters (minimum and maximum values),
re within the feasibility limits as retrieval paramete
or example, crystallisation is considered very feas

f the relative melting point is greater or equal to 1
lso a more detailed search by using concentration
acity and component types as retrieval parameters c
efined.

The possibility of combined operations should be chec
his is done in the last phase of the main algorithm and
ussed later.

. Synthesis of azeotropic separations

The presence of azeotropes adds some difficulties to
rations and also the synthesis problem becomes much
omplex. Therefore, the synthesis of azeotropic distillat
s a special case of the general synthesis algorithm.

In general to separate azeotropic mixtures various
ologies may be used (Hilmen, 2000):

. Pressure-swing distillation. A series of column ope
ing at different pressures are used to separate b
azeotropes, which change appreciably in compos
over a pressure range or where a separating agent,
odification of the general synthesis algorithm (Seuranen e

ig. 2. Pressure-swing distillation: (a) temperature–composition dia
or a minimum-boiling binary azeotrope that is sensitive to changes in
ure and (b) distillation sequence.
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al., 2002). The hierarchy of searches in the algorithm is the
following:

1. separation in single or multiple columns in isobaric and
non-isobaric pressure;

2. separation by using MSA;
3. separation by using MSA and non-isobaric pressure;
4. separation by other means: reactive, membrane, extrac-

tion, etc.;
5. separation by hybrid or combined operations.

When azeotropes are present in the mixture, the definition
of case description and retrieval parameters is more complex.
One idea is to use the relative similarity based on the sim-
ilarity of feed, product and azeotropic points. To be able to
compare separation methods, where mass separating agent is
needed, a suitable MSA is searched for each binary compo-
nent pair that cannot be separated by conventional distillation.
The first retrieval parameters used are types of components
to be separated. Also, a more accurate search is defined (con-
centrations, relative solubility parameter, polarity and dielec-
tric constant as retrieval parameters), if several alternatives
are found. The found MSA is used for defining solubilities
and other separation related properties. If the MSA has not
been used earlier for same components, more rigorous stud-
ies, simulations and/or experiments are needed to confirm
t ven
l
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Table 1
Query and nearest cases in the THF/water problem

Query Found 1 Found 2

Component 1 type Water Water Water
Component 2 type Ether Ether Acetate
Component 1 Water Water Water
Component 2 THF Diethyl ether Ethyl acetate
Solubility parameter 9.9 7.4 9.1
Dipole moment/D 1.75 1.3 1.7
Dielectric constant 7.6 4.34 6.02
MSA’s n-Hexane,

benzene,
toluene

n-Pentane, 2,2-
dimethyl-butane,
dichloromethane

Similarity 0.92 0.85

Using these parameters the nearest case found is:

Components: Tetrahydrofuran (THF) and water
Azeotrope: At 64◦C 96 wt%, THF
Solubility: Total (at 70◦C)
Feed: 20 wt% THF
Products: 55 and 3 wt% THF
Separation: Distillation in a single column without entrainer

The found case is analogous in the azeotropic behaviour
and in relative stream concentrations (especially relative to
the azeotropic point). In neither case, the azeotropic concen-
tration is crossed. Based on this, it can be reasoned that dis-
tillation in a single column is applicable also in the pyridine
case searched and no entrainer is required.

7.2. Selection of mass transfer agent

Problem. Find suitable mass separation agent for
THF/water separation.

The search is made using following retrieval parameters:
component type, solubility parameter, dipole moment and
dielectric constant. These three describe solvent’s separation
capability (Pajula, Seuranen, & Hurme, 2001). The nearest
cases are shown inTable 1.
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ater.

