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PROCESS DESIGN AND CONTROL

Heuristic Method for the Optimal Synthesis and Design of Batch Plants
Considering Mixed Product Campaigns

Gabriela Corsano, Jorge M. Montagna,* Oscar A. Iribarren, and Pio A. Aguirre
Instituto de Desarrollo y Disamn CONICET, Aellaneda 3657, (S3002GJC) Santa Fe, Argentina

In this paper, a heuristic method is presented for the simultaneous solution of the synthesis and design problems
of batch plants. A detailed nonlinear program (NLP) model is developed that considers a superstructure to
represent all the configuration options for the plants. Usually, similar works in this area assume as a hard
constraint the use of single-product campaigns. In this work, mixed campaigns are introduced to pose problems
where this is a significant condition. Specific scheduling constraints are formulated, and a resolution strategy
is presented to solve the problem. This formulation is valid for multiproduct batch plants and a special type
of multipurpose plants where products follow different production paths sharing some but not all the stages.
The approach is implemented for a Torula yeast, brandy, and bakery yeast production plant. To assess the
method, different mixed campaigns are modeled. Economical and synthesis, design, and operational results
are also reported.

1. Introduction the locally linearized models, a large number of auxiliary
variables and constraints for the linearization of bilinear terms

Ina multlproduct/multlpurpose batch plan.t, several produpts of integer and continuous variables must be typically introduced
are manufactured following the same or different production to reduce the MINLP into an MILP, which makes the problem
sequences, sharing the equipment, raw materials and Othe'ilery large in scale and difficult to ,solve

production resources. The inherent operational flexibility of . . .

multiproduct/multipurpose plants gives rise to considerable X'iland Me:c;g:hlettér?rgs?nted a dfolrrr;uzlitlon baze;l ngétrl[e

complexity in the design and synthesis of such plants. In many variable event ime scheduling model of zhang and sargent.
A stochastic method is used to solve the resulting nonconvex

cases, scheduling strategies are not incorporated or well . . . X
integrated. Usually the simplest scheduling sequence, a single_MINLP problem directly, instead of the introduction of a large

product campaign, is considered, which may lead to overdesignnumber of auxiliary variables and constraints to reduce the

or underdesign. To ensure that any resource incorporated in theM”\“‘P into an MILP. Lin and FloudaSextended the continu-

design can be used as efficiently as possible, detailed consid-ous'time scheduling formulation proposed by lerapetritou and

erations of plant scheduling must be taken into account at the.FlOUdag and lerapetritou et dl.to address the problem of

. " Theref R . . integrated design, syn_thesis, a_nd scheduling of multipurpo_se
g;ﬁégg;stagﬁ d scﬁgjgﬁﬁé giﬁu:gﬁggi‘g& to consider design, batch plants. They studied both linear and nonlinear cases, which

In recent years, several authors have incorporated schedulingresur[ecj in MILP and MINLP problems, respectively.

constraints to the synthesis problem of multiproduct and N this paper, the synthesis, design, and operational issues
multipurpose batch plants. Birewar and Grossmdénhave fqr a sequentlgl multipurpose batch plant are cqn3|dered
addressed the problem of simultaneous sizing and schedulingSimultaneously in an NLP model. In a sequential multipurpose
of a multiproduct batch plant that accounts for the unlimited Plant, itis possible to recognize a specific direction in the plant
intermediate storage (UIS) and zero wait (ZW) policies with floor that is followed by t_he pro_ductlon paths of all the proddcts.
mixed product campaigns. In that work, they developed an NLP However some processing units are used pnly by some.products.
model for fixed time and size factors. Their later work ©bviously, the model presented is also valid for the multiproduct
incorporates the structural decision of parallel units for some Patch plant where all the products use all the stages. In addition,
stages resulting in a mixed integer nonlinear program (MINLP) alternatlv_es for the n_umber of units in series are _mtroduced.
model. The configuration options are explicitly considered in terms of
Zhang and Sargeit developed a general scheduling formu- & Superstructuré,
lation based on a variable event time representation. This The consideration of simultaneous optimization is not an usual
continuous time formulation for scheduling can be easily approach inthe literature. In general, these problems are treated
extended to the design and synthesis of batch plants. Howeverjn separate form: first the plant configuration problem, then
when nonlinear task models (processing time, utility usage, andthe sizing problem, and last the campaign determination
unit availability) and nonlinear capital cost functions are problem. This leads to suboptimal solutions.
considered, a nonconvex MINLP problem will arise. Even for ~ The proposed methodology solves in the first place a relaxed
model where scheduling constraints for mixed campaigns are
*To whom correspondence should be addressed. Feb4-342- not considered with the purpose of obtaining the ratios among
4534451, Fax:+54-342-4553439. E-mail: mmontagna@ceride.gov.ar. the number of batches of the different products considered. With
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Figure 1. Flowsheet of a sequential multipurpose batch plant.

these ratios, it is possible to envisage different campaign 3. Solution Procedure
configurations. Then, it is possible to propose different structures
for the campaign. Taking into account that the approach is
applied to problems with moderate number of products and

stages where the model detail is emphasized, the number o | ) din the introducti ion. S heuristi
campaigns to plan is manageable. solve as it was stated in the introduction section. So, a heuristic

S . . procedure is proposed to solve this simultaneous optimization.

