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The interest on renewable fuels has greatly increased in the last years. Particularly, ethanol production
arises as a good solution to many current economic-environmental problems. Yeast production from the
ethanol residuals constitutes a sustainable alternative. Usually, this kind of plants is designed using single
product campaigns. However, since yeast degradation is fast and a continuous supply must be assured,
the mixed product campaign policy is the most appropriate. Besides, a stable context can be assumed to
justify this approach that takes advantage of the special structure of the plant. Therefore, in this paper,

Keywords". . . a mixed integer linear programming model is formulated for simultaneous design and scheduling of a
Batch/semicontinuous plant design . . . . . . .
Scheduling semicontinuous/batch plant for ethanol and derivatives production. The optimal plant configuration, unit

Ethanol and yeast productions sizes, number of batches of each product in the campaign and its sequencing is obtained in order to fulfill

Mixed integer linear programming

the ethanol and yeast demands minimizing the investment cost.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Ethanol production is motivated by the use of renewable energy
and, among bio-fuels, it is considered the most appropriate solu-
tion for short-term gasoline substitution (Zamboni, Shah, & Bezzo,
2009). Several countries are promoting the production of ethanol
for fuel blending, but the implementation of this policy entails the
expansion of existing plants and construction of new facilities.

Ethanol production generates residuals (Mele, Kostin, Guillén-
Gosalbez, & Jiménez, 2011) that must be treated or reutilized in
order to minimize the environmental impact caused by their dis-
posals. Producing yeast from the ethanol residuals constitutes a
sustainable alternative. Two kind of yeast are possible derivatives
from ethanol: torula yeast for cattle feeding produced with the
non-distilled remainder called vinasses, and bakery yeast obtained
by evaporating and drying the wet solids from the centrifugation
operation. Nevertheless, due to yeast degradation, these products
cannot be stored and therefore the approach using single product
campaign (SPC) is not appropriate to plan the production over the
time horizon.

The inherent operational flexibility of multiproduct batch plants
gives rise to considerable complexity in their design. Many times,
scheduling strategies are not incorporated or well integrated
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to the formulation. Even though SPCs are not appropriate, for
example when perishable products must be supplied during the
entire time horizon, they were widely used in the literature since
the model resolution is simplified, focusing on the sizing prob-
lem (Grossmann & Sargent, 1979; Patel, Mah, & Karimi, 1991;
Pinto, Montagna, Vecchietti, Iribarren, & Asenjo, 2001; Salomone,
Montagna, & Iribarren, 1994; van den Heever & Grossmann, 1999).
Barbosa-Pévoa (2007) presented a complete review where the
characterization of design problem is made and the key decisions
and elements involved are identified. She emphasized that the
design with detailed structural and operational aspects is not yet
fully explored. The joint resolution of both problems, design and
scheduling using mixed product campaigns (MPC), is very difficult
since the plant configuration must be usually known for a suitable
process scheduling.

Many times, forecasting cannot assure appropriate demand val-
ues. However, in the considered problem, a stable context allows
to forecast demands and scheduling decisions can be incorporated
to the design problem.

Batch process scheduling has been extensively researched over
the past decades and, nowadays, it attracts the interest of both
academic and practitioners’ communities. Interesting reviews on
short-term scheduling of batch processes have been reported
by Pinto and Grossmann (1998), Kallrath (2002), Floudas and
Lin (2004, 2005), Méndez, Cerda, Grossmann, Harjunkoski, and
Fahl (2006), and Pan, Li, and Qian (2009). In particular, Méndez
et al. (2006) have presented a very detailed review of numerous
modeling and optimization approaches based in Mixed Integer Lin-
ear Programming (MILP) methods, considering the computational
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performance, capabilities and limitations of the resulting opti-
mization models. Also, other modeling and solution paradigms,
including Meta-Heuristics (Genetic Algorithms, Simulated Anneal-
ing, Tabu Search, etc.), Constraint Programming, and Artificial
Intelligence techniques, among others, have been discussed by
these authors.

There have been some attempts for incorporating scheduling in
design models. A particular approach for ethanol and yeast produc-
tions was presented by Corsano, Montagna, Iribarren, and Aguirre
(2007). They formulated a heuristic strategy for the design of a
special type of multiproduct plant with semicontinuous and batch
stages, where the production scheduling is considered through
MPCs. They addressed a two stage methodology, where non lin-
ear programming (NLP) models were solved at each stage. In the
first stage, a detailed NLP model for the simultaneous solution of
the synthesis and design problems considering SPC is solved. Then,
taking into account the ratios among the numbers of batches of the
different products obtained in the first stage, different MPC con-
figurations are recommended by the designer in the second stage.
Next, using the optimal plant configuration obtained from the pre-
vious model and for each proposed MPC, a new NLP model allows
solving the sizing problem. The best solution is determined after
solving several models, comparing them and selecting among the
proposed MPCs. In this way, the number of batches of each product
and the batches sequencing in each campaign are predetermined.