. Examples on single separations

.1. Separation of azeotropic solutions

As an example on single separations the separation of
ine from water is studied as an example (Pajula, Seur
Koiranen et al., 2001). Since the separation concept i

ermined by the concentration of product streams requ
he composition of the azeotropic point and the solubilit
he mixture (i.e. if there is a phase split), these are als
earch criteria used in CBR. If the criteria are analogou
he case found in database, the process concepts are
oo and the concept found can be reused.

roblem. Dilute pyridine water solution needs to be se
ated into products containing 40 and 1 wt% of pyridine

Search criteria:

1) azeotropic composition of pyridine with water: 94◦C and
57 wt%;

2) solubility with water: total;
3) feed composition: 15 wt% pyridine;
4) product compositions: 40 and 1 wt% pyridine.
r

The found MSA is used for defining solubilities and ot
eparation related properties forStep 3. If the MSA has no
een used earlier for exactly the same components,
igorous studies, simulations and/or experiments are ne
o confirm the suitability. In this casen-pentane has bee
eported for THF/water separation (Smallwood, 1993).

.3. Separation in non-isobaric distillation system

roblem. Separate tetrahydrofuran (15 wt%) from wa
urity requirement for tetrahydrofuran product is 99 wt%

This cannot be reached with ordinary distillation, beca
etrahydrofuran and water form an azeotrope at 64◦C with
6 wt% THF, which has to be crossed (Smallwood, 1993).

Search criteria:
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Fig. 3. Separation of THF/water mixture in two-column system.

(1) feed composition: 15 wt% THF;
(2) product composition: 99 wt% THF;
(3) use pressure–swing distillation;
(4) one or more columns;
(5) no MSA.

Using these parameters the nearest cases are shown in
Table 2.

It is found that the THF/water system can be separated by
shifting the azeotropic concentration by changing the system
pressure in one or two-column systems (Fig. 3).

8. Synthesis of separation sequences

8.1. Approaches to synthesis of separation sequences

In the synthesis approach presented the selection of the
separation sequence starts from choosing of a single separa
tion as shown before. There are several alternatives for the
selection of a separation sequence:

(1) Finding all possible separation sequence combina-
tions. This is feasible only in small cases, be-
cause the combinatorial explosion takes place quickly

ated
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8.2. Separation sequence synthesis by CBR

The case-based reasoning approach can be used through
an ‘upper level’ CBR for finding out a separation sequence.
This is possible since a database can also be used for stor-
ing feasible separation sequences—not only information on
single separations.

The search can be done:

1. directly withcomponent names;
2. component types(e.g. aliphatic alcohol); or
3. in a more creative way by using analogies throughchar-

acteristic propertiesof the components to be separated.

There are two alternative ways to interpret the search re-
sults:

(i) directly as feasible separationsequences; or
(ii) as feasible separationsequence heuristics, which can to

be applied on the design of the new sequence. In this ap-
proach, the heuristics are stored together with the cases
and the sequence is adapted from the strategy of the
nearest existing case found (Pajula, Seuranen, & Hurme,
2001).

In the first sequencing strategy, it is possible to make
searches not by names but criteria, which are related to the
s iteria
s rop-
e ffi-
c
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s ndent
o ts but
a ired
p mak-
i n the
s h crite-
r rch
c

ital
c
M te
m
c

V

w ;
α

R

w
on

V be
when the number of products to be separ
increases.

2) Using optimisation algorithms such as or genetic
gorithms (Hurme, 1996) or mixed integer program
ming (MINLP) to find the most feasible separation
quence. Both approaches require the selection of
perstructure. Other disadvantage is the limitation on
size of the problem handled because of the comb
torial explosion, which is problematic especially w
MINLP.

3) The case-based reasoning approach can be used th
an ‘upper level’ CBR. This is discussed in more deta
the following section.
-

h

eparation properties of the component pairs. The cr
hould describe the difficulty of the separation by using p
rties such as boiling points, relative volatilities or coe
ients of ease of separation (CES) (Liu et al., 1987). How-
ver, in the end we are interested in the costs of the req
eparation tasks. The cost of separation is not only depe
n the physical separation properties of the componen
lso on their concentrations in the feed and in the requ
roducts. Therefore, the use of CES is a possible way of

ng searches. However, the value of CES is dependent o
eparation sequence and consequently its use as searc
ia is difficult. Therefore, a new more straightforward sea
riterion is developed in the following.

It is well known that the column operating and cap
osts are related to the vapor flow of the column.Porter and
omoh (1991)have suggested Eq.(2) as an approxima
ethod of calculating the vapor flowV in a column, which

an also serve as a simple estimate on the both costs:

= D

[
1 + RF

α − 1

F

D

]
(2)

hereV: vapor flow;D: distillate flow rate;F: feed flow rate
: relative volatility.

