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Abstract

A comprehensive optimization study was carried out to evaluate the performance of a simulated moving bed reactor (SMBR) system for an
industrially important biochemical reaction-separation problem, the inversion of Sucrose and the in situ separation of the products, glucose
and fructose. Two modifications of SMBR are studied, one in which non-synchronous switching is used to vary the number of columns in
different sections within a global switching period (the so-called Vatipobcess), while in the other the concept of distributed feed is studied
in which the feed flow was distributed over the global switching period. Multi-objective optimization study is performed as it results in more
meaningful solutions although the optimization for such complex processes is complicated owing to the complex interplay of relatively large
number of decision variables, including continuous variables like switching time, flow rates and column length and discrete variables like
number and distribution of columns in different sections. A state-of-the-art non-traditional but more versatile optimization technique based
on genetic algorithm, non-dominated sorting genetic algorithm with jumping genes (NSGA-II-JG) was used. The optimization results in
significant improvement for SMBR as well as its modification, Varicol and distributed feed systems, in terms of increasing productivity using
less desorbent for both existing as well as at design stage.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tion, lowering solvent consumption (with up to 90% saving
compared to classical preparative chromatography), reducing

Chromatography is a separation technique widely imple- downtime (as separation and regeneration takes place concur-
mented not only at the small analytical scale, but also at rently), possibility of scaling up to a large-scale production
preparative and at large industrial scale. In this framework, unit, etc.
the simulated moving bed (SMB) technolofyy is an es- Chromatographic reactors are systems that are used to
tablished technique for continuous chromatographic sepa-convert one or more components (partially or totally) and
rations of various mixtures including hydrocarbon isomers, simultaneously separate one or more of the products that
sugars and different fine chemicals, such as natural prod-are being formed. Reaction occurs either in the mobile or
ucts, pharmaceuticals, aromatics and enantiomers. The SMBwithin the pores of the stationary phase. In the latter case, the
technique implies a simulated countercurrent contact be- catalyst is supported or immobilized on the solid adsorbent,
tween the mobile fluid phase and the stationary adsorbentwhich promotes the separation of the reaction products. In
phase. There are many advantafg8] of the SMB tech- situ separation of the products facilitates the reversible reac-
nology compared to the classical preparative chromatogra-tion to completion beyond thermodynamic equilibrium and
phy, namely, overcoming problems associated with solid han- at the same time obtaining products of high purity. Chromato-
dling (movement, attrition, channeling, etc.), efficient utiliza- graphic reactor based on SMB technology, namely simulated
tion of adsorbent (and catalyst), continuous mode of opera- moving bed reactor (SMBR), provides economic benefit for

equilibrium limited reversible reactions, such as many hy-
* Corresponding author. Tel.: +65 6874 8049; fax: +65 6779 1936. drogenation, isomerization and esterification reactjéns].
E-mail addresscheakr@nus.edu.sg (A.K. Ray). They are also unique in applications where the removal of
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Nomenclature

mass Biot number, —

fluid phase concentration, g/l

axial diffusivity, mé/s

adsorption equilibrium constant

linear adsorption constant of the enzyme
Michaelis—Menten constant

mass-transport coefficient (LDF); %

film mass-transport coefficient, m/s
mass-transport coefficient in the porest s
reaction rate constant; $

mass-transport coefficient in micro-particles
g1

column length, cm

adsorbed phase saturation concentration
Peclet number, —

productivity, kg/m solid/h

purity

adsorbed concentration averaged over the p
ticle volume, mol/l

concentration at the particle surface in equilik
rium with bulk fluid concentration, mol/I

feed flow rate in subinterval’; ml/min

flow rate in sectioni’, ml/min

radius of the pore, cm

switching period, min

fluid interstitial velocity

Greek letters

number of mass-transfer units for a homog
neous adsorbent particle (LDF)

bed porosity

particle porosity

solid to fluid volume ratio

pseudo solid velocity, cm/min

column configuration

uperscripts and subscripts

eluent (desorbent)
enzyme

extract

fructose

feed

glucose

sucrose

raffinate

’l

tion may lead to the inhibition of the process concerned and
thus, limit the productivity.

The application of chromatographic reactors in the bio-
chemical field was initiated in the early 1980s by Barker
and Ganetsof8]. Other ingenious arrangements that imple-
ment the principle of continuous chromatographic reaction-
separation principle have been repof@€l 3]. The inversion
of sucrose, the isomerization of glucose to fructose and the
biosynthesis of dextran from sucrose were the test reactions
in all these works. Financial and operational benefits were
achieved through such process integration.

Industrial processes aim at maximizing their production
capacities while simultaneously improving the product qual-
ity and reducing operating costs. Usually, there exists a trade-
off between these requirements. This is particularly true in the
production of high fructose corn syrup (HFCS) using SMB
(or Varicol®) systems where high productivity at reduced
eluent consumption is the most importantissue. Thus, in this
case the design and operation of SMB (and Vafiyalys-
tems need to be optimized using multiple objective functions
and constraints. In multi-objective optimization, a solution
that is the best (global optimum) with respect to all objec-
tives may not exist, as these objectives are often conflicting
[14]. Instead, there could exist an entire set of optimal so-
lutions that are equally good, known as the Pareto-optimal
solutions. A Pareto set is defined such that when one moves
from one point to another, at least one objective function im-
proves and at least one other worsens. So, no point on this
curve is superior to any other solutions. The choice of a solu-
tion over the other solutions requires additional knowledge of
the problem, and often this knowledge is intuitive and non-
quantifiable. The Pareto-set narrows down the choices and
helps to guide a decision-maker in selecting a desired oper-
ating point (called the preferred solution) from among the
(restricted) set of Pareto-optimal points, rather than from a
much larger number of possibiliti¢s5]. It should be noted
that in our study, we did not consider profit (or cost) as ob-
jective function as they are site and time specific and hence,
optimal solution will be meaningless as cost of raw materials
and products varies from country to country and at with time.