Despite the importance of integrating design and scheduling
decisions, there are few published works that jointly consider
these issues. Birewar and Grossmann (1989) considered schedul-
ing constraints for simple plants with only one unit per processing
stage in order to determine the cycle time of the campaign. They
presented formulations for Unlimited Intermediate Storage (UIS)
and Zero wait (ZW) storage policies. In a later work they consid-
ered simultaneous synthesis, design and scheduling in a Mixed
Integer Non Linear Programming (MINLP) formulation (Birewar &
Grossmann, 1990). However, unit duplication was not considered
for the ZW policy formulation. Then, Voudouris and Grossmann
(1992) simplified this approach considering a set of available dis-
crete sizes for the potential equipment to be installed in order
to obtain linear formulations. Later, these authors extended that
approach in order to incorporate parallel units. However, this
last proposal was limited with an approximation for the cycle
time (Voudouris & Grossmann, 1993). Pinto, Barbosa-P6voa, and
Novais (2005) presented a mathematical approach for the design
of all equipment structures, network circuits and the associated
plant operation scheduling, applying the Resource-Task Network
(RTN) methodology. The authors analyzed the tradeoffs between
capital and production costs, revenues and operational flexibility,
for the design and retrofit of periodic multipurpose batch plants
problems.

Voudouris and Grossmann (1996) defined a special class of mul-
tipurpose batch pants: sequential multipurpose batch plants. These
are plants where all batches follow the same direction throughout
the stages although some of them might be skipped. In this work, in
particular, the design problem is considered for this kind of plants
where scheduling aspects are tightly coupled. As will be shown
through examples, the utilization of MPCs avoids relatively long
idle times and significant overdesign of the plant.

This approach is formulated for a plant that produces ethanol
and two type of yeast: for cattle feed sharing with ethanol produc-
tion some of the processing units, and yeast from the wet solid of
the centrifuge residue in ethanol production. Due to yeast degra-
dation is fast and a continuous supply must be assured, the MPC
policy is the most appropriate for these productions. Also, this pol-
icy allows reducing the idle times, caused by the difference among
processing time and different processing routes for products, and
avoids unit sizes overestimation.

The number of parallel units out of phase for batch stages, unit
sizes, product batch sizes, the number of batches for each productin
the campaign and production sequence on each unit is determined
in order to fulfill the product demands in the time horizon. The
model involves fixed processing times and size factors.

The objective function minimizes the investment cost. In order
to avoid non linear formulations, the assumption of discrete sizes
for semicontinuous and batch units (which is the usual commercial
procurement policy), and a maximum number of batches of each
product in the campaign are adopted.

The proposed MILP model is a novel approach where the simul-
taneous optimization of design and scheduling considering MPCs,
for a multiproduct semicontinuous/batch plant, can be solved to
global optimality with reasonable computational effort. Although
the proposed formulation is focused on ethanol and yeast pro-
ductions, this approach can be extended to similar industries, for
example food and pharmaceuticals, with similar conditions and
contexts.

The remaining of the paper is organized as follows. Section
2 presents the definition of the problem under study. In Section
3, the mathematical formulation is posed for a general semicon-
tinuous/batch plant while in Section 4 a particular case study is
addressed and solved. Finally, the main contributions and conclu-
sions of the work are drawn in Section 5.

2. Ethanol and derivatives plant: process description

The plant under study is a sequential multipurpose plant
(Voudouris & Grossmann, 1996), involving semicontinuous and
batch stages, dedicated to ethanol, torula yeast, and bakery
yeast productions. Fig. 1 shows the plant flowsheet. It is worth
mentioning that the plant operates in two different modes: to
simultaneously produce ethanol and bakery yeast, and to produce
torula yeast.

The processing stages for ethanol production are the inocu-
lation preparation (biomass fermentation), alcohol fermentation,
centrifugation and distillation. For alcohol fermentation, two units
in series are used in order to obtain higher alcohol yields according
to Corsano et al. (2007). The batch distillation is a combination of
two batch items: the distiller feed vessel and the distillate tank;
and three semicontinuous items: the evaporator, the condenser
and the column itself. Bakery yeast is a by-product of ethanol pro-
duction which is obtained through evaporation and drying of the
centrifugation residue of this process. In other words, the ethanol
fermented broth is centrifuged, separating solids and liquids. The
solids are evaporated and dried for producing bakery yeast while
the liquids are distillated for producing ethanol. Torula yeast is used
for cattle feed and it is obtained through biomass fermentation,
centrifugation, evaporation and drying stages. The batch stages are
biomass and alcohol fermentations, and distillation, while centrifu-
gation, evaporation and drying make a semicontinuous subtrain.
The number of parallel units for each batch stage is a decision
variable, while only one unit is used for semicontinuous stages.