Once the campaign is defined, the appropriate SEQUENCETHe main idea lies in solving first a model without mixed
rE)roduct campaign constraints and then, according to the optimal
number of batches of each product obtained in the first model
solution, determining the possible campaign configurations. For
each campaign configuration proposed, an NLP model is
formulated for the optimal plant configuration obtained in the
first model solution. The heuristic approach is resumed in the
following steps: (i) First, a model whose constraints consider
later model. the design and operation of a multipurpose plant without

The incorporation of an extra plant is considered in this work considering the tasks scheduling constraints is solved. This
to provide the material and power streams that the multipurposemodel is a relaxation of the mixed campaigns problem and is
plant requires, so that these resources are bounded. solved as an NLP problem. The model has an embedded

The objective function employed in this formulation is the superstructure that considers different configuration options for
maximization of the net annual profit as given by the earnings the plant synthesi® The solution of the relaxed model provides
of selling products and savings from unused resources (thosethe estimated number of batches of each product and the plant
produced and available in the mother plant and not used in theconfiguration. (ii) Relationships between the number of batches
multipurpose plant) minus the annualized investment and of each product, which are obtained from the relaxed model,
operating costs. are established, and the possible sequences of the multiproduct

Several examples of different mixed campaigns are stated Campaigns are selected for the plant synthesis obtained in the

for a Torula yeast, brandy, and bakery yeast production plant "elaxed model solution. (iii) For each proposed campaign
to assess the proposed approach. configuration, an NLP problem is modeled and solved. In this

model, a novel set of tasks scheduling constraints are added to
. the relaxed model to ensure that the production processes of
2. Model Assumptions two different products do not overlap in the same unit. In this

The problem considered in this paper has the following way, a model for each _mixed product_camp_aign is f_ormulated
characteristics: (i) The plant has batch and semicontinuous units and solved, for the optlr_nal plant configuration obtame_d from
(i) N roduc'.[s are processed in the plant. (iii) Not all the the relaxed modellsolgtlc.)n, as an NLP. problem. At .thls step,

p P P . plant. (I . the plant configuration is fixed, and the sizing problem is solved.
products follow the same production path, it is a sequential

multipurpose batch plah(see Figure 1). (iv) The production (iv) The campaign with the_ best objective function value is
. chosen as the optimal solution.
path for each product is known. (v) The product demands are . .
. . . The first model represents a relaxation for the second one.
upper and lower bounded. (vi) The processing times are SR .
. . - . T - Therefore, the objective function value of the relaxed model
continuous variables, and the time horizon is given. (vii) The : L
L " solution represents an upper bound for the objective value of
mixing, splitting, and recycle of batches are allowed. (viii) The

production of subproducts is also considered. (ix) The material the mixed product campaign model. In the studied cases

o resented below, the gap between these values is very tight,
and energy resources are bounded. (x) The unit sizes are’ . . .
. A which ensures that the solution obtained for the mixed product
continuous variables.

S . . ) campaign is optimal.
The objective is to determine the optimal plant design and
operation to meet a specified economic criterion.
Figure 1 shows a sequential multipurpose plant where two
products, A and B, and a subproduct of B, product C, are A plant with N; batch units and\i, semicontinuous units is

The simultaneous optimization of the configuration, design,
operation, and scheduling of a sequential multipurpose batch
@lant results in a very large-scale problem and is difficult to

and operation integrated problem of a sequential multipurpose
plant is solved. When alternative campaigns are designed,
changeover times between different products can be considered
The plant configuration obtained in the relaxed model solution
is adopted for the mixed product campaign model; therefore
the alternative configurations remaining are deactivated in this

4. Mathematical Modeling

produced. Product A follows the production path Y U4, considered.N, products are manufactured in the plant not
and U1 receives an extra feeding (blend of batches) and anecessarily following the same production path.
recycled batch from U4. Product B follows the path ©1U2 Both problems (the relaxed one and the problem with

— U3 — U4. At U3, the batches are split to produce product C scheduling constraints) include a detailed modeling for all the
through U5. U3 also has an extra feeding. products and the batch and semicontinuous units.



4.1. Relaxed ModelThe components and total mass balances
at each stage, the connection constraints between stages, an
the design equations for each stage for each product are
considered as a detailed model. If there are recycles or
interconnections between the production processes, as really )
happens in the study cases, also the balances that correspon>2%¢ =
to these connections are considered. Mass balances for som:

units are given by differential equations such as

Cuij _

dt

h(t,x) [Ox Q)
where C,; is the concentration of componemt (biomass,
substrate, product, etc.) at stgge production procesis These
dynamic equations are discretized and included in the overall
model. Note that the discretized equations involve the processing
time of the batch item and the time integration step, all of which
are considered variables. The number of grid points is problem
data, but since the final processing time is variable, the
discretization step length is also an optimization variable
determined according to the final time for each unit. For these
models, the trapezoidal method was adoptdeor example, if

the biomass balance is

dX;
i _
e (:“ij - Uij)xij (2)
whereX represents the biomass concentratiors the specific
growth rate of biomass, andrepresents the biomass death rate.