There are a number of publications focusing on the de-
sign of non-reactive SMB16-19]as well as reactive SMB
[20—23] Comparatively, very few studies have been reported
on the optimization of SMB systenfiz4,25] However, most
of the investigations are based on single objective optimiza-
tion, incorporating several objectives with some weight fac-
tors except few recently reported wofRk4,25]. Single objec-
tive function optimization approach is not efficient and also
has the drawback of possibly losing certain optimal solutions
when the non-convexity of the objective function gives rise
to a duality gag14,15], something that is very difficult to

inhibitors, acceptor products or poisons improves the overall ensure for more complex, real-life problems.

reaction yield. This is particularly true in bioreactors cat-

In this article, a systematic optimization study on the ap-

alyzed by microorganisms since when operated with product plicability of SMBR (and reactive Varic8) for the inversion
concentration within a certain physiological range they are of sucrose in the presence of the enzyme, invertase, and in
very efficient[7]. Besides, a build-up of product concentra- situ separation of the products, viz., glucose and fructose, is
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discussed at length. An existing model that can predict pub- uct accumulation. However, it has been shown that even for
lished pilot-scale experimental results of the system is used inirreversible reactions, the use of a simulated moving bed reac-
the optimization. The model was verified first with published tor (SMBR) increases conversion and product purity as com-
experimental resultis], and thereafter, few multi-objective  pared to the performance of an equivalent chromatographic
optimization studies were carried out to obtain the Pareto- reactor-separator in batch mofle3,29] Barker et al[10]
optimal solutions to provide a clear distinction between the have also shown that simultaneous inversion and product
performances of the SMB and the VariBgirocess. The op-  separation makes it possible to overcome problems associ-
timal operating parameters (such as the feed and desorbenated with substrate inhibition. This further justifies the use of
flow rates, the flow rates in the different sections, the switch- SMBR systems in the industrial production of high fructose
ing time and amount of catalyst) and geometric parameterssugar solutions from the cane sugar (sucrose). Furthermore,
(such as number and length of columns, and its switching use of SMB technology, helps in reducing total amount of
sequence) are determined. The state-of-the-art evolutionarywater in the product stream, as the major expense is the cost
optimization technique, elitist non-dominated sorting genetic of evaporating water (sometimes in combination with reverse
algorithm with jumping genes, NSGA-1I-J{26] has been  osmosis) from the product stream. Water removal has a ma-
used in obtaining the Pareto-optimal solutions. jor effect on design, investment and operation costs of these
sugar industries.
SMB is a practical implementation of the true moving bed
2. Enzymatic inversion of sucrose in SMBR (TMB) process in which the countercurrent movement be-
tween the mobile phase and the stationary phase in TMB is
In the last couple of decades a substantial amount of re-Simulated by moving the input/output ports periodically and
search has been conducted for the separation of glucose anih tandem along a series of fixed columns in the direction
fructose in SMB systeni8,11,27,28]Both glucose and fruc-  of the mobile phase flow, while holding the bed stationary
tose have linear isotherms over a wide concentration range[29,30] Hence, periodic discrete steps in the SMB replace
and hence are an excellent experimental mixture used in dethe continuous motion of the fluid and solid in the TMB. In
veloping analytical and numerical simulations for the perfor- the VaricoP operation31,32] a recent modification of the
mance prediction and design purposes. Recently, inversionconventional SMB process, a non-synchronous shift of the
of sucrose in presence of invertase has also been studied foinlet and outlet ports is employed within a (global) switching
the design of bioreactive SMB systeifi§. The separation  period although the switching period is decided a priori and
is performed using ion-exchange resins with hot water as thekept constant. During one global switching period, there are
desorbent. The preferred implementation consists of usingdifferent column configurations for sub-time intervals due
polystyrene cation-exchange resins in the calcium form in to local switching. Given the total number of columns em-
which the fructose forms a complex with the calcium ions ployed in a VaricdP process, the number of columns in each
and is retarded, while the glucose and the other oligosaccha-zone varies with time within a global switching period. As
rides are eluted with the eluent. a result, Varicd? process can have several column configu-
Invert sugar syrup, an equimolecular mixture of glucose rations, which endow more flexibility compared to conven-
and fructose, is a valuable sweetener and is required by thetional SMB process. SMB process can be regarded as the
food and pharmaceutical industries. Fructose is 1.3 timesmost rigid and a special case of more flexible Vafftcpto-
sweeter than sucrose and about 1.7 times sweeter than glucess without adding any additional fixed cost.
cose. Furthermore, it has functionally more desirable proper- A schematic representation of a SMB systemiis illustrated
ties like low carcinogenity, high osmotic pressure, high sol- in Fig. 1that consists of a number of columns of uniform
ubility, source of instant energy and prevents crystallization cross-section connected in a circular array, each of length
of sugar in food products. Hence, high fructose syrups are in Lcol and packed with the ion exchange resin adsorbent. The
great demand as food and soft drink sweeteners. There ardwo incoming streams (the feed, F and the desorbent, D) and
different methods of inversion among which acid inversion the two outgoing streams (the raffinate, R and the extract, E)
and bio-inversion are more popular. Bio-inversion though ex- divide the systeminto four sections namely P,Q,Rand S, each
pensive, is a better alternative, as it does not produce anyof which comprising p, g, r and s columns, respectively. The
polymerized byproducts as seen in case of acid inversion.flow rates in the section P, Q, R and S were designat€bas
Hydrolysis of sucrose by the enzyme invertase leads to the Qq, Qr andQs, respectively while those of the feed, raffinate,
production of invert sugar syrup. Yeast cells are commonly desorbent and extract were designa@d Qr, Qp andQg,
used as a source of invertase. The inversion of sucrose takegespectively. However, only four of the above eight flow rates

place as follows: are independent, as the remaining four are determined from
' the mass balance at points A-D (d€g. 1). In the work of
SucrosémﬂfweglucoseJr fructose 1) Azevedo and Rodrigugs], the SMBR set-up had 5, 2, 3 and

2 columns in sections P, Q, R and S, respectively as shown in
As seenin Eqg(1), inversion of sucrose is anirreversible reac- Fig. 1L The feed was a diluted sucrose solution (80 g/l), since
tion, and thus, the reaction rate is not influenced by the prod-the Michaelis—Menten equation has been shown to apply at
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Raffinate, R Desorbent, D (or the concentration front moves) within the column, which
Glucose Water + Invertase for linear isotherm is given by:
Section s, Q; v Ug [1—o0i] (3)
T 1+ &;