In this work, fixed size factors and processing times are adopted.
The value for each model parameter was estimated from Corsano
et al. (2007) for a similar plant where no scheduling constraints
were considered, in such way that the production stages are decou-
pled among them. From the optimal solution of that approach,
the size and duty factors, as well as the processing times were
obtained. That formulation involved detailed units performance
models, where batch blending is allowed, operating variables are
considered through differential equations, and the process synthe-
sis, design, and operation are simultaneously optimized in such
way that different tradeoffs among decision variables are assessed.
Therefore, the process recipe for the model proposed in this paper
is obtained from the optimization of a detailed formulation.



344 Y. Fumero et al. / Computers and Chemical Engineering 36 (2012) 342-357

Batch Biomass Batch Alcohol Batch Alcohol
Fermentation Fermentation 1 Fermentation 2

: B

. . : Condenser :
Semicontinuous z H
: H

Centrifugation : :
| | | : 7> Ethanol
————> H = H
cL: clo c:l:> @ : Distillate &
> : Tank H
A‘ H
( y Y
{ Distiller Feed
H Vessel :
i g — i
Evaporator
Batch
Distillation
Semicontinuous Semicontinuous
Evaporation | Spray Drying

Bakery Yeast

‘Torula Yeast

Fig. 1. Ethanol plant flowsheet.

From the design point of view, the units of batch and semicon-
tinuous stages have to be sized and the number of parallel units
operating out-of-phase for each batch stage must be determined.
Taking into account that batch distillation stage consists of five dif-
ferent units, for their sizing, these units are treated as individual
stages. However, if distillation stage is duplicated, then all the distil-
lation items are duplicated with identical sizes. On the other hand,
from the scheduling point of view, the considered stages are five
because two reasons: centrifugation, evaporation and drying form
a semicontinuous subtrain and therefore they have the same pro-
cessing time; and distillation processing time is unique for all the
items involved in it.

3. Model formulation

In this section, a general model for simultaneous design and
scheduling of a semicontinuous/batch plant is formulated. Then, in
Section 4, the model is applied to the ethanol plant defined in the
previous section.

The considered plant is composed by | processing stages, and
a set of I products is elaborated in the plant. Taking into account
that not all products follow the same production path, the sets EB;
and ES; represent the batch and semicontinuous processing stages,
respectively, utilized for the manufacturing of product i.

For each batch stage j, jeEB;, unit duplication is admitted
and a maximum number K; of parallel units can be allocated in
stage j. It is assumed that the parallel units in each stage are
identical and that the unit sizes are restricted to take discrete
values. Following the usual procurement policy in this industry,
a set SV; = { VFj;, VFp, ,VFjpj} is provided, where VF;, repre-
sents the discrete size p for batch equipment of stage j and P
is the given number of available standard sizes for stage j. In a
similar way, for each semicontinuous stage j, j € ES;, the semicon-
tinuous unit sizes are restricted to take values from the set SR; =
{RFj1, RFjp, ..., RFij}, where RF;, represents the discrete size m for
semicontinuous equipment of stage j and M; is the given number
of available standard sizes for stage j. From the mathematical point
of view, these assumptions allow a MILP formulation for the design
model and has been used by authors as Voudouris and Grossmann

(1992, 1993, 1996), lerapetritou and Pistikopoulos (1996), Tan
and Mah (1998), Maruejouls, Azzaro-Pantel, Schirlin, Pibouleau,
& Domenech (2002), and Dietz, Azzaro-Pantel, Pibouleau, and
Domenech (2005).In this way, arealistic design case is posed, which
can be solved to global optimality with reasonable computational
effort.

In this paper, consecutive semicontinuous equipment items
constitute a semicontinuous subtrain, i.e. a series of semicontinu-
ous units with no batch unit or intermediate storage among them.
All the units belonging to the subtrain must operate for the same
length of time to avoid accumulation of material. Due to material
degradation, no intermediate storage tanks are allocated between
stages and the material processed in a unit of a stage is imme-
diately transferred to a unit of the next stage. Therefore, the ZW
transfer policy between stages is adopted. For the studied plant,
the stages shared by both products process similar material. Then,
sequence-dependent changeover times can be the same for all pos-
sible sequences. Therefore, the changeover time can be included in
the processing time.

The processing time of product i at stage j, tj;; the size factor of
product i in batch stage j, SFy;, for j € EB;; the duty factor of product
i in semicontinuous stage j, Dj;, for j € ES;; and the demand of each
product i, Q;, over the time horizon H, are model parameters. As
the plant is multipurpose, if a product is not processed in a specific
stage, then its processing time and size/duty factor are zero at that
stage.