The corresponding set of algebraic equations is

|
Xi(jp+1) — Xi(jp) + % ((ﬂi(jpﬂ) _ Uij)xi(ij) + (ui(jp) o Uij)xi(jp))
)

wherel is the step length and= 1, ..., P are the grid points.

In addition, for the stages that are shared by several products
the following constraints are considered.

For batch itemj and produci

Vi zV; Li=1,..,N, 0 €EB 4)
For semicontinuous iterk and product
VizVy Oi=1,.,N, UkeES (5)

whereV are the batch and semicontinuous sizes anddfi
ES represent the set of batch and semicontinuous units in the
production path of produdt

Let tj be the processing time for producat stagg, O the
processing time for produdtat semicontinuous stage CT;
the cycle time for the production of produgtand Nb the
number of batches of producover the horizon timéiT, then

(6)
@)

Note that eq 6 defines the time that the batch ymiill be
occupied with produdt which contemplates the material loading
(fi) and unloading i) time if this unit is located between
semicontinuous units. It is worth noting that in this approach it
is assumed that variableg and 8¢ are involved in detailed
submodels, some of them written as differential equations and
included in the actual model as was presented in e¢3. 1

Several consecutive semicontinuous units give rise to a
semicontinuous subtrain. In this paper, only perfectly synchro-

Ty =04+t + 6, 0i=1..,N, 0jcEB
CT,=T, 0i=1,..,N,0cEB,
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Figure 2. In series unit configuration for a batch stage.
nized semicontinuous subtrains are considered, then

Ok = b1 Ui=1..N, (8)
wherek andk+1 belong to the same subtrain.

For productsi that share the unit (i € I;), the following
constraints are considered
Z NbT; < HT 0j=1,.,N, 9)

i€T]

In the same way, for all the produdtshat share the uni (k
e ly

Z Nbo, < HT 0Ok=1,..,N, (10)
1€k

If all the products follow the same production path, then eq
10 becomes redundant because the batch processing time
considers the semicontinuous processing times upstream and
downstream of the batch unit.

A characteristic of this model is that, for certain batch stages,
the number of units in series is a priori unknown. For these
stages, a superstructure that contemplates all the possible
configurations, or those chosen by the designer as feasible, is
'modeled and embedded in the global model. Then, if the stage
is preceded by a semicontinuous unit, the first unit in the series
has to consider the filling time in its operating time or the
emptying time if this stage has a downstream semicontinuous
unit (see Figure 2).

In this case, the cycle time of stagés given by

T, = max{Tj} for eachu € Ny (11)
u
or in a continuous formulation
T, = T, foreachue Ny (12)

whereNu is the set of units in series at stage

To simplify the result analysis, in this work only units in
series are considered as possible configurations. The incorpora-
tion of units in parallel on the superstructure model can also be
done as proposed in Corsano et'&land it does not represent
a model limitation.

The material and energy resourcesrequired for each
production process can be obtained from another plant that
belongs to the same industrial complex called the “mother plant”
or can be imported from another plant. The unused amount of
resources, that is, the amount of that is not consumed by the
multipurpose plant, can be sold to other complexed=2if’,

F'°, andFZ* are the amount per hour of produced, imported,
or exported resourcs, respectively, and ifsj andfsi are the
amount ofs consumed for producing produicat the stag¢ or

k respectively, then
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) N [N fsij N foik
Fo+ FoP = Z Z—+ Z— +F (13)
= \&ECT &CT
The production rate constraints for each product are
NBB; .
WzQi i =1,..., Np (14)
QM=Q =Q™ Hi=1.N, (15)

whereQ; is the production rate of productvhich is bounded
by Q™" and Q™ , andB; is the batch size of product

The selected objective function is the maximization of the
net annual profit (NAP), given by the sum of the earnings from

St. 1 I

5t.2-{

St.3+

St.4

HT
[ Product A
I Product B
Figure 3. Gantt chart for multipurpose plant relaxed model.

design they raise greater challenges than the formulations for

products sales and the exported resources (SI) minus the totakingle campaigns. The first decision to be considered is how
annualized cost (TAC) given by investment (CInv) and operating the multiproduct campaign will be configured. In this work,
(CO) costs. The considered operating costs are the raw materialthis decision is imposed by the designer from the estimation of

power resources, and disposal costs

NAP = SI— TAC (16)

N

P
Sl= Z GBNb + Z GFIPHT (17)
1= S

WhereG; represents the produicsale price ($ tont), B; is the
produced batch of produét(ton), Gs represents the resource
price of s ($ ton™1), andUs is the amount of unused resourse
(ton)

TAC = CInv + CO
Cinv=Cp (5 AVARS Z o VY
J

(18)
(19)

Np

COo=

> GRS

NhRes + HT(Y CIoFI™+
S S (20)

whereCs is the cost of resourcg and Resis the disposal cost
of product processthat varies according to the effluent.
The relaxed model solution provides the optimal plant

the ratio of number of batches of the different products
elaborated in the plant.