Therefore, whemn; <1,V >0 (species move with the fluid
phase), and whes; > 1, V; <0 (species move with the solid
phase). Whew =0, it represents fixed bed. Ray et[dl} re-
defined the above parameter,by replacing the solid-phase
velocity, us, in CMCR by a hypothetical solid-phase velocity,
¢, defined ag =L¢g/ts. They found, both theoreticallj29]
and experimentall{B0], that simulation of the countercurrent
movement between two components can be achieved when
re-definedss were set such that it is greater than 1 for one
and less than 1 for the other component. Hence, in the present
study if we setr properly, the more strongly adsorbed com-
ponent (fructose) will move with the solid (resin) stream, and
Feed, F Extract, E can be collected at the extract port (point DFig. 1), while
Sucrose Fructose at the same time the less strongly adsorbed component (glu-
cose) will travel with the fluid stream, and can be collected

Fig. 1. Schematic diagram of a 12-column SMBR pilot system. The inlets . . - . .
and outlets divide the entire SMBR system into four sections, p, g, r and s _at the raffinate port (point B iRig. 1). Itis worth noting that

with respectively, 3, 2, 5 and 2 columr@,, Qq, Qr andQs denote the flow in SMB the SWitChing time and_ COlL_lmn c_onfigurat_ior_1 (the_
rates in each section, respectively. number of columns in each section) is decided a priori and is

maintained constant during the entire operation.

this concentration. Besides, it was reported that the available  Unlike SMBR as shown irFig. 2a for an eight-column
SMBR set-up could not withstand the high pressure-drops system, the reactive Vari®I[35] is based on a non-
that would result from the high viscosity of concentrated su- simultaneous and unequal shift of the inlet and outlet ports.
crose syrups due to the small diameter of the tubing (1/16”) Fig. 2b illustrates and compares the principles of operation
connecting the columns. The enzyme invertase was fed to theof an eight-column four sub-time interval Vari€okystem
SMBR diluted in the desorbent (warm water). Its maximum with an SMBR for one switching interval. The switching
activity was observed at 328 K and at pH 4.5. Therefore, the time t,, is a key parameter in the Vari®lprocess also, al-
eluent consisted of a pH 4.5 buffer prepared from acetic acid though the relationship is not straightforward. The solid ve-
(0.28%, v/v) and calcium acetate (0.5%, w/v). locity is not a constant value since the zone length and the

The internal fluid flow rates and the simulated solid flow number of columns in each zone varies during the switch-
rate must be selected appropriately to achieve the desiredng period. Within a global switching periot, for a four-
separation performance. By suitably advancing the inlet and subinterval Varicd? system, the column configuration may
outlet ports, column by column, in the direction of the fluid change for each quarter &f For example, the column con-
flow at a pre-set switching timés, the countercurrent move-  figuration for a typical sequence in a given cycle correspond-
ment of the solids can be mimicked. This switching time is ing to Fig. 2o changes from 2/1/2/3 (0-1& to 3/1/1/3
the key parameter, which defines the hypothetical solid-phase(1/4t<—1/2) by shifting both the feed and the extract port
velocity. However, countercurrent separation of the compo- by exactly one column in the backward direction, then to
nents could be achieved only by appropriately specifying the 3/1/2/2 (1/2-~3/4ts) by shifting the extract port by one col-
internal flow rates in the columns and the switching time. umn in the forward direction, and finally to 2/2/2/2 (8/4s)
Petroulas et al[33] defined for true countercurrent mov- by shifting the raffinate port backward by one column. The
ing bed chromatographic reactor (CMCR) a parameter,  configuration 2/1/2/3 explicates that there are two columns
called relative carrying capacity of the solid relative to the each in sections P and R, while one column in section Q

Direction
of  port
switching

Section r, Q,
49 °d uonoag

Section q, Q,

fluid stream for any componenags: and three columns in section S, respectively. As a result, in
1_¢ Us Us a four-sub-time interval Varic8l process, there are four dif-
0j = ——NKi—==4_= (2) ferent column configurations for the four subintervals due
g g

to local switching during one global switching period. The
whereus andug are respectively solid-phase and fluid-phase number of columns in each zone varies with time within a
velocity. They showed that to achieve countercurrent sepa-global switching period, but the number of columns in each
ration between the two components, one musbsgteater zone returns to the starting value at the end of the global
than 1 for one and less than 1 for the other. Later, Fish et al. switching period. In terms of the time average number of
[34] verified the above fact experimentally. Fish et[84] columns per zone this corresponds to 2.5/1.25/1.75/2.5 for
also defined/;, the net velocity at which componertravels the above example. Therefore, locations of input/output ports
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SMB Varicol

Raffinate, R Desorbent, D Current R D I D
Switching
Section s
- subinterval of "

(0~ t/4) ¥ E I E

And

w .
s ;o 2 subinterval
- 2
g Direction s (14 ~ 1,/2)
b of port s
& switching =

Section q

Feed, F Extract, E 4

subinterval
(Z ts~ Ta)

E
3::]
subinterval
(t/2 ~3 t)
I

Next K
Switching
1™ F D | ¥ D
subinterval @ @
(0~ t/4) E E

Fig. 2. (a) Schematic diagram of an eight-column SMBR system. (b) Principle of operation of the eight-column SMB and an equivalent four-sudniitigrval V
(port switching schedule).

in a VaricoP process are quite different from that of the SMB  [11,37,38] The diffusion within the adsorbent particle is de-
process. Note that in principle it is possible that a port may scribed by means of a bi-linear driving force approximation
shift more than once during one global switching period, [39]. Sucrose adsorption on to the adsorbent particles was not
either forward or even in backward direction. As a result, considered in the model, since Azevedo and Rodrigbips
Varicol® process could be programmed with several possible €xperimentally observed that the adsorption constant of su-
column configurations, which endow more flexibility com- Crose is nearly equal to the particle porosity. The diffusion of
pared to a SMBR process without requiring any additional

fixed cost. In the open literature, the reported results on the Table 1

non-reactive Varic8l process are those for chiral separation Experimental conditions used and measured model paranigfers
[31,32]and glucose—fructose separatj@ii], and for reactive Experimental set-up

Varicol® for the synthesis of methyl acetd&5] and MTBE Parameter Value

[36]' Number of columnsiNgo| () 12
Length of the columnl.¢o (cm) 29
Diameter of the columrgce (cm) 26