During the time horizon H the plant operates in MPC mode, i.e.
the production campaign, composed by a set of batches of the dif-
ferent involved products, is cyclically repeated over H. Taking into
account that the number of batches of each product i is a decision
variable, the composition of the campaign is unknown a priori. Only
upper bounds for the number of batches of each product i in the
campaign are proposed. If BI; denotes the set of batches proposed
of product i in the campaign, and I; represents the set of products
that stage j can process, then, the maximum number of batches
of product i in the campaign, NBC/?, is |BI;| and, the maximum
number of batches that can be processed in stage j is Y. _, |BIil,

. UP
i.e. ZieleBCi .

ielj
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Production scheduling in sequential multipurpose plants is both
a complex and critically important optimization problem. In this
work, taking into account that it is considered through MPCs, the
number of times that the campaign is repeated over the time
horizon also must be determined. In order to eliminate idle time
between campaigns as much as possible and taking into account
that units can be duplicated in each stage, the simultaneous pro-
duction of batches of consecutive campaigns is allowed. Therefore,
the number of times that the same production sequence can be exe-
cuted during the available time horizon is determined considering
the cycle time of the campaign. Hence, the initial and final times
of the campaign in each unit must be calculated and consequently,
the units of each stage must be treated as individual units.

An asynchronous slot-based continuous-time representation
for modeling the assignment of batches to units is appropri-
ate for dealing with sequential batch processes (Erdirik-Dogan &
Grossmann, 2008; Méndez et al., 2006; Pan et al., 2009; Prasad &
Maravelias, 2008). This representation requires postulating a priori
an appropriate number of production slots for each unit that inte-
grates the plant (Lim & Karimi, 2003; Susarla, Li, & Karimi, 2010).
In this case, this is a not trivial decision because the number of
batches of each product in the campaign composition is a model
variable. Then, a novel expression for the number of slots postulated
for each unit, which guarantee the optimality of the solution and
significantly reduce the computational effort, is presented below.

In summary, the problem consists of determining:

(1) The configuration of the sequential multipurpose plant, i.e. the
number of parallel units in each stage, and batch and semicon-
tinuous unit sizes.

(2) The number and size of the batches for each product.

(3) The composition of the MPC, i.e. the number of batches for each
product in a campaign.

(4) The assignment of batches to units in each stage, production
sequence on each unit, and initial and final processing times
for the batches that compose the MPC in each processing unit.

(5) The number of times that the campaign is cyclically repeated
over the time horizon.

The problem goal is to minimize the plant investment cost while
fulfilling the product demands in the available time horizon.

Following, a MILP mathematical formulation to simultaneously
solve the design and scheduling problems of a sequential multipur-
pose plant, considering MPCs, is described.

3.1. Design constraints

In this section, design constraints are posed. As the number of
allocated units to each batch stage is a design decision, the following
binary variable is defined:

— 1 if unit k of stage jis employed
&= 0 otherwise

Without loss of generality and in order to reduce the search space,
it is assumed that available units for each batch stage are utilized
in ascending order. Then, the following constraint establishes that
unit k+1 is only used if unit k has been already allocated:
Zik>Zjgyr Vi, 1<k<K—1 (1)
Given that the binary variable z;, determines if unit k is allocated
in batch stage j, then, their sum over k gives the number of units
assigned to stage j.

The sizing equation described in the general literature on batch
process design (Biegler, Grossmann, & Westerberg, 1997) defines

the batch unit size at stage j, V}, in terms of the size factor, SF;;, and
the batch size, B;, for each product i processed at this stage, namely:

Vj > SFijBiv Vl, jE EB,‘ (2)

As size factor SF;; represents the required size in stage j to produce
a unit of mass of final product i, the right-hand side represents the
minimum capacity required at stage j for production of product i.
Then, Eq. (2) guarantees that the unit sizes of stage j will be large
enough to process all products.

For each semicontinuous stagej, the unit size is a processing rate,
R;, defined in terms of the duty factor, Dj;, a constant equivalent to
the size factor, the processing time, tj;, and the batch size, B;, for
each product i processed at this stage, that is:

Dj; .
R; B;, Vi, jeES; (3)

> U
J = t[]

The total number of batches of product i in the time horizon
H, symbolized by NB;, depends on the product demand Q; and the
batch size B;, and is defined by:

NB; = Q& (4)

Let NC and NBC; be the decision variables corresponding to
the number of times that the mixed campaign will be cyclically
repeated over the time horizon H and the number of batches of
productiincluded in the campaign, respectively. Then, NCis related
with the variables NB; and NBC; by the following expression:

NBC,NC = NB;, Vi (5)

By substituting Egs. (4) and (5) into Egs. (2) and (3), the following
nonlinear inequalities are obtained:

SFiQ .

Vi= §gone: b J€EB (®)
D;Q; .

. v .

R > [ NBGNC i, JeES; (7)

In order to determine the number of batches of product i that com-
poses the production campaign, the following binary variable is
defined:

X — 1 ifnbatches of product iare processed in the campaign
M=) 0 otherwise

The following constraint is posed to ensure that exactly one option
is selected:
npcPP

Z Xp=1, Vi (8)
n=1
Therefore,

NBCI,UP

Z nxi, = NBC;, Vi (9)
n=1

As it was pointed out at the beginning of this section, the unit
sizes V; and R; are available in discrete sizes, which correspond to
the usual commercial procurement of equipment. Then, the fol-
lowing binary variables are introduced to select a discrete value for
each variable:

e — 1 if units of batch stage j have size p
P71 0 otherwise

S 1 if units of semicontinuous stage j have size m
Jm= 1) 0 otherwise
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Then, the size of equipment in batch stage j is given by:

V= Zu]p oo Vi € UEB; (10)

whereas in semicontinuous stage j is given by:
R = ermRij, Vj € UES; (11)
m
where
Zvjp =1, VjeUEB (12)
1
p
and
erm =1, VjeUES (13)
1
m

In this way, by substituting Egs. (9)-(11) into Eqgs. (6) and (7), the
following constraints are obtained:

NBC”"
SF,
NC > ZZ ”Q‘u]pxm, Vi, j € EB; (14)
NBC”"
NC > Zzt rjmxin, Vi, j € ES; (15)
U
m n=1

These constraints are nonlinear due to the bilinear products
VjpXin and IjmX;. Then, in order to eliminate these nonlinearities,
new binary variables are defined:

S 1 if both vj, and x;, are 1
UM 71 0 otherwise

T { 1 ifboth Tjm andx;, are 1

ymn 0 otherwise
In order to enforce its values, the following conditions are added:
Wijpn = Vjp +Xin — 1, Vi,jeEB;,p, 1 <n < NBC’P (16)
Ujjmn > Tjm +Xin — 1, Vi,jeES;,m, 1 <n < NBC’P (17)

and taking into account Egs. (8), (12) and (13
straints must be satisfied:

), the following con-

NBC].UP

ZZWUPHZL Vi, j e EB; (18)

p n=1

NgcoP
DO ujm =1, VijeEs; (19)
m  n=1

Consequently, Egs. (14) and (15) are reduced to the linear inequal-
ities:
NgcP

SF;Q; .
NC > Z Z T i Vi, j c EB; (20)
NBC”P

DUQz
NC = Z Z t;RFjmn Wijmn,

As the campaign is cyclically repeated over the time horizon H,
then the campaign cycle time, CTC, multiplied by the number of

Vi, jeES; (21)

times that it is repeated cannot exceed the available time horizon.
Therefore, using Egs. (20) and (21):

NBCUP
SF;
CTCZ Z "Q‘w,jpn <H, Vi,jeEB; (22)
NBCUP
CTCZZ D@y Vi, j e ES; (23)
tRFn omn =10 i

In order to avoid the nonlinearities in Egs. (22) and (23), new non-
negative continuous variables wwyj,, and uujy,, are considered to
represent the bilineal terms w;;,CTC and u;jm,CTC, respectively
(Voudouris & Grossmann, 1992). Substituting in Egs. (22) and (23),
the following expressions are obtained:

NBCUP
SF;
Z Z "Q’WWWM <H, Vi, jeEB; (24)
NBcYP
UQ; -
Z Z GR uu,-jmn <H, Vi, jeES; (25)
where the following constraints must be also considered:
NBcUP
Z Z WWjjp, = CTC, Vi, j e EB; (26)
p n=1
NBcYP
Z Z Ul = CTC, Vi, j € ES; (27)
m n=1
WWijpn < CTCY iy, Vi, j€EB;, p, 1 <n < NBCP (28)
Ulljjmn < CTCYPujjpny, Vi, jeES;, m, 1 < n < NBCPP (29)

where CTCUP represents an upper bound for the variable CTC.
3.2. Scheduling constraints

3.2.1. Slot-based representation

An asynchronous slot-based continuous-time representation
for modeling the assignment of batches to units is employed. The
slots correspond to time intervals of variable length where batches
will be assigned, and in this case, the set of postulated slots can dif-
fer from one unit to another. In each slot [ of a specific unit k at most
one batch can be processed, and, if no product is assigned to slot [,
its length will be zero. Taking into account that the cycle time must
be determined, the initial and final operation times of the first slot
and last slot assigned to each unit, respectively, must be calculated.

In order to reduce the search space, it is assumed that slots of
eachunitare utilized in ascending order, that s, slot [ + 1 is only used
if slot [ has been already allocated. Hence, the slots of zero length
take place at the end of each unit. Moreover, taking into account
that for each stage all parallel units are identical, it is assumed that
the number of processed slots in a unit is greater than or equal to the
number of processed slots in the following unit (Fig. 2). Since com-
putational performance of model strongly depends on the number
of slots postulated for each unit, the previous assumptions allow
proposing a tighter number of slots for each unit, without lead to
suboptimal or unfeasible solutions.

As previously mentioned, the slots of each unit are utilized in
ascending order. Besides, between two consecutive units of a same
stage, it is established that the number of processed slots in the first
unit is greater than or equal to the number of processed slots in the



Y. Fumero et al. / Computers and Chemical Engineering 36 (2012) 342-357 347

Slot 1 Slot 2 Slot 3
|

Slot 2 Slot 3
L 1 1]

Batch Slot | Slot 2

Stagej | 3 e 2
Stot 1 Shot 2

(K,=4) 4 E 7

T >
0 \ j Time

Initial processing time Final processing time
for slor 1 of unit 4 for slot 1 of unit 4

[ Product A
Product B

El Product C
Product D

Fig. 2. Asynchronous slot-based, continuous-time representation.

next unit. Then, the tighter maximum number of slots postulated
for unit k of stage j, Ly;, is specified by the following expression:

> NBCYP

ielj

L = — |- Vi, 1<k <K; (30)

where [-] is integer part operator, i.e. the greatest integer not
exceeding the argument.