F = R

Rmin
(3)

hereR: reflux rate;Rmin: minimum reflux rate.
Eqs. (2) and (3) can be simplified to a search criteri

F, which is calculated for all the component pairs to
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Table 2
Query and nearest cases for non-isobaric separation

Query Found 1 Found 2

Component 1 Water Water Water
Component 2 THF THF THF
Feed (wt%) 15 10 12
Products 99 wt% THF 99 and 3 wt% THF 95 and 4 wt% THF
No. of columns – 2 1
Comments – Distillation in a two-column system operating

at different pressure (p1 = 1 bar,p2 = >6 bar)
Distillation in a one column system operating
at different pressure (top 1 bar, bottom 8,0 bar)

Similarity 0.95 0.85

separated:

VF =
(

D + 1.1F

α − 1

)
N (4)

RF was substituted with a typical value of 1.1.D andF are not
the molar flows but percentage concentrations of the compo-
nent pair.N is the number of components in the separation
problem.N is used for scaling to make the values compara-
ble between different separation problems. VF is an indicator
of separation difficulty. It is a vapor flow estimate for a bi-
nary separation normalized to the whole problem scale by
multiplying by the number of components in the problem.

If methods other than a conventional distillation is used,
the values of relative volatilities are scaled to give a correct
view of the economic feasibility. For extraction and extrac-
tive distillation the method ofSounders (1964)is employed
for cost scaling. Other types of cost comparison charts are
available elsewhere (Liu et al., 1987).

The method of finding separation sequences by CBR is
the following:

1. Single separation methods are determined as described
earlier.

2. VF values are calculated for all component pairs to be
separated by using percentage concentrations in the feed
of the whole system. The VF is scaled with the number of

ble

3 sep-
lues.
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the
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ents

4 ngths
ms,
seen

5 cal-
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uesa andb is defined by Eq.(5):

s = 1 − |a − b|
a

(5)

The similaritys can be calculated based either on abso-
lute or relative values of properties. For instance, the VF
values can be scaled to unity for a certain base component
to calculate relative similarities. For absolute similarities
there is no scaling.

6. The similarity for the whole separation subsequence is
calculated as the average of the similarities of the single
separations.

7. When all acceptable (i.e. similarity > tolerance) sub-
sequences are found, total sequences are combined from
the found subsequences starting from one end of the se-
quence (lightest or heaviest). The combining is done so
that all separations are made only once in the sequence.
Infeasible sequences are sequences that include same sep-
arations more than once or lack separations. As a result
from the combining alternative sequences can be received,
which then can be studied by simulation in more detail.

The approach for separation sequence synthesis is demon-
strated by the following sample problem.

8.3. Example on separation sequence synthesis

P own
i ,
1

rent
s

T
P d cor-
r

1
2
3
4
5
6
7

components in the feedN to make the values compara
with problems of unequal number of components.

. A search is made in the database, which has known
aration sequences stored with the component VF va
Since several sequences are often nearly as good a
in the theoretical sense (i.e. they give nearly similar
ues for the objective function) (Hurme, 1996; Liu et al
1987), it is useful to store also near optimal sequence
a problem into the database. Also it is beneficial to s
subsequences formed by removing components from
longer sequences at the end or beginning of sequence
is possible especially if the amounts of those compon
are small.

. The search is made on subsequences of different le
It is also useful to split the problem into subproble
since the solutions can be combined from parts as
later.

. The similarities between input and a retrieved case is
culated for each separation. The similaritysbetween val
t

.

roblem. Separate the mixture of light hydrocarbons sh
n Table 3 into ‘pure’ components (Hartmann & Kaplick
990).

The problem is solved in two ways to present the diffe
olution alternatives.

able 3
roblem feed compositions, adjacent relative volatilities, VF values an

esponding sequences found

Component mol% α VF Sequence

Propane 13.7 2.53 224 y u
i-Butane 11.7 1.26 588 y u
n-Butane 5.5 2.39 126 y u, w
i-Pentane 9.9 1.30 1000 x u, v, w
n-Pentane 26.4 2.16 400 x v, w
i-Hexane 5.6 1.31 854 x v
n-Hexane 27.2
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Fig. 4. The synthesised separation sequence (Solution 1).