3. Mathematical model Operating temperatur@, (K) 328
pH (=) 45
Maximum allowable pressur®, (bar) 120

The mathematical model together with the initial and
boundary conditions that completely define the SMBR sys- Experimentally measured model parameters @828 K)

tem for the inversion of sucrose were reported by Azevedo p,ameter Glucose Fructose
and Rodriguef28], which was based on TMBR model. How- Pe) 1500 1500
ever, in this work in the optimization study the SMBR model g; ., 500 500

is used, as itis more realistic representation of the experimen-¢ () 0.4 0.4
tal set-up. The governing differential mass balance equationssp (-) 01 01
and initial and boundary conditions are givenAppendix KO 017 043
A. The details pertaining to the adsorption isotherms and the;,f;ftg ©) 8’421;5 g?gs
experimental set-up are summarizedable 1 Sucroseisas- ;2 (s 417 417
sumed to react in the inter-particle fluid phase and at the sur-12 Ky (573 217 217
face of the resin. This is accounted for by the term (Kg), 10%ky (s71) 3.15 2217
presentin the Eq§A1) and(A4). The reaction products, viz., 1Pk (s 8387 8387

glucose and fructose are assumed to have linear isotherm&e ©) 50 50
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Comparison of experimental and TMR model results reported by Azevedo and RodEuéth our SMBR model predicted results

Operating variables Performance of the SMBR

Parameter Value Parameter Experimental viilie Predicted valu® Our predictiof?
Qp (ml/min) 3538 PuE (%) 900 92.6 907
Qq (ml/min) 2627 Pug (%) 96.3 96.1 965
Qr (ml/min) 2989 PR (kg/m? h) 7.78 7.55 765
Qs (ml/min) 240 PRs (kg/m®h) 7.07 7.40 720
Qr (ml/min) 3.62 PRenz (kg/9) 0102 0.102 002
Qr (Ml/min) 5.89 Cee (9/l) 15.78 15.3 1552
Qp (ml/min) 1138 Ca,r (9/l) 2218 23.2 2259
Qe (Ml/min) 911 Xs (%) 100 Not reported 100

ts (in) 34

Cse (9/l) 80.0

Cep (9/1) 0.25

2 Based on TMBR mod€gBb].
b Based on SMBR model (this work).

sucrose into the adsorbent was also not considered since théhe SMBR model. Moreover, prediction of the experimental

reaction rate constant is much larger than the pore diffusion
characteristic tim¢g5s].

The PDEs (governing equations given Appendix A
were discretized in space using the finite difference method
to convert them into a system of coupled ODE-IVPs (method
of lines). These stiff IVP-ODEs were solved using the sub-
routine, DIVPAG (which is based on Gear’s method), in the
IMSL library. Since periodic switching is imposed on the
system, the reactor-separator works under transient condi
tions. However, a cyclic (periodic) steady state with a period
equal to the global switching time is eventually reached af-
ter several switching. For both SMBR and Varf@grocess,
the periodic steady state was always attained after about 1
switching cycles around the unit, as was reported in the work
of Azevedo and Rodriguel®]. The simulated values pre-
dicted by the above mathematical model matched very well
with the values reported by Azevedo and RodrigigésThe
SMBR performance was evaluated based upon the produc
tivity and purity achieved at both the extract and the raffinate
ports. These quantities were defined in the work of Azevedo
and Rodrigue$b,28] as:

PR: = kg of fructose at extract portfadsorbent/h 4)
PRs = kg of glucose at raffinate portAadsorbent/h (5)
Pur= = kg of fructose/kg of fructose and glucose at

extract port (6)
Purg = kg of glucose/kg of fructose and glucose at

raffinate port @)
Xs = kg of sucrose reacted/kg of sucrose fed (8)

Table 2compares the simulation results obtained from
the current study with those reported in the literature for a
particular experimental rujp]. It is worth noting that all the
values reported in the literature were all based on the TMBR
model, while the results from the presentwork are all based on

Q

results with SMBR model is much better than that with the
TMBR model.

4. Optimization of the SMBR and Varicol® systems

The experimental conditions used by Azevedo and Ro-
drigues[5] were selected from within the SMB operation
triangle based on equilibrium theory. It should be noted that
the equilibrium theory is only applicable for pure separation
only and not yet has been developed for reactive separation.
Moreover, the triangle for complete separation would shrink
whenthere are masstransfer resistances. They also performed
optimization studies using an optimization algorithm that is
an extension of that developed by Biressi ef4)]. However,
the optimization technique was for single objective function
optimization. The purity and productivity of the two different
products as a result of the inversion of sucrose, i.e., fructose
and glucose, were found to change in conflicting ways with
changes in the operating parameters. In real life problems
such as the SMBR system considered in this work, there is
often more than one objective function, which are equally sig-
nificant and need to be considered simultaneously. In such
cases, a more thorough multi-objective optimization study
[41,42] has to be done so that the design of the SMBR set-
up could be more accurate, comprehensive and economical.
Throughout this study the focus is given more on maximiz-
ing the productivity of fructose while minimizing the water
consumption, which is as discussed earlier the major concern
for most of the sugar industries.

Two distinct types of problems may be considered in the
multi-objective optimization of the performance of reactive
SMB (and VaricdP) systems. One is the performance en-
hancement of the existing set-up by suitably determining the
optimal operating parameters and running the plant at those
conditions. The other one is the optimization at the design
stage (the design of a new SMBR unit) for efficiently han-
dling sucrose inversion by enzymatic action and simultaneous
separation of fructose—glucose. The design strategy for the



A.S. Kurup et al. / Chemical Engineering Journal 108 (2005) 19-33 25

SMBR (and VaricdP) proposed in this work consists of de- Case 1(Performance enhancement of the existing set-up)
termining the optimal geometric parameters (such as length,Azevedo and Rodrigug$] reported single objective func-
number and sequence of columns) and the operating condition optimization results for maximization of enzyme pro-
tions (flow rates, switching time, etc.) that allow a desired ductivity subject to conversion greater than 99%, and purity
substrate conversion and purity at the outlet streams with of both extract and raffinate streams greater than 95% as con-
the maximum productivity using minimum desorbent while straints. However, the single objective optimization of SMBR
at the same time without exceeding pressure drop limits im- (and VaricoP) operation is less meaningful due to complex
posed by the packing material. A few two-objective functions interplay of relatively large number of parameters. The pri-
optimization has been reported in this work which fall under mary objective of inversion of sugar plant, for example in soft
both the categories of the optimization problems mentioned drinks production plant, is to maximize production of 60%
above. One can, of course, consider more than two objectiveconcentrated fructose using minimum solvent. Water con-
functions but analysis of the results become cumbersome agumption is usually very large (ca. 50 of water is required
one has to deal with Pareto surfaces. It is to be emphasizedder kg of fructose product) and therefore, reduction of wa-
that there is no end to the variety of multi-objective optimiza- ter consumption is one of the primary objectives in industry.
tion problems, which could be formulated and studied, and Thus, the first multi-objective optimization problem solved
in this article, only a few simple examples have been dealt is the maximization of fructose productivity using minimum
with, to illustrate the concepts, techniques and interpretation solvent (water consumption) for an existing plant. The for-

of results. mulation can be represented mathematically as:

The state-of-the-art evolutionary optimization technique o
based on genetic algorithfd4] is used in this study. The Maximize I = PRers, Or, Qo] (92)
algorithm mimics the process of natur‘al selection and_natu’ral Minimize I» = Qplts, Or, Op] (9b)
genetics. The Darwinian principle of ‘survival of the fittest _
is used to generate improved solutighd]. The sortingand ~ Subjectto  Purand Pug > 60% (9¢)
sharing mechanism introduced in elitist non-dominated sort- PR=and PR; > 7.0 kg/n? solid/h (@d)

ing genetic algorithm, NSGA-I[14], has paved the way for

multi-objective optimization. The recent modification with The choice of two objectives enable the production of
jumping gene$26] has improved the diversity of hypothetic  fructose using minimum water subject to target purities of
mating pool leading to a much better spreading of solution at extract and raffinate streams greater than 60% and productiv-
increased convergence speed. The jumping gene operationgies greater than the experimental reported vaJGgsThree
adapt a modified mutation operator, borrowing from the con- decision variables were used for this optimization study as
cept of jumping genes in natural genetics. McKlintg4B] indicated in Eq. (9): switching timés, raffinate stream flow
suggested in the 1940s that jumping genes are DNAs thatrate,Qr, and desorbent flow ratQp. In order to be able to
could jump in and out of chromosomes and can generatecompare our results with those of an existing sefgjpwe
genetic diversity in natural populations, which is exploited fixed (se€eTable 3 the values of length, diameter and number
in NSGA-II-JG. Details of methodology and applications of of columns in each sections, feed flow rate and flow rate in
different adaptations of NSGA in chemical engineering can section S, concentration of sucrose in feed and enzyme in des-
be obtained elsewhef26]. However, a short discussion has orbent and temperature corresponding to their experimental
been added iAppendix B In all optimization runs presented  values. Since only four flow rates could be selected indepen-
in this work, 50 chromosomes (solutions) were considered dently, while the other four are determined by mass balance
and results are presented after 50 generations. The CPU timequations around points A-D (sEgy. 1), the remaining two
taken to generate one Pareto set is about 11 min on the CRAYflow rates (in this caseQp andQgr) were used as decision
J916 supercomputer. variables. The third decision variable is the switching ttgne

Table 3
Description of the multi-objective optimization problems solved for the SMBR systems

Problem no.  Objective Decision variables Constraints Fixed parameters
function
1 (Existing) 120<t;<360s Lcoi=0.29m,deo =0.026 m,T=323 K
2.4<10°Qr<4.2n/h Neol=12,Qr=2.172x 1074 md/h
3<10*Qp <9mh Qs=1.44x 10-3 md/h, pla/r/s =3/2/5/2

PR- 2 7.0kg/rr? solid/h; Cr =8x10* kg/m?, Ce = 250 kg/n?

2 (Design) ng PR 30<ts<240s PRg = 7.0 kg/m? solid/h; Same as problem 1 exceyio =8, 10
min Qp Pur: > 60%; -
0.6<10*Qr <3m/h Pugs = 60% or 12, and p, q, r andlco are decision
0.3<10°Qp <1.2nP/h Ui = 6070 variables

0.1<L¢e<0.3m
1<p,q,r<5
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Fig. 3. Pareto-optimal solutions and corresponding the decision variables
for the 12-column SMBR system (problem 1).

which clearly has a strong influence on the purity of the out-
let streams. The bounds ftylie between the breakthrough
times of the two components for the resin used as adsorbent
Fig. 3 shows the Pareto-optimal solution and the deci-
sion variables corresponding to each of the points on the
Pareto for the optimization problem formulated in case 1.
The figure clearly shows that the points do, indeed, consti-

tute a Pareto set, i.e., as the productivity of fructose increases

(desirable), it requires more solvent (undesirable). The opti-
mum values of switching time and raffinate flow rate obtained
are 3.5 min and 5.5 ml/min respectively. Although, constraint
on purity was only 60%, the purity of fructose achieved was
90%, same as in the experimental study. The conversion of
sucrose achieved was 100%. The optimal values of fructose
productivity obtained were observed to be only slightly better
(about 0.3%) since only three decision variables were used,
and therefore, restricting the scope for improvement consid-
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Case 2(Optimization at the design level: optimal column
length and configuration) Optimization at the design stage
provides far more freedom than when one is constrained to
optimize the performance with an existing set-up. At the
design stage, several additional decision variables become
available for optimization. A meaningful optimization prob-
lem would be same as in case 1 except additional decision
variables as length, number and distribution of columns in
different sections p, q, r and s. The cost of adsorbent is al-
ways one of the key deciding factors for the implementation
of the SMB units. The existing set-up considered in problem
1 consisted of 12 columns each 0.29m long. In this case,
optimization problem was formulated to determine optimal
column length and distribution of columns in different sec-
tions for total number of columnBlce, equalto 8, 10 and 12.
The complete optimization formulation is givenTable 3

The Pareto sets for this problem is showrFig. 4. When
compared with problem 1, the performance of reactor is seen
to have considerably improved. For equivalent 12-column
SMBR system and for the same desorbent consumption of
10 ml/min, the productivity has dramatically increased from
7.52 to 17.46 kg/msolid/h. This was achieved primarily by
optimizing column length and by optimally distributing the
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264 % 10-column
= —— [2-column
= 24 1
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w
- 224
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o, 18
N W
14 T T T T T T T
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> 71
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erably. However, the optimization results in range of optimal Fig. 4. comparison of PRandMg between 8-, 10- and 12-column SMBR

PR- for a range oQp.

system.
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columns in different sections. The optimum column length tion compared 1.2% 10* kg fructose/m solid/m? water for
and configuration (distribution) obtained for the design stage a 12-column SMBR set-up. The efficiency increases

are 0.113m ang = 3/1/4/4 compared to 0.29m and 5/2/3/2 to 3.97x 10* kg fructose/m solid/m? water for an eight-
used for the existing set-up. Note that although in the opti- column SMBR set-up.

mization formulation we have used only two objectives (PR
andQp), but in reality it involves three objectives (the third Case 3(Modification of SMBR: variable feed flow rates)
one being minimization of total adsorbent volume) due to One of the limitations of the SMB (and SMBR) system is
the manner in which productivity (amount of fructose pro- that during much of the operation, the stationary phase in
duced in kg/h per unit volume of total adsorbent used) is de- some of the columns are either completely free of solutes, or
fined. Obviously, the optimum amount of glucose produced contains only product so that the separation capacity is signif-
(QR) in the raffinate stream is reduced from %304 to icantly reduced, thereby the overall efficiency of the system
1.29x 10~#m?/h due to the increased production of fructose is low. Most SMB studies in the open literature have used
at the extract port. The optimum switching time has reduced constant flow rates during each switching period. However,
to 1.51 min (from 3.5min) as the column length is reduced. it is generally observed that the concentration profile of a
Even though the actual productivity (in kg?solid/h) is in- typical SMB process shows a maximum value at the begin-
creased but the mass flow rate of fructdsk (kg/h) has ac- ning of the switch, slowly decreases thereafter, and finally
tually decreased compared to problem 1. However, the reduc-decreases very rapidly near the end of the switching period.
tion in Mg is only 9.5% compared to total reductionVgojig In such a case, one could consider of changing the various
by 61% in the case of design optimization compared to the internal flow rates depending on the process requirement to
existing set-up for the 12-column SMBR system. Hence, the increase productivity or purity of the desired product. This
present optimization formulation helps to design the SMBR can be achieved by the use of a non-synchronous switch-
system for efficient utilization of adsorbentin producing fruc- ing as in VaricoP [31,32], which is discussed earlier and is
tose using minimum solvent. considered later. Alternatively, one could also contemplate in
improving the efficiency by using variable feed (or desorbent)
In order to determine whether 12 columns are necessary,flow rates during a global switching period to either increase
optimization was carried out for 10 and 8 total columns. The throughput or productivity42]. One may consider of intro-
Pareto-optimal solution for the 8- and 10-column SMBR ducing more feed at the beginning of the cycle and collecting
unit are also shown irFig. 4 The Pareto set oQp and more extract or raffinate depending on the requirement of the
PR followed the similar trend line as in the earlier cases, process, and slowly decreasing the feed flow rate towards the
but yielding even higher values of fructose productivity at end of the switching period. However, such a change in flow
a particular desorbent flow rate. For example, for a given rates would affect concentration profiles and may even lead to
Qp of 6 x 10-*m?h, an improvement in PRfrom 17.46 decreased productivity unless a rigorous optimization study
(for a 12-column SMBR) to 19.84 (for a 10-column SMBR) is performed taking into consideration complex interplay of
to 23.8 kg/ni solid/h (for an eight-column SMBR) was pos-  all the process parametefEable 4.
sible. The optimum column length, configuration, switch-
ing time and raffinate flow rate for all the points in the In order to evaluate the efficacy of this approach, and to
Pareto set for a particular set-up was found to be con- determine the extent to which the performance of SMBR
stant and are respectively, 0.113y% 4/4/3/1ts=1.51 min, could be improved by using variable feed flow rate, three dif-
Qr =1.29x 10-4md/h for 12-column; 0.118 my = 4/1/2/3, ferent optimization problems were formulated as described
ts=1.48 min, Qr=1.46x 10~4*m3h for 10-column; and in Table 5 In all the formulations, maximization of mass
0.119cm,x = 2/2/2/2,ts=1.51 min,Qr = 1.42x 10~* m3/h flow rate of fructose NI, g/h) is used as one of the ob-
for eight-column SMBR system. Once again, even though jective functions instead of maximization of productivity
PRr increased whelq is reduced from 12 to 8 columns,
the values oMr also decreased. This is also showifrig. 4.
It clearly shows that by adding two columns to an eight- Table4 S
column system, the improvement is considerable but fur- Comparison of optimization results for 8-, 10- and 12-column SMBR

ther addition of two columns to make it a 12-column sys- systems — _

tem, the increase is not significant. For example, @y Existing Design stage

of 6 x 10-*m?3h, when performance is compared relative Neol 12 12 10 8

to 12-column SMBR system at the design stage optimiza- 'Igi'\/ml s lgig (71;13 g;ég gégg
tion, the reduction inMg is only 1.12% compared to to- ;x Qﬁ’”ms,h 6 6 6 6

tal reduction inVsgjig by 13% for 10-column system, while  pRr., kgin?h 752 1746 1984 2381
reduction inMg of 30% for reduction inVsgjig of 4.3% 10 Mg, kg/h 139 126 124 12
for eight-column SMBR system. Design stage optimization 10"* Efficiency® 125 291 331 397
leads to production of 2.9¢ 10 kg of concentrated fruc- a Efficiency is defined as productivity of fructose (kgfim—solid used)

tose per m of solid adsorbent per fnof water consump-  per unit eluent (water) consumption {th).
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Table 5

Description of the multi-objective optimization problems solved for the modified SMBR

Problem no. Objective function  Decision variables

Constraints

Fixed parameters

9<10°Qr <30mP/h
2.4<10°Qp <12nP/h
30<ts<240s
0.1<Ll¢e<0.3m
1<p,q,r<5

3 SMBR (fixed feed)

910°Qr <30n7/h
2.4<10°Qp <12nP/h
1.8<10% (Qr1, Qr2, Qr3) <3m/h

3a SMBR (discrete feed)

Max Mg;

min Qp
910°Qr <30n7/h

2.4<10*Qp <12nPflh
0.5<b,c<5.0

3b SMBR (continuous feed)

9<10°Qgr < 30nP/h
2.4<10*Qp <12nPih
30<ts<240s
0.1<Ll¢e<0.3m

x (32 possible combinations)

4 Varicol

Pui: > 60%;
Purg > 60%

Neol =8, deo1 =0.026 mT=323K
Qr=2.172x 10*m3h

Cr=8x 10*kg/m?, Cg = 250 kg/n¥
Qs=1.44x 103m3h

Same as problem 3 artd=154.8s,
Leo=0.20m, x =4/1/1/2

Same as problem 3a

Same as problem 3

as used in problems 1 and 2. In the first case (problem 3tion formulation is described ifable 5 Fig. 5compares the

in Table 5, optimal Pareto solutions are obtained at the Pareto-optimal solutions for the three cases. The results show
design stage for an eight-column SMBR system in which that the significant improvement is possible when one uses
variable feed flow rate instead of fixed feed flow rate and
Subsequently, two more optimization problems were solved further improvement is possible if one uses continuous vari-
with variable (distributed) feed flow rate. In problem 3a, ationincontrastto discrete variation of the feed flow rate. The

feed flow rate was maintained constant at 2.£720~4 m3/h.

four discrete sub-feed intervals were used while in prob-
lem 3b, feed flow rate was allowed to change continuously.