This novel rule, based on the number of batches admitted to be
processed in stage j and the order of unit k of that stage, allows solv-
ing the model in reasonable time, keeping its global optimality. For
each stage j, the number of slots considered for the first unit coin-
cides with the maximum number of batches that can be processed
in this stage. In fact, if the optimal plant configuration consists of
exactly one unit in stage j, i.e. z;;=1 and z;=0 for 2 <k <K;, and
if the number of batches processed for all products is the max-
imum one, then, ZieleBCiUP slots must be utilized in this unit.

Z Z o

lslngjlgkng

Z Z Ykt

1<k=<Kj1=I<Ly;

1 glstj/ 1 fkng/

v

1<k=Kj1=I<Ly;

Similarly, if the optimal plant configuration consists of exactly
two units in stage j, i.e. zjj=2pj=1, and z;=0 for 3 <k <K}, and if
the number of processed batches for all products is the maximum
one, then, altogether ZieleBCiUP slots are utilized in these units.

So, taking into account that the number of occupied slots in the first
unit must be greater than or equal to the number of occupied slots
in the second unit, the maximum number of slots proposed for the

2nd-unit is Ly; = {ZK,NBC,.U”/ZJ .In general, if the optimal plant
J

configuration consists of exactly k units in stage j, k <K;, and if the
number of batches processed for all products is the maximum one,
according to previous assumptions, the number of slots considered
for the kth-unit is given by expression (30).

As an example, consider a plant where the maximum number
of batches in the composition of a campaign is 2 for products A
and C, 3 for product B, and 4 for product D. Let j be a stage of the
plant where a maximum of Kj=4 identical parallel units can be

Z Z Yhjrkis
Z Z Yotk

Slots
1 2 3 4 5 6 7 8 9 10 11

Unit / Ly=11
Stage j Un!t 2 Ly=5
S“ft j Ly=3
nit L4/ -7

Fig. 3. Slots postulated for each unit of stage j.
allocated in this stage. Then, taking into account that ) ~, ., NBC'P =

iel;
2 +3+2+4 =11, the number of slots postulated for each unit at
stage j is illustrated in Fig. 3.

3.2.2. Assignment of batches to specific slots of units

One of the decisions that involve the posed problem is the
assignment of batches to specific slots of units in each stage. In
order to represent this decision the following binary variable is
introduced:

N 1 if batch bis assigned to slot [ and processed in unit k of stage j
b= 0 otherwise

Taking into account that the number of batches of each product is a
model variable, each batch of product i that composes the campaign
and that is processed at stage j, must be assigned to a slot of a unit
of this stage:

> > Yyus1, Vjiel, beB (31)

1=l<Ly;1<k<K;

Moreover, each slot [ of unit k at stage j is only employed for pro-
cessing at most one batch. Then, the following inequality must be
added:

Z Yoo <1, Vj, 1<k <K, 1<l<I (32)
be U BI;

iel;

Note that, taking into account that the number of slots proposed in
each unit was overestimated, some of them may be empty.
Besides, the following constraint is imposed:

vi,j,j<Jj,be U B (33)
1
Vj,iel;, beBl;, b+ 1eBl (34)

Constraint (33) ensures that for each product i the set of batches
to be processed in the stages that form part of the production path
of this product should be the same. Besides, in order to reduce
the number of alternative solutions, Eq. (34) guarantees that the
batches of a same product that compose the campaign are used in
ascending order.

As it will be shown below, the computational performance can
be improved by introducing the following assignment variable:

Xos 1 if slot lof unit k at stage jis employed
=9 0 otherwise

Taking into account Egs. (31) and (32), the following constraint
must be satisfied for each stage j:

Y D Xu=IUBHL Vi (35)
1<k=Kj1=l<Ly; 3

Without loss of generality and in order to reduce the search space,
it is assumed that in each stage the slots of each unit are utilized in
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ascending order. Then, the following constraint establishes that for
each unit k, slot [ +1 is only used if slot [ has been already allocated:

Xiin = X1, Vi 1<k<Kj,1<l<lLy (36)

Also, in order to eliminate alternative optimal solutions and to
reduce the number of postulated slots for each unit of a stage, the
following constraint is used:

Z Xkt = Z Xikerr, Vi1 <k =<K (37)

1=l=ly; 1=l=lyyq)

Eq. (37) establishes that for each stage, the number of processed
slots in a unit is greater than or equal to the number of processed
slots in the following unit.