Solution 1.The values of search criterion VF are calculated
for adjacent separations. A search is made among
the database sequences by trying to find similar-
ity to any subset of query, which includes≥3
separations. The search can be made by using
either absolute or relative similarity as criterion,
but the relative similarity has been used here.

The most similar subsequences found are
shown in Table 4. The corresponding subse-
quences in query problem are marked with x and
y also inTable 3. It can be seen that the relative
similaritiess are of 75% magnitude, which we
have found generally acceptable.

The sequence synthesised based on the combi-
nation of the two found best cases (Hartmann &
Kaplick, 1990; Smith, 1995) is shown inFig. 4.
The three lowest separations are from the first
case (x) and the three uppermost from the latter
case (y). Note that not all separations of the lat-
ter case were used, but from the y sequence the
lightest component has been removed. The syn-
thesis result found corresponds to the optimum
result reported (Hartmann & Kaplick, 1990).

Solution 2.The synthesis problem given earlier can also be
solved by applying other cases found. The cases
used are shown inTable 5. The corresponding

d
rlap

y to

po-
e, it
ed by
v-

of
se-
ent)

Fig. 5. The synthesised separation sequence (Solution 2).

without much interfering the optimum sequence
especially, if the quantity of the component is
small and the separation is easy. The sequence
found (Fig. 5) is the same as previously. In fact
also other sequences could be also found by the
method, therefore the method works mostly as
a tool for finding feasible alternatives for more
detailed studies by simulation.

9. Combined operations

After the separation sequence synthesis the possibility of
combined operations should be studied (Pajula, Seuranen, &
Koiranen et al., 2001). For example, a single column can sep-
arate several products using side streams. The approach for
this is first to consider conventional separation sequences and
then try to combine single separations one by one. Alterna-
tive approach is to conclude possible combination operations
from the retrieved cases.

Therefore, the approaches are:

1. Combine two sequential separations together.
2. Search if analogous combined separation can be found

from database by using relative volatilities, etc.

Or

1
2 in the

E ix-
t ig-
i

give
a sable
g con-
d blem
w

subsequences inTable 3are marked with u, v an
w. Note that this time the sequences used ove
each other and therefore add more credibilit
the result of reasoning.

From u and w sequences the heaviest com
nent has been deleted. In fact in w sequenc
can be seen that many sequences present
Liu et al. (1987)become similar, if the hea
iest component is removed. The removing
components is possible from the ends of
quences (i.e. the lightest or heaviest compon
. Calculate VF values of separations.

. Search if combined separation cases can be found
database for those VF values.

xample. Consider distillation for a four component m
ure (A/B/C/D), where A is a very light component. The or
nally synthesised separation sequence is shown inFig. 6.

Searching for possible combination operations would
case for hydrocarbon separations with nonconden

ases where noncondensables are taken out from the
enser as a third stream. Applying this case to the pro
ould give a combined system shown inFig. 7.
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Table 4
Solution 1; found feed compositions, adjacent relative volatilities, VF values and similarities

Component mol% α VF s Sequence Reference

1 A 57.6 1.47 820 0.5 x Hartmann and Kaplick (1990, p. 180)
2 B 5.5 1.72 164 1 x
3 C 17.7 1,42 456 0.75 x
4 D 19.2

Average similarity 0.75

1 Benzene 31.0 1.90 545 – Smith (1995, p.140)
2 Toluene 33.0 1.76 450 0.74 y
3 EB 6.6 1.06 2930 0.54 y
4 Xylenes 25.0 1.76 340 1 y
5 C9s 4.9

Average similarity 0.76

Fig. 6. Train of single distillation separations. Fig. 7. The train with a combined operation.