Leti' be the product with the small number of batches in the
relaxed model solution. Defing = round(NK/Nb;), as the
rounding of the relation between the number of batches of each
producti and product’, obtained in the relaxed model solution,
so thatr; is a model parameter.

Let Nb be the number of times that the mixed campaign is
repeated. For the mixed campaign model, the following
constraints are imposed

Nb = Nb, 1)

Nb=Nbr, " Oi=1,.,N, (22)
Nb is an optimization variable, since NIs an optimization
variable for each produdt

For example, if three products, A, B, and C, are processed
in the sequential multipurpose plant with, = 100,Ng = 120,
andNc = 310 in the relaxed model solution, then NbNa, rg
=1, andrc = 3, that is, the campaignAB—C—C—C or some
of its permutations is established.

Taking into account that this strategy is applied to detailed

configuration and design and the number of batches of eachmodels with a reduced number of products, this is an affordable

product.

It is worth noting that the relaxed model resembles a single-

method. Therefore, this procedure estimates the proportion
among the number of batches of all products. Different

product campaign one, in which all the batches of a product campaigns can be proposed by the designer.

are processed without overlapping with others products. The

Now, new constraints have to be developed to formulate the

difference is that in the relaxed model, the scheduling constraint different conditions that arise from that type of campaigns. All

of a single-campaign model

Np
CTNb < HT

is not necessarily satisfied because of eq 9.

Figure 3 schows the relaxed model solution of a plant that
processes two products with different production path. The

product A follows the path stage-* stage 2— stage 4, while
the product B goes through stage-1stage 3— stage 4.
4.2. Multiproduct Campaign Model. In many cases, a

stream in the production of a product can be recycled to some

the following constraints are posed for a determined mixed
campaign.

Let SL; be the idle time at unit after processing a batch of
producti and before processing the next batch ang lETthe
cycle time for unitj defined by

(23a)

CT, = Z (T; +SLy) Oi=1...N
1€l;

Analogously

CT,= Z (04 +SLy) Ok=1,...N, (24)
Ielk

previous stage in the process of the same or another product.

In such a case, the single-product campaign is impracticle If there is more than one batch of some product in the campaign,
because the material to be recycled should be stored. In additiorthe processing time and idle time for that product must be added
single-product campaigns require high inventory values, fur- as many times as repetitions occur.

thermore many products cannot be stored because they are If a staggl has more than one unit in series as a result of the
degraded in short time. From the point of view of the model superstructure optimization model performed in the relaxed
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Figure 4. Gantt chart for product productions that follow the same path: case
model, the following constraints have to be added Case ii. If a production path is different, the following
constraints are imposed for two consecutive products with
CT/=Y) (Tj +SL) OueNy (23b) different production paths. Let A and B be two consecutive
I<lj products in the production campaign such that A follows the

pathl — s and B the pathm — s and letJa andJg be the set

. . ; ; of processing units that are utilized in the process production
products will be processed, using the relationship between the ¢ A 41q B respectively: then (a) if the processing order is

nhumber ofbbqtch?s previc()jusly d%t_ermineﬁ. Nex(; th? Const{f‘iﬁtsconserved at stage the following constraint is added to avoid
that must be implemented according to the production path that,_ ¢ superposition at stage

each product follows are settled. These constraints are estab-

The modeler must establish for each unit the order in which

lished for two con_secutive products to ensure that th(_a production Tap+ Skap+ Ty — Tp 2 0 (30)
process of two different products does not overlap in the same el 4.
unit. psj<m psj<s

Because of the ZW transfer policy adopted _
wherep represents the first stage shared by both products. The

CT,=CT, O0=1,..N (25) two first terms indicate that the B process production at stage
. . p begins after the tim&ap + SLap.
CT=CTya Dk=1,...N, (26) Figure 5 shows this situation for the processing of two
CT. = CT, for somej =1, ...,N, andk = 1, ...,N, products, A and B, where the production path of Ais= {1,
! ! (27) 2, 4 and that of B islg = {1, 2, 3, 4, that is,| = 2, s = 4,

. ) i . m = 3, andp = 1, so the equation that must be added is
Suppose that in the production path, the produet 1 is

processed in unjtimmediately after produdgtand both follow Ty +SLy+ Y Tg — Z Ty =0
the pathj — j + 1. Three cases are presented. i ) i !
Casei. If all the products follow the same production path, j=3 j=4

the following constraints are added to the model with the . i
objective of avoiding task superposition at the same processing F19uré 6 shows another case where the sequence order is

unit conserved, but the first processed product has more stages than
the second one aml= 1. The production path for A i§x =
Tiy1j T SL =T, 40t SL 11 {1, 2, 3,4 and that for B islg = {2, 4, that is,| = 3,s= 4,
Oi=1,.,N,—1,00=1,..,N—1 (28) m= 2, andp = 2, and the constraint added is
CT,Nb < HT for somej (29) Tap + Ska, + Z Ty — Z Tp 2 0.
jets j€Ja
The constraints (eq 28) were used by Birewar and Grosstnann 2=j=2 2sj=<4

but with a different definition of the idle time at stageln

their work, they defined S as the idle time between the
batches of productsandk in processing unif. In that model,

the processing times and size factors are fixed; the campaign .
configuration is obtained as a result of the model solution, and Z Taj (TAp +Shap + . TBi) =0 (31)
the model is solved as an MINLP problem. S

(b) If the designer chooses to change the production order at
stages, the constraint that must be added instead of eq 30 is

J€ds

<j<I j<
Since eqs 2527 establish that the unit cycle times are equal, - =
the constraint (eq 29) written for someneans that it will hold In this way, because the processing times are variables, the
for every unitj. distribution will be different. The designer can evaluate both
This first case is shown in Figure 4. solutions and choose the best economical solution as the optimal

It is worth noting that if stagé has more than one unit in  solution.
series (as a result of the superstructure model optimization), Figure 7 shows the scheduling production for two products
for each of these units, the constraints (eq 28) must be satisfied that change the production order. A follows the production path
and CT is defined by eq 23b. Ja =11, 2, 3, 4, while for B, Js = {1, 2, 4, thtis,| =3, s
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Figure 5. Gantt chart for casé-a without changing the production sequence.
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Figure 6. Gantt chart for casé-a withp = 1.
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Figure 7. Gantt chart for casé-b changing the production sequence.

=4,m=2,andp=1. Instage 1 and 2, product A is processed  Case iii. If two consecutive products A and B in the
before product B, while in stage 4, this order is changed. production campaign are such that A follows the patt |

If stages is a semicontinuous unit, eqs 30 and 31 are valid and B the patts — m, no constraints are added because they
in each case, with the reservation tigtrepresents the batch ~ follow independent paths.
processing time with the loading and unloading times, and  All the constraints considered in the different cases are added
therefore, the operating times of the semicontinuous units mustto the previous relaxed model where only the optimal plant
not be added because they are contemplated;jon configuration is active, that is, the plant structure is fixed.

For all the situations described for caseconstraints 28 and
29 must be added for those products that follow the same path5. Study Case, Sequential Multipurpose Plant: Torula
in two consecutive units. For example, for Figure 5 the following Yeast, Brandy, and Bakery Yeast Production Integrated
constraint must be added to a Sugar Plant

SLe. + T =T.. +SL The integration of several processes into a sugar complex is
AL D TBL A2 A2 considered. The sugar plant produces sugar and bagasse for sale,
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Figure 8. Flowsheet for sugar cane complex integration.
Table 1. Decision Variables Description
synthesis design operation scheduling
plant configuration unit sizes batch blending, batch splitting, and cycle time of each
batch recycling flow rates within the production process
same production process
number of units in series heating and flow rate recycles from one process units cycle time

cooling areas to another

blend and recycle allocation power consumption units idle time

(vapor and electricity)

material and energy resources
allocation from mother plant to
the different production processes

stage number of number of batches

distillation column

production rates

component concentrations mixed campaign

configuration
unit processing
times for each product

and molasses, filter juices, vapor, and electricity that are usedproposed by Corsano et #lintegrated to the overall model is

in the derivatives plant. The derivatives plant is a sequential adopted. For a detailed model of the brandy process model, see
multipurpose plant with batch and semicontinuous units to Corsano et al? Therefore, a synthesis, design, operation, and
produce Torula yeast, brandy, and bakery yeast. The bakeryscheduling problem is solved for the sequential multipurpose
yeast is a subproduct of brandy production that is obtained by plant integrated to the sugar plant as an NLP model.

the evaporation and drying of the centrifugation residue of this = £ 1o sugar plant, the model optimizes the amount of

prc_)r(;]ess. Fllgure 8 Sr(]joms th'e.mtegratlé)n S((:jhgrr][ﬁ. | textracted filter juices. The sugar plant is considered as an
€ molasses and TIer juices produced in the sugar plan lexis;ting mother plant, and the amount of extracted filter juices

serve as sugaring substrates for the biomass and alcoho . .
fermentations. In addition, water and vinasses are added to the & Process variable. The production of sugar, molasses, vapor,

fermentation feed. The vinasses are a non-distilled waste ofand electr?city QE_pen(_ds on the amount of filter juice extraction.
brandy production. The electricity generated in the sugar plant I more filter juice 1S extracted, the molgsses and sugar
is used in the centrifuge of the derivatives plant, whereas the produ_ct_lon_s are diminished. The consumpt_|on of vapor and
fermentors, the evaporator, the spray dryer, and the distillation €/€Ctricity in the sugar production process is also decreased,
column consume the steam. In addition, if it is necessary, steam@nd therefore, the amount of electricity and vapor available for
can be imported from other power stations with operative cost derivatives and the bagasse for sale are increased.

imputed on the total annual cost. The vapor and the electricity ~ Table 1 lists the most important synthesis, design, operating,
that are not consumed by the derivatives plant can be sold. Forand scheduling decisions considered in this study case to have
the fermentation stages, the superstructure optimization modela brief view of the model complexity, but in the results, only
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Table 2. Optimal Variables for Sequential Multipurpose Plant

Figure 10 shows the Gantt chart for the relaxed model

Relaxed Model solution.
optimal 5.1. B-T Sequence Campaign for Fermentation Stage and
variable description value T—B for Semicontinuous Stages (B T/T—B). The mixed

Qr Torula production rate (ton ) 1.87 campaign model consists of the relaxed model plus the
Qsy bakery yeast production rate (ton' 1.36 corresponding constraints to the-B campaign for the plant
EET %ar’l]?gtf’;?c‘:]‘fs“o” rate (torrf) 5'231 synthesis obtained in the relaxed model solution. The sizing
Nbe brandy and bakery yeast batches 305 problem is solved in this stage. Becaus_e brandy production uses
CTr cycle time for Torula production (h) 16.0 alcohol fermentors that Torula production does not employ, the
CTs cycle time for brandy production (h) 24.5 sequence campaign at the semicontinuous subtrain (centrifuge,
CTay cycle time for bakery yeast production (h) 11.9 evaporator, and dryer) is changed. This campaign is denoted
NAP net annual profit ($ ht) 6903.

by B—T/T—B. Then, the following constraints are added to the
some of these variables are reported since the objective of thisrelaxed model with the synthesis options fixed. Campaign
paper is to focus the heuristic approach. definition says that the number of batches of B and T must be

The models were implemented and solved in GAR& a the same
Pentium IV, 1.60 GHz. The code CONOPT2 was employed
for solving the NLP problems.

First the relaxed model is solved. Table 2 shows the
description and optimal values for some optimization variables.
Minimum and maximum production rates were fixed for each
product Q™" = 1 ton r* andQ"* =5t h%). Figure 9 shows
the optimal plant synthesis. The fermentation stage configuration
consists of one biomass fermentor and two alcohol fermentors
in series. The fermentors size is upper bounded by 7%0 m

As can be observed in Table 2, the number of Torula batches The subscripts B and T refer to the brandy and Torula production
is 281, while for brandy and bakery Yeast, the number is is respectively, while ferbio, fer_all and fer_al2 represent the
305. So, for the mixed campaign model, the campaign Brandy biomass fermentor and alcohol fermentors 1 and 2, respectively.
Torula (B—T) is proposed, that means, one batch of each The first term in parentheses represents the time needed to
product. It is a reasonable campaign in the sense that the vinassegrocess the brandy batch up to the alcohol fermentation second
produced upon brandy production would be used in the Torula unit, while the second parenthesis represents the time when the
fermentation. The vinasses cannot be stored for long periodsTorula batch finished processing on the centrifuliger arand
of time because of degradation and inventory considerations, Tt femio COnsider the centrifuge loading time; so in the first case,
so campaign BT seems a good option. Tscenmust be subtracted. The units that share both productions

In addition to this campaign, other alternatives can be assessedire the biomass fermentor and the semicontinuous subtrain;
via the addition of the corresponding constraints to the relaxed therefore, no more constraints are added.
problem, as shown below. The results for some optimal variables are presented in Table

According to the proposed methodology, the mixed product 3, and the production schedule is displayed in a Gantt chart in
campaign model adopts the plant configuration obtained in the Figure 11. The optimal design variables are displayed in Table

Nb = Nbg = Nb;
To avoid task overlapping at the semicontinuous train

(TB,ferbio + TB,fer_aIl+ TB,fer_aIZ_ TB,cer) -
(TB,ferbio + SI-B,ferbio + TT,ferbio) =0

relaxed model optimal solution. 7.
Acong = 260 m?
Vg = 155 m®
Feeding Feeding Feeding Tren=5.2h a
Substrates  Substrates Substrates Tecen=5.8h
Ren=845Kw R=425 ERELNERY
l | l | ] ;\lc; E 6.38 m*
m" $ ‘:L cl: @ Teas=18.7h
Bio Alc Alc A.
V=750 m* V=66054m* V=750m" ﬁ
Vi = 557 m® Y
Trseio=10.8h T ferai1 =48 h Tofera2=6.1h (e o
Ta ferbio =9.8 h Al
17.7mh
vinasses
—
L 2 Bakery
Asyap = 265 M Q. i
Tre=5.2h Torula Yeast
Toes=5.8h Dsec=6.7m
T'rdry =52h
Tg dry = 58h

Figure 9. Optimal flowsheet for relaxed model plant design.
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SLgferio = 14.7 h Slaemo=59h
Bio. Fer.
Alc. Fer. 1 -
Alc. Fer. 21 ————
i 281 times
Semicont SLg semicont = 18.7 h P05 Umen
Subtrain | Y S5 RN AN RN
Distill. - |
[ [
! CTz=24.5 !
|
Time (h) '

‘\\\ Material loading and unloading of semicontinuous units
[ Brandy — Bakery Yeast production

I Torula Yeast production
E—— Loading and unloading times
iy Idle times
Figure 10. Gantt chart for Torula yeast, bakery yeast, and brandy production relaxed model.

Bio. Fer__l
; Slpferan =13.1h

Alc. Fer. 1 o 342 times
Sll-BferaQ—?STh il el i

Alc. Fer. 2 S|
\SLB.semIconr =13h \
Semicont A \\A AR Q|
Subtrain |~ < N ~
T -
CT. % J \ \
Distill. - 4
i CTs = Toais i
HT
\ Material loading and unloading of semicontinuous units
[ ] Brandy — Bakery Yeast
[ Torula Yeast
E——— Loading and unloading times
Fsnaany Idle times (SL”)
Figure 11. Gantt chart for B-T/T—B mixed product campaign.
Table 3. Optimal Variables for the B—T/T —B Model The objective functions of relaxed and mixed-product cam-
optimal paign models are not comparable because of the fulfillment of
variable description value constraints 9 and 10 in the relaxed model do not imply that the
Or Torula production rate (tonH) 22 total production of Torula yeast, brandy, and bakery yeast hold
Qv bakery yeast production rate (tont}) 1.38 in the horizon time. In this case, for the relaxed model solution
brandy production (tont) 5.00
Nb no. of times that the mixed campaign is repeated 342 — —
CTr cycle time for Torula production (h) 12.4 CTg Nbg + CTy Nby = 24.5x 305+ 16 x 281=
CTs cycle time for brandy production (h) 22.0 11968.5= 7500=HT
CTay cycle time for bakery yeast production (h) 9.6
NAP net annual profit ($ ht) 6890.

However, the total production of Torula yeast, brandy, and
A novel result of this sequential multipurpose plant model bakery yeast is completed in the mixed product campaign model

with the mixed-product campaign is the fact that because somein 7500 h (HT) because, for all the stages, the cycle time is 22

units are not used by all products, the operating times of suchh and the campaign is repeated 342 times.

stages are larger, and therefore, the operating and investment Table 4 shows the processing and idle times.

costs of these stages are reduced. This means that a better use 5.2. B-T Sequence Campaign for All the Stagesin this

of equipment is achieved, as occurs at the distillation stage. Thisexample, a change is introduced with respect to the previous

would not happen if the process adopts a single-product one. In the semicontinuous subtrain the same sequence as in

campaign, which is usually the case. the other stages is employed.
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Table 4. Processing and Idle Times for the B T/T —B Campaign

Table 5. Processing and Idle Times for the BT Campaign

brandy Torula brandy Torula
processing idle processing idle processing idle processing idle
time (h) time (h) time (h) time (h) time (h) time (h) time (h) time (h)
biomass 9.6 0 8.7 0 biomass 8.9 1.1 10.8 0
fermentor fermentor
alcohol 8.9 13.1 alcohol 5.9 17.3
fermentor 1 fermentor 1
alcohol 3.6 13.1 alcohol 3.6 17.2
fermentor 2 fermentor 2
semicontinuous 5.3 13.0 3.7 0 semicontinuous 2.4 0 2.4 18.4
subtrain subtrain
distillation 16.7 0 distillation 20.8 0

aWithout consideration of the loading and unloading times aWithout consideration of the loading and unloading times.

For this campaign the following constraints are added to the the number of batches of Torula and brandy products previously
relaxed model: The campaign definition is determined. However, it is solved to assess the effectiveness of
. . the proposed strategy.

Nb = Nbg = Nby For this campaign, two consecutive batches of brandy are
processed, and one Torula batch is processed. Therefore,
superposition of tasks must be avoided in the alcohol fermentors
and distillation stage between the two brandy batches and in
Too  4+SLae +Teo . —T _ the semicontinuous _subtraln be_tween the brandy and Torula
(T fervo g ferbo + Tfervio ~ Tr.cen batches. The following constraints are added to the relaxed

model with the plant configuration fixed to the optimal

(TB,ferbio + TB,fer_aIl+ TB,fer_aZ) =0
) . . configuration obtained in the relaxed model solution:
The first term in parentheses represents the time when the brandy To define the campaign

batch arrives to the centrifuge, while the second one is the time

where Nig and NIy are variables.
To avoid task overlapping at the semicontinuous train

when the Torula batch leaves the centrifuge. Nb = Nb;
The model is solved for the same production rates as the
B—T/T—B campaign to establish a comparison. The optimal Nb = 1/2Nbs

solution for this sequence campaign increases the investment

cost by 7% and the idle times by 30% for the same production where Nl and Nl are variables. To avoid the task overlapping

rate. Table 5 shows the processing and idle times, and Figureat the first alcohol fermentation stage of the brandy
12 shows the Gantt chart for the-B campaign. The optimal

design variables values are displayed in Table 7 and the
economical results in Table 8.
As can be seen from comparing Tables 4 and 5, the To avoid the task overlapping at the second alcohol fermentation
semicontinuous subtrain processing time is shorter than that instage of the brandy
the previous case, so the equipment sizes are increased and the
TB,fer_aIl+ SLBl,fer_allz TB,fer_aI2+ SLBl,fer_aIZ (32)

investment cost is increased too. The negative terms in Table 8
To avoid the task overlapping at the distillation stage of brandy

TB,ferbio + SI-Bl,ferbio = B,fer_all+ SI-Bl,fer_all

mean that there is unused electricity that is sold to increase the
profit.
5.3. B-B—T Sequence Campaign for All the StagesThis

mixed product campaign does not adjust to the ratio between Toter_aiz T Slaifer a= To,dis T Ska,dis

SLg fertia = 1.1 1

Bio. Fer |

Alc. Fer. 11 321 times

Alc. Fer. 2 1

Semicont,
Subtrain T

Distill.

CTy = Ty

\ Material loading and unloading of semicontinuous units
[ Brandy — Bakery Yeast

I Torula Yeast
E=——=] Loading and unloading times

ey Idle times (SLy))
Figure 12. Gantt chart for B-T mixed product campaign.
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Table 6. Processing and Idle Times for the BB—T Campaign Table 8. Economical Comparison between Different Campaigns
Torula brandy B—T/T-B B-T B—-B-T
processing idle processing idle idle Campaign _ campaign _campaign
time (h) time (h) time (h) time 1 (h} time 2 (hy investment costs ($1)

- biomass fermentors 68.27 68.27 68.27
?e"r’r':]‘;f;r 102 0 5.6 0 0 alcohol fermentors 29.22 29.69 22.19
alcohol 5.1 05 13.3 centrifuge 20.62 27.94 26.61
fermentor 1 ’ : ’ evaporator 22.94 28.13 27.29
alcohol 37 05 13.3 dryer 58.26 76.9 71.98

: : : distillation 117.11 117.56 147.35
fermentor 2
semicontinuous 2.6 13.8 1.4 4.2 0.6 operating costs ($1)
subtrain inoculums 78.11 65.04 150
distillation 4.2 0 12.8 water (fresh and cooling) 31.33 33.23 33.56
vinasses disposal 16.65 17.34 25.45
a|dle time after first batch? Idle time after second batch. profit for salepof —~10.70 —44 —5.74
. . ) ) ) d electricity ($ht
Table 7. Optimal Design Variables for Sequential Multipurpose tot;n(lésfrl)e ectricity ($1) 431.81 459.71 566.97
Plant Models ' ' '
" B-T/T-B B-T B—B-T For the B-B—T campaign, the optimal solution is worse by
' unt campaign _ campaign _campaign about a 31% than the objective function obtained in section 5.1
b:OTT"anISf fermetnt"fl(?‘%) Zg‘l) o gf_f; . 73?& . for the same production rate. Table 6 shows the processing and
alconol fermentor . . . . . . . .. .
alcohol fermentor 2 () 7248 750 3915 idle times for Fhls campaign. As can be observed, t_he distillation
centrifuge (Kwh) 118.3 184.5 172 processing time is redyced more than three times, so the
evaporator (1) 389 571.4 539.61 investment cost is also increased (Table 8). The unit sizes for
g_ryt_élg (m of diameter) 7.2 13. 11.3 this campaign can be observed in Table 7. The total idle time
istillation P 0, H H
condenser area @ 305.6 2723 715.7 is mcrelased by 26%. Figure 13 shows the Gantt chart for this

evaporator area (fp 180.8 161.1 423.4 example. . . .

stages number 9 10 9 Because the earnings for sales are the same in all cases since

reflux ratio 5.18 55 5.66 the production rates are fixed to the optimal value obtained in
transversal column area fn ~ 7.53 6.71 17.64 example 5.1, Table 8 compares the investment and operation

. . costs of the three campaigns. In all cases, there is unused
To avoid the task over!applng betyveen the secopd brandy batCheIectricity that is considered to be a benefit.
and the Torula batch in the semicontinuous train Another disadvantage of this campaign is that the biomass
fermentor is suboccupied in brandy production (the brandy batch
(2T ferbio T Sl ferbio + Skez ferbio T T ferbio ~ T.cen ~ size in biomass fermentor is 308.64%nwhile the biomass
(2Tg terbio T Slaa ferbio T Toiter an T Tofer ad = O fermentor size is 750 frbecause it reaches this value for Torula
production). This occurs because the same production rate that
Slgyunit and Slso,unit represent the idle time after the first and first was reached in a batch now is reached in two batches.
second brandy batches, respectively, in the campaign at that Only the alcohol fermentation stage is cheaper in this case
unit. because the unit sizes are smaller. This occurs because each
It is not necessary to add constraints to avoid task overlapping brandy batch size is smaller since two batches are processed.
between the two consecutive Brandy batches at the semicon- Table 7 shows the unit sizes for the different studied
tinuous subtrain because the second alcohol fermentor considerexamples.
the centrifugation time that represents the fermentor unloading Table 9 presents the solution times and the number of
time. Therefore, eq 32 ensures that there will not be task variables and constraints of each studied case. The reduction

overlapping in the semicontinuous subtrain. of the variables and constraint number in mixed-product
|« i >

Bio. Fer. -

Alc. Fer. 1 -
SLizier atz= 0.5 h

Alc. Fer.2 305 times

Semicont |

Subtrain

Distil. - B Y 0 SUUTTEHEEE B OSSO iliiihsssssssy

Slpzai=12.8h

HT=7500h
[ Brandy — Bakery Yeast

[ Torula Yeast
E=——H Loading and unloading times
[ES5S Idle times (SL)
Figure 13. Gantt chart for the BB—T mixed product campaign.
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