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Abstract

The retroft of multiprodud batd plans treas the nodificaion d the origind configuraion o the plant
to saisfy new produdion condtions (nev products nev demand pdtern, etc.).A disjundive nmodd is
presentd to sohe this poblem tha includes dl the usué alternatives in this kind o problems A
disjundion is generat for eat batch stag mnsiderng dl the feasible onfigurdion dternatives for
old and ne units. Each disjundion tem contairs dl constraing ©© modé the bath stag options:
operdion time, units sizng and costetc. h a sinilar way, a dispndion is generata for the dlocation
of intermediaé storage teks Severhexamples wee solved the conputdiond performarce d this
approadh is compard with the cnvertiond formulation.
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Introduction

In the retroft problem the bat plart structue is chaaged
in orde to sdisfy the nev produdion requiremerstdue to
the devebpmert of new products new demands etc. The
options mnsidere incluce the Hocdion o new units, the
sak d useless ol unts and the cnfigurdion d new
units.

The diferences betveen previos works {aselenak
et al., 1987 Fletche e al., 1991ad Yoo ¢ al., 1999 are
the avdlable options © configue theunits & eath batch
stage The objedive is b maximize the plah benefits
subjed to a nav demand pdtern Prevbus papers sok a
MINLP nodel excepg Van den Have and Gressman
(1999 whos popose disjundive mutiperiod program,
but they do nat include &l the options d the wok of Yoo
et al (1999) Findly, Montagra & al. (2001) preseh a
modd considerng storag tanks.

A genera modd using the Generbized Disjundive
Progranming (GDP) approach is presentg for the retroft
problem All the avalable dternatives o configue the old
and nev batd urits ae maintained the dlocation of
intermedia¢ storage teks is inclded The alvantage of

the nev modd are analyzd and tke peformarce d the
convertiond versts the GDP gproadc is compared.

Generalized Digunctive Programming

The Generbized Disjundive Pogranming (GDP)
problem is s1own (Lee ad Grassman, 2000):
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In this model, xOR" are continuous variables and Y,
are boolean variables. ¢, OR" are continuous variables and
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y, are fixed charges. f: R"- R' is the term of the objedive
function that depend on the variables x. r: R'-R" are
constraints that hold regardless of the discrete dedsions.
This general model asaumes that f(x) and r(x) are onvex
functions. Finally Q(Y) =True is a logicd constraint set
relatingthe bodean variables Y.

Multiproduct batch plant retrofit

In a multiproduct batch plant i=1,...P prodwcts are
processd following the same sequence over the j=1,...,N
batch stages of the plant. A set of N, units is available in
stage j, with N existing urits and N,"* new units to be
added in the plant, so:

OLD NEW :

The units configuration in stage j can be different for
ead product i. The units can be aranged in phese or out
of phase. In the last case, the batch is sparated among all
the units that conform the group operating in phese. Figure
1 shows dage j with four units. V, is the size of unit k in
stage j. The superposed units operate in phese, like units 1
and 3 conforming the group 1and urits 2 and 4 in the
group 2 Both groups operate out of phase.

Figure 1. Groupsin stage

The nfiguration o the batch urits must be
determined at ead stage for every product. A
configuration ogion his an arrangement of units. Fig. 1is
one option for a stage with 4 units arranged into two
groups. For example, in a stage with 3 urits, there ae 14
feasible options:
h=[1]; h,=[2]; h=[3]; h,=[12]; h=[13];
h,=[23]; h,=[123]; h,=[1]+[2]; h,=[1]+[3];

h, =[2]+[3]; h,,=[12]+[3]; h,=[1]+[2.3];
h, =[13]+[2]; h,,=[1]+[2]+[3]

Considering that the units between bradkets belongto
agroup, there ae 7 ogtions with an orly group (h, ah,), 6
options with 2 goups (h, a h;) and ore option with 3
groups (h,,). The designer a priori can discard options nat
optimal or not feasible.

To represent the available options the following
disunction is proposed for ead product and stage, where
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the Boolean variable Y, indicaes the term h of the
digunctionthat istrue. Only one of them can be true:

U Yijh 0

o Vi2SiB;  Ogth o

0 kgg k=S Bj 9 0

ol Bi T %]i 0 (3

hOH j §: Pri _M h 0
Qj CBik= 2 CSikO
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The first constraint in the disunction corresponds to
the sum of the unit sizes included in the group gthat must
be large enoughto produce abatch of product i. B, is the
batch size of product i in stage j, and S, the size fador.
The second constraint is the limiting time TL, of product i,
meaning that the time between two conseautive batches of
produwct i must be greaer than the operation time of the
stage T, divided by the number of groupsin ogtion h M,.
This expresson is modified considering that the same
prodiction rate Pr, must be satisfied in al the stages to
avoid acaimulation d material in the intermediate storage
tanks. Finaly the last equation dfines the st of this
aternative CQ,. In the first summation, CB, is the buying
cost of unit k that is determined using the same expresson
of previous works. In the second summation, Cs, is the
selling value of the uselessunits that is a mnstant defined
apriori for ead dd urit.

Ancther discrete dedsion is to alocae new storage
tanks between batch stages. There ae j=1,...,N-1
positions. Position j is between batch stage j and j+1. The
sale of uselesstanks is also considered. The HT, available
options in pasition j depend onthe number NT, of tanks
available in that position. Only ore new tank can be
adlocaed a position j. For example, if NT,=1, there ae
HT= 4 ogtions: 1) Two tanks, the old and the new, 2) The
old tank (no tank is added), 3) The new tank (the old tank
is ©ld), 4) No tanks (the old tank is ld).

The following dgunction consider al the available
options in the pasition j, where the Bodlean variable YT,
istruein ony one term of the digunction:
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This is the general form of the terms of this
digunction. The option with no tanks is different from (4).
For example, the first constraint relates the batches of
consecutives stages (Ravemark, 1995). If a tank exists at
position j, then the batch sizes downstream and upstream
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of the tank can be different. 8 is the maximum ratio
allowed between consecutive batch sizes. In the option
with no tanks both batch sizes (up and downstream) must
be equal. The second constraint determines the size VT,
of the storage tank kt at position j, where ST, is the size
factor for product i and position j. In the term with no
tanks this constraint is not included. The last constraint is
the cost of the digunction, TQ,. Inthe first term, TB, .., is
the cost of the new tank, which is considered only when it
is included in the option ht. In the last term, TS, is the
value of the useless storage tanks that are sold.
The objective function of the problemis:

N-1

P N
Max z= Q- CE. - Y CET; 5
izi Pi G £§1 i Egi i ©)

where p, is the net profit per unit and Q, is the production
of product i. CE, and CET, are the value of the unitsin the
batch stage j, that result from the following constraints:

(:Ej 2(:(5

Oi; Oj=1,N (6)

CET; =TQ; Oi; Oj=1,N-1 @)
The batch units included in a stage must be used for
all the products, so the options considered are reduced

through the following constraint:

> Yiih=2 Yiijn OOk Dizii 8
gh gh
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N, is the number of batches of product i in stage j. Q,
must not overcome the amount processed in each stage:
Q=N;B; 0.0 ©

All the products must be produced in the available
time horizon H:

Q

Pr. s (10)

2

To solve this model, the disunctions are transformed
into mixed integer constraints using the relaxation by
convex hull (Balas, 1979). Transformations are introduced
to avoid non-convex term in Eq. 9 (Vaselenak et al.,
1987). Then, the first term in the objective function is
concave. To overcome this problem, the same authors
have proved that the negative exponential functionsin that
term can be approximated by a system of piecewise linear
underestimators. This approximation overestimates the
objective function so it can be employed to find the global
solution of this model.
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Finally a MINLP is obtained that has been solved
using the OA/ER/AP method.

Table 1. Example data

STj;
Product A Product b KT; C;
Position 1 1 1 10,000 10
Table 2. Results of the example
Yooeta. (1999) | Our approach
Product A B A B
Q/1000 2,000 4,000 | 2,000 4,000
New units New units
Stage 1 1,000 -
(u2,u3)  (U2)-(u3) | (u2)  (u2)
Stage 2 - -
(u2) (u2) (u3) (u3)
Storage Tank
Position 1 i - 3600
Sold units Sold units
Stage 1 ul ul
Stage 2 ul, u3 ul, u2
Profit ($) 752,000 759,400
Examples

Several examples have been solved with this
formulation. The results obtained depend on the size
factors and the costs of the intermediate storage tanks that
have not been considered in previous approaches of the
retrofit problem. The values have been selected to show
the potential applications of this approach. Here, the
example 5 of Yoo et a. has been selected. Table 1 presents
the data added to example 5 of Yoo et a. (1999), where
KT, and ct; are the parameters required to determine the
cost of the storage tanks.

Table 2 shows the result of this problem, where u2
means unit 2. In both formulations old units are sold. Units
between brackets operate in phase. Figure 2 shows the
solution for the Yoo et al. (1999) approach. Unitsin grey
are new. Figure 3 corresponds to the optimal solution with
the proposed formulation. A storage tank is allocated
between both batch stages. Although the optima profits
are very similar, both plants look very different.

Computational performance

Table 3 show the CPU time for the 5 examples
presented by Yoo et al. (1999) that have been solved using
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both approaches. The first column corresponds to the
number of discrete variables before the linearization of the
objective function. The following two columns shows the
CPU times for these examples using the formulation by
Montagna et al. (2001), that also considered storage tanks,
and for this approach, respectively. All the times were
obtained using a PC with a Pentium Celeron processor of
650 Mhz. With the present formulation a considerable
reduction has been obtained in the CPU time required to
solve the MINLP.

1
Stage 1 : Stage 2
1
Product A | 2 !
3000_: 2
3 I {2000
1
1
1000 1
— 1
—_— 1
Product B [ 2 '
3000 |} (7
— 1
/? : 2000
1
1000[
—

1
1
1
1
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Sold units | 1 | 1 3
2000| | [1000{[3000
1

Figure 2. Solution with the Yoo et al. approach

Table 3.Computational performance

Discrete  CPUtimeMon-  CPU timefor
variables tagnaet d. (2001) thisapproach
Ex. 1 60 3 3
Ex. 2 128 60 33
Ex. 3 120 21 15
Ex. 4 134 97 28
Ex. 5 208 144 28
Conclusions

A digunctive model has been presented to solve the
retrofit of multiproduct batch plants. This formulation
considers all the feasible options for this kind of problems.
Digunctions have been formulated for the discrete
decisions about the structure of the new and old units. The
sale of useless units was included. Intermediate storage
tanks were also considered with a similar formulation.

The problem solution has been obtained by
transforming the problem into a Mixed Integer Nonlinear
Program (MINLP) using the convex hull relaxation of a
digunctive set.

Using this approach several advantages can be
obtained. The first and more remarkable is that the
problem formulation is easier to generate, and the model is
more understandable than the previous proposed by Y 00 et
a. (1999) and Montagna et al. (2001). The inclusion of
intermediate storage tank produces better optimal
solutions with lower costs. Besides, important CPU time
reduction is obtained with this approach compared to the
previous one.
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Figure 3. Solution with the proposed approach
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