Table 5
Solution 2; found feed compositions, adjacent relative volatilities, VF values and similarities

Component mol% α VF s Sequence Reference

1 Ethane 20 3.50 210 0.45 u Liu et al. (1987, p. 250)
2 Propylene 15 1.20 1240 0.97 u
3 Propane 20 2.70 258 1 u
4 1-Butane 15 1.21 1032 0.50 u
5 n-Butane 15 3.00 186 – –
6 n-Pentane 15

Average similarity 0.73

1 Propane 1.5 2.45 70 0.26 w Liu et al. (1987, p. 157)
2 1-Butene 14.7 1.18 2060 1 w
3 n-Butane 50.3 1.70 860 0.96 w
4 2-Butenes 27.6 2.50 260 – –
5 n-Pentane 5.9

Average similarity 0.74

1 A 20 2.1 280 0.87 v Gruhn, Hartmann, Kardos,
Dietzsch, and Kauschus
(1977, p. 176)

2 B 30 28 128 1 v
3 C 30 3.7 200 0.73 v
4 D 20

Average similarity 0.86
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10. Creativity and learning aspects

An important aspect in process design is creativity. A de-
sign system should not only be capable of modifying existing
designs included in the database but also able to create new
designs especially by proposing new separation alternatives.
One possible way of including creativity into synthesis is to
use analogies (Pajula, Seuranen, & Koiranen et al., 2001).
Analogies can be included by using ‘generalisations’ and
structural features such as proper hierarchy. The generali-
sations introduced may include general level categories in
database of separation cases such as type of separation, type
of components or their physical properties.

11. The CBR implementation

Since the presented approach is based on the use of ex-
isting knowledge, it is obvious that the method requires nec-
essarily a database of single separations and separation se-
quences to store the data. The database can be collected from
the literature and the earlier designs made. Separation process
synthesis has been widely discussed in the public literature
(e.g.Liu et al., 1987; Smith, 1995), which made it possible to
create our prototype database include large variety of separa-
tion processes. The prototype database includes less than 100
s olving
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sign for screening options to be studied by simulation in more
detail. The advantage of CBR compared to rule-based meth-
ods is that all the existing knowledge is available as detailed
cases and can be utilised in a non-reduced form. The method
is flexible, since the user can extract various types of infor-
mation even from the same cases by using different types of
search criteria, weights and similarity measures depending
on the requirements and point of view. The method aims not
to substitute the process designer or process simulation but
the goal is to give a design tool to support the designer.

The method compares with the optimization based meth-
ods (e.g. MINLP) in the following ways: optimization re-
quires an explicit objective function to be defined. However,
many design criteria such as safety or operability are diffi-
cult or impossible to quantify and therefore include in the
objective function. The optimization approaches are not in-
teractive; the optimization cannot be guided easily by the user
as in CBR. Therefore, optimization often finds impractical or
infeasible optima. The use of optimization requires that the
optimization alternatives and area have to be restricted. This
tedious task called ‘generation of superstructure’ has to be
done by the user. If done improperly, it has a detrimental ef-
fect on the result. If the superstructure selected is too large,
a combinatorial explosion will take place, if too narrow, fea-
sible options are cut off.

The characteristic (and problem) of CBR is its dependency
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The first CBR prototype was made in MS Excel and

omputing time was negligible. The actual CBR applica
as made using a commercial CBR development tool, C
orks 4.0. The hierarchical structure of the database is b

n classification of separations presented byWankat (1990).
n the database structure, each process document co
eneral data for separation (feed composition, purifica
equirements, capacity, etc.) and the separation method
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ess consists of several pieces of process equipment,
ave to be selected. Therefore, detailed equipment sp

nformation needs to be stored as well. The computing
epends on the retrieved case varying with our proto
atabase and Mobile Pentium III processor at 500 MHz a
–20 s. However, it should be noted that the computation
epends much on the size of the database, the way of c
nd the search algorithm used.

2. Conclusions

The case-based reasoning method for separation pr
ynthesis is applicable especially in conceptual proces
-

s

s

t

n the database and the engineering skills of the designe
he other hand, the method can utilise the huge amou
ata available in the literature, if the information can o
e extracted. Therefore, methods of data mining becom

mportance. The general quality of design can be impro
ince CBR enhances the systematic reuse of existing d
xperience, especially if the design cases are stored wi
eedback and practical experience gained from existing
eering designs. Ultimately, the database generated can
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