In problem 3a, the feed flow rate was not kept constant at 8
QF =2.172x 10~*m?3/h for the entire switching interval, in- ;Z 1
stead was allowed to vary according to the following equa- 7‘7:
tions: § 76 1
18x 1074 < Qr1, OF2, O3 <3x 1074m¥%h  (108) & 7]

i
OrFa=40F — (QF1+ OF2+ OF3) (10b) s ;;
Eqg.(10b)is used to ensure that total feed flow rate is same 58
as that of the constant feed flow case (problem 3), and there- 51 |

—o— Fixed feed
—&— Variable feed (discrete)

—— Vanable feed

fore, the optimum results can be compared. In problem 3b, 02
the feed flow rate was allowed to vary continuously according
to:

0.4 Q0.5 0.6 0.7 0.8
Qp (x 10° m’/h)

OF = a — bt — ¢t (11) 06
0.54
where a, b and ¢ are constants antl is the time such 04

that O<t <ts. The constant® and ¢ were chosen as de-
cision variables whilea was calculated by integrating the
above equation over the integral 0 to Eq. (12), so as 0.2
to ensure again that the total feed remains constant (3.62 = |
ml/min):

0.3 4

Qv (x 10° m*/h)

14

0

= = = Fixed feed

a

Variable feed (discrete)

Vanable feed (continuous)

c 0

3

Inthe later two cases, length of each coluing), switch-
ing time ¢s) and column configuratiory were kept fixed at

b
a=Qr+ s+ 12 (12)

025 05 0.75 1

Fig. 5. Comparison of eight-column SMBR system with fixed feed,
variable feed (discrete and continuous). The profile @ is for

the optimum values for problem 3. The detailed optimiza- Qp=4.21x 10-4md/h.



A.S. Kurup et al. / Chemical Engineering Journal 108 (2005) 19-33 29

optimum flow rate of glucose at the raffinate port was found 9
outto be 1.26< 10~ m¥/h for all three cases. Typical optimal —e_SMBR
feed flow rate for different cases within a switching period gs] o varicol

at steady state is shownig. 5 for Qp =4.2x 10~4md/h.

The figure shows that the optimal trend is for lowgt at

the beginning of a cycle and gradual increas@®jnas time
progresses when continuous variation was allowed. Almost
similar trend was observed wh&k was allowed to vary in
four discrete steps. At the beginning of any switching period,
feed rate required is low due to recycle from section S to P ™
and it gradually increases towards the end of the switching
period. The improvement in the performance achieved canbe 65 . ; ; ; ‘ .
easily explained by recalling the earlier discussion about the Bz L ks o8 4T 08 09
possibility of performance improvement by deliberately in- Dl 20800

c_reasmg (or decre_asm_g) the flow rates. Due to th_e special pu-Fig. 6. Comparison of optimal performance between an eight-column Vari-
rity requirements (in this case 60%), probably during the start o| system with eight-column SMBR system.

of the switching period the solids are saturated, and therefore

can handle lesser feed, while due to the ﬂUShing away of the The Pareto_optimai solution of the eight_coiumn Vai@:oi
solids during the switching period the feed requirement in- system and the corresponding decision variables are illus-
creases. For fixed values @k andQp, Qe would increase  trated inFig. 6. The optimalQp—Me trend line obtained
WhenQF is ianeaSEd, therEbyincrease the amount OffrUCtoseWaS similar to probiem 3Hig 5) Fig 6 Cieariy shows that
collected. In other words, the system tends to operate suchmass flow rate of fructose produced per unit time is signif-
that higher quantity of fructose is collected when the concen- icantly higher for a fixed eluent flow rate, or same amount
tration of fructose is hlgher while when the concentration is of fructose can be produced using less eluent. This is pos-
lower lesser quantities are collected, thus keeping the meargjple in Varicof process due to non-synchronous switch-
flow rates over the SWitChing time constant. Note that the pro- |ng Compared to Synchronous Switching in SMBR System_
ductivity is not just a mean of the intermediate values, butis However, it was observed that the length of the column cho-
the integral of the product of flow rate and concentration over sen is higher (0.26 m as compared to 0.20m for SMBR).
the entire switching period. The purpose of still keepinigeo as one of the decision vari-
ables was to see if an optimialy could be obtained for the
Varicol®. Three different optimal column configurations for
Case 4Modification of SMBR: Varic6l system) Ithasbeen  the four subinterval eight-column Vari@Bystem were ob-
reported as discussed earlier that Varicol system can performeained. Most part of the curve was dominated by the configu-
better than the traditional SMB systems due to the flexibility ration () 4/1/2/1, 4/1/2/1, 3/1/3/1, 3/1/3/1 except by the con-
in its operation. It could aid in reducing the volume of adsor- figuration 4/1/2/1, 3/2/2/1, 3/1/3/1, 3/1/3/1 fQp between
bent required, or for a fixed total adsorbent, it can increase 4.8 x 104 to 5.4x 10~4m?3/h. The trend clearly shows that
throughput or productivity. Hence, optimization study was more columns are needed in section P in the beginning of the
performed for a four sub-time interval eight-column Varféol  subinterval while more are needed in section R near the end
system to determine the extent of improvement that can beof the cycle. This probably is due to the fact that fructose is
obtained over an equivalent SMBR system. With eight total more strongly adsorbed than glucose and tends to diffuse very
columns in the Varicol unit, there could be a Iarge number of s|ow|y_ Sections P and R being the zones for desorption and
possible column configurationg) The mathematical for-  adsorption for the more strongly adsorbed compound, respec-
mulation of the optimization formulation is givenfable 5 tively, more solids (adsorbent) are required in these sections
(problem 4). when the objective is to increase the productivity of fructose

75

Mg ( x 10° kg/h)

Table 6
Comparison of optimal results between SMBR with fixed and distributed (discrete and continuous) feed and Varicol process for eight-columresystems (s
Figs. 5and