Lastly, the decision variable Yy, allows defining a linear expres-
sion for the number of batches of product i included in the
campaign. So, for each product i:

NBC; = Z Z Z Yojis  Viri€l; (38)

b e Blj1<k=<K;1<I<Ly;

3.2.3. Relation among assignment variables zj,, Yy and Xjy

From the logical point of view, relations among variables Yy
and Xji; can be defined. In fact, if slot [ of unit k at stage j is not uti-
lized, then none batch is processed in it. This implication is enforced
by the following linear inequality:
Vj,be UBL;, 1 <k<Kj,1<Il<L (39)

Yijkr < Xjkis
lelj

On the contrary, if slot [ of unit k at stage j is utilized, then only
one batch is assigned to it. The reciprocal implication is also true,
therefore, the following constraint must be satisfied:

> Vyu=Xu, Vilsksk,1<ls<Ly (40)
be U BI;

ielj
The following constraints link assignment variables Xjy, Yp; and
ij:
Yhiur < zZjk, Vj,beingBIi,l <l<Ly,1<k<K; (41)

X < zjx, Vi, 1<l<Ly,1<k<K; (42)

Following Eqs. (41) and (42), if unit k of stage j is not allocated, then
none of their slots is used to process batches. Taking into account
Egs. (39) and (42), Eq. (41) becomes redundant.

Also, when unit k of stage j is employed, then, at least one batch
of a product in a slot must be processed in that unit. Then,

D Veuzze Vilsksk (43)

be U Bli1<I<Ly;
iel;

3.2.4. Timing constraints

3.2.4.1. Initial and final times of slots. A batch unit is periodically
operated through the basic cycle of filling, processing and empty-
ing, and possibly waiting. Then, for each batch stage j involved in
the production path of product i, filling and emptying times may be
part of the time required to process a batch of productiin this stage,
depending on whether adjacent semicontinuous units exist or not.
If t;; denote the processing time of product i at batch stage j, t;y the
processing time of product i at upstream semicontinuous stage j’
and t;» the processing time of product i at downstream semicon-
tinuous stage j”, the time that a unit of stage j will be occupied to

process a batch of producti, T;;, is given by the following expression:
Tij:tij’+tij+tij’/, Vieljr,iEIj,iEI'//,jEEBi, j’,jHGES,‘ (44)

as is illustrated in Fig. 4.

Semicontinuous
Stage j’

TF

Batch --->Slot ]

Stage j

Unit k

Semicontinuous
Stage j "’

[ Batch of product i

Fig. 4. Required time to process a batch of product i assigned to slot I of unit k at
batch stage j.

If batch stage j is preceded by semicontinuous stage j', t;y repre-
sents the material loading time from semicontinuous unit of stage
j' to the unit of stage j where the batch of product i is processed,
while if stage j is followed by semicontinuous stage j”, t; is the
material unloading time to semicontinuous unit of stage j’. There-
fore, while a semicontinuous unit connected to two batch units is
operating, these units cannot be used for any other type of opera-
tion.On the other hand, if j and j’ are stages whose units constitute
a semicontinuous subtrain, then:

Tij=Tij’=tij=tij’a Vielj,ielj/,jeESi (45)

As already mentioned, the slots correspond to time intervals of
variable length where batches will be assigned. Let Tlj; and TFjy
be the initial and final times, respectively, of slot [ in unit k of
stage j.Thus, the relation between variables Tlj,, TFj; and Yy is
established by the following equation:

T =Tha+ Y > TyYuu, YilsksK,1<l<Lj  (46)
i beBI;

Taking into account that a slot must not be necessarily occu-
pied, when no product batch is assigned to slot I in unit k of stage

j(i.e. Ypjiy = 0,Vbe U BI;), the initial and final times of this slot are
ielj

equal, i.e. Tlji; = TFj,.In order to avoid the overlapping between the
processing times of different slots in a unit, the following constraint
is added:

TFjy < Tlhgeq, Vi, 1<k <K, 1<l<lLy (47)

Besides, if no batch is assigned to slot [+1 of unit k at stage j
(Xjki+1 =0), then the initial time of this slot is enforced to be equal
to the finishing time of slot I. Then, taking into account that Eq.
(47) is satisfied for successive slots in a unit, this new condition is
represented by:

TFjx — Tl = ~MiXj, Vi, 1<k <Kj, 1 <l <Ly (48)

where M is a sufficiently large number that makes the constraint
redundant when a product is assigned to slot [+1.

3.2.4.2. Zero-wait transfer policy. The ZW transfer policy assumes
that a batch, after finishing its processing at a stage, must be
transferred immediately to the next processing stage. Three cases
must be considered taking into account the type of adjacent stages
involved in the production path of a batch: consecutive batch
stages, a batch stage followed by a semicontinuous stage and vice
versa.