SMBR with feed flow rate Varicol
Fixed Variable (discrete) Variable (continuous) Non-synchronous switching
Neol 8 8 8 8
Leol, M 0.20 020 020 0265
10% x Vo), M3 8.52 852 852 1126
10* x Qp, mi/h 6 6 6 6
10° x Mg, kg/h 761 7.70 787 851

kg-F/mP-water 1269 1283 1312 1418
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Fig. 7. Concentration profiles for eight-column SMBR (a), distributed feed (b) and Varicol (c) for the Pgirt).48x 103 m3/h.

using less eluenkig. 7 elucidates the concentration profiles
for glucose and fructose for the eight-column SMBR with
fixed and variable (discrete) feed and the four-subinterval
Varicol® system corresponding to the optimal point with des-
orbent flow rate equal to 4:8 10~4 m3/h. Table 6compares
the optimal performance of eight-column SMBR system with
fixed and distributed feed with eight-column Varicol system
for a specifiedQp of 6 x 104 md/h. The table shows that
the performance in terms of optimal mass flow rate for fruc-
tose can be increased from 7.81.0~3kg/h for fixed feed

to 7.70x 10-3kg/h for discrete variable feed flow rate to
7.87x 10~3kg/h for continuous variable feed flow rate to
8.51x 10~3 kg/h for VaricoP system. The efficiency in terms
of fructose produced (in kg/h) per unit water consumption (in
mq) increased from 12.69 to 14.18.

5. Conclusions

Continuous large-scale separations using simulated mov-

for both an existing system as well as at the design stage
were determined for maximum production of at least 60%
concentrated fructose (used in soft drinks) while using min-
imum solvent. Several decision variables were used that in-
clude length and distribution of columns in different sections
in addition to switching time and various flow rates. Effect
of two modifications of traditional SMB, namely distributed
feed and non-synchronous switching (Varftprocess) were
studied to determine the extent of performance improvement
compared to the SMBR system. The optimization was per-
formed using a new state-of-the-art Al-based non-traditional
but robust optimization technique based on genetic algorithm,
non-dominated sorting genetic algorithm with jumping genes
(NSGA-1I-JG). Pareto-optimal solutions were obtained in all
cases and the results show that significant improvement is
possible, particularly for distributed feed and Varialper-
ation.

ing bed (SMB) technology have received great interest in Appendix A

recent years. In this work, systematic multi-objective opti-
mization studies for the inversion of sucrose to produce high

Differential mass balances, global, and in solid phase for

fructose syrup are considered. Optimal operating conditions species in columnk:
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For glucose and fructose:

9Ci k 0qi.k
0 V0
_ Wk Cix . 3Cix

W Fhts(1+vke) (2R} (a1
= _— V
Pe; 3y k dx v ¢ kr

i k Bimk g oy
K= (7 — ai A2
89 Ol15+ Blmk (ql,k ‘11,k) ( )
@ = KCix (A4)
For sucrose:
ICix Y Cix Cix
o BT ks (L4 VK
0~ Por g2 Yk 5 T tts (1 + vKe)
x (""Rf ) (A5)
kr

whereos| =0.526 for glucose and fructose, white= —1 for
sucrose.

Csucj X Cenzj
Rj =k ( Sucy Enzd> (A6)
Kmm + Csuc,

For the enzyme, invertase:

The mass balance at the node is tk@jﬁ( = Cir-1(1,6),
except if the column follows feed or desorbent port. In that
case:

OrCiF+ 0sCix-1(1.6)
Op
0qCix-1(1,6)
Or

chn o= and

cho= , respectively (A15)

Appendix B. A note on the optimization technique
based on genetic algorithm (GA)

GA is a search technique developed by Holl§h] that
mimics the process of natural selection and natural genetics.
In this algorithm, a set of decision variables are first coded
in the form of a set of randomly generated chromosomes,
thereby creating a ‘population (gene pool)’. A model of the
process is then used to provide values of the objective func-
tion (reflects its ‘fitness’ value) for each chromosome. The
Darwinian principle of ‘survival of the fittest’ is used to gen-
erate a new and improved gene pool (new generation). This
is done by preparing a ‘mating pool’, comprising of copies
of chromosomes, the number of copies of any chromosome
being proportional to its fithess (Darwin’s principle). Pairs
of chromosomes are then selected randomly, and pairs of
daughter chromosomes generated using three operations (re-
production, crossover and mutation) similar to those in ge-
netic reproduction. The gene pool evolves, with the fitness
improving over the generations.

In order to handle multiple objective functions and to find
Pareto-optimal solutions, the simple genetic algorithm (SGA)
has been modified to non-dominated sorting genetic algo-
rithm | (NSGA-I), which differs from SGA only in the way
the selection operator worf§4]. NSGA-I uses a ranking
selection method to emphasize the good points and a niche
method to create diversity in the population without losing
a stable sub-population of good points. In the new proce-
dure, several groups of non-dominated chromosomes from

The dimensionless parameters used in the above equationamong all the members of the population at any generation

aC; 92C; aC;
ik _ ﬂ lz,k — ik (A7)
a6 Pe, 09y ax
wherey =Zz/L¢o andf =t/ts.
The boundary conditions are:
: 1 9C;x
N = Cix(0,0) — — —= A8
1, X l,k( ) Pek 8X ( )
aC;
T 1,0=0 (A9)
ax
The initial conditions are:
Cik(x- 0) = C2,(x) andgix(x. 0) = g2, (x) (A10)
are:
UF,t
Y = s ando; = kj_ts (A11)
Lol N
where
K K -1
k. = ( +eo ) (A12)
Ur. L
K' =K +¢p, Pey = —=% (A13)
Dax,
and
ks R
Bi,, = —LP (A14)

Dpe

are identified. To distribute (spread out) the points evenly, the
fithess value is assigned according to a sharing procedure.
The population is found to converge rapidly to the Pareto

set.

However, experience with NSGA-I indicates that this al-
gorithm has some disadvantages. The sharing function used
to evaluate niche count of any chromosome requires the val-
ues of two parameters, which are difficult to assign a priori.
In addition, NSGA-I does not use any elite-preserving oper-
ator and so, good parents may get lost. D4} has recently
developed an elitist non-dominated sorting genetic algorithm
(NSGA-II) to overcome these limitations. In NSGA-II, a dif-
ferent sorting and sharing method is used, which reduces the
numerical complexity t(MNFZ) operations in contrast tf N3
operations required for NSGA-I, wheh is the number of
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) . ot (1998) 175-191.
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