If batch b is assigned to slot [ of unit k in stage j and to slot I’ of
unit k' in stage j', where j precedes to j’ in the production path of
batch b, then:
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(a)
Batch | rpip L .. | -==>Slot
Stage j i
P
Ty T{:fk/
Baich | g I - > Sl
Stage j’ _
T]/'k'/' TF/'/<'I'
[ Batch of product i
(b)
Batch 4 ypjr 1. e e —
Stage j , |
lekl IF/'kl
Unit k* of ‘ - > Slot I’
Semicontinuous
Stagej’ Tlyyr TEper
[ Batch of product i
(c)
T[ju TF/’M
Unit k£ of 1 - -=>Slotl
Semicontinuous
Stage j
Batch | 1700 L ... --=>Slot I’
Stage j’ ) |
Thiyp TFpyr

[ Batch of product i

Fig. 5. (a) Consecutive batch stages j and j, (b) batch stage j followed by semicon-
tinuous stage j, (c) semicontinuous stage j followed by batch stage j'.

Case a. If both stages are batch, observing Fig. 5a, the following
constraint is imposed:
TR = Tlywr, Vi, j €VEBi, j<j, 1<k=<K, 1<K =<Ky, k/Ypu=1,

i

K/Yyier =1, ifielinly, beUBl, 1<l<Ly, 1<l <Ly (49)
i

As this constraint must be only satisfied when a batch is assigned
to those units and slots, then the condition can be expressed
through constraints of Big-M type, as:

TRt — Thyer = Ma(Yjt + Yojer —=2) Vi, j'€UEBi, j<Jj, 1<k=<Kj,
1

1<k <Ky, ifiejnly, beUBL, 1<l<Ly, 1<! <Ly (50a)
i
~TFja + Ty = M2(Yyja + Yopier —2) Vj,j'€UEB;, j<j, 1=<k<Kj,
1
1<k <Ky, i/iejnly, beUBL, 1<Il<Ly, 1<I <Ly (50b)
i

where M, is a sufficiently large number that relaxes these con-
straints when batch b is not processed in slot [ of unit k at stage j or
in slot I of unit k’ at stage j'.

Case b. If stage j is a batch stage and stage j’ is a semicontinuous
one, then as is illustrated in Fig. 5b:

TFjg = TFyer,  VieUEBj UES.j <, 1<k<K.1<K <K;,
i i

k/Yyja = 1,K [Yopior = 1,i€linly, beUBly, 1 <l <Ly, 1<V <Lyj (51)
i

Case c. Finally, as is drawn in Fig. 5¢, if stage j is a semicontinuous
stage and stage j’ is a batch one, then:

Ty = Ty, YjeUES;, j eUEB;, j<j, 1<k<K,1<k <Ky, k/Yyu=1,
i i

K /Yojrer =1,i€l;nly, beUBly, 1<l <Ly, 1<l <Lyj (52)
i

Analogously to Case a, the last two conditions can be expressed
through Big-M constraints.

3.2.4.3. Cycle time of the campaign. As it was mentioned in Section
3.1, the number of times that the campaign is repeated over the time
horizon must be determined taking into account the cycle time of
the campaign, CTC, which is defined by the following expression:

CTC = Thygyy — Tha, Vis 1<k <K (53)

For each unit k, the production cycle time represents the time
that the unit is occupied with the processing of batches that com-
pose the campaign, and is calculated by the difference between the
initial and final operation times of the first slot and last slot assigned
to that unit. Then, CTC is the maximum of all these values.

Significant savings in computational time have been achieved by
establishing a good lower bound on the cycle time of the campaign.
In fact, if there are no idle times in the production campaign at each
unit, then:

CTC > Ti'Yb'klv Vj, 1< k <K; (54)
D> D Tiv G

l<l<lijiclibeBl;
3.3. Objective function

The objective function is the minimization of the annual invest-
ment cost of the batch plant, IC, given by:

IC=CCFY > zuayVif’ (55)
j k

where o; and B; are appropriate cost coefficients for units of stage
j and CCF is a capital charge factor on the time horizon, which
includes an amortization term.

Considering Egs. (11)-(13), Eq. (55) can be re-written as:

D 2D eVt D D> D RF gt

jeUEB; k p jeUES; k m
i i

IC = CCF

(56)

The first term corresponds to batch units cost whereas the second
one to semicontinuous units cost.

In order to avoid nonlinearities in Eq. (56), binary variables ej,
and eej, are defined. Variable ej, links decision variables vj, and zj,
such that ejy, takes value 1 if both are 1 and 0 otherwise, whereas
variable eejy,, links decision variables rj, and zj such that eeji,
takes value 1 if both are 1 and 0 otherwise. As it has been posed
in analogous cases, the following constraints enforce these logic
relations:

€jp = Vip +Zjk — 1, VjeL;JEBiylkaKj,]SPSPj (57)
ejkm = Tjm +Zjk — 1, VjeUES;, 1 <k <K;,1<m<M; (58)
1

Nevertheless, these new variables do not need to be declared as
binary if the following upper and lower bounds are incorporated:

O<ejp=1, VjcUEB;,1<k<K,1=<p=<P (59)
1



350 Y. Fumero et al. / Computers and Chemical Engineering 36 (2012) 342-357

0 <eejym <1, VjeuESi,ISICSIQ,ISmSMj (60)
1

Thus, a lineal objective function is obtained:

Z ZZO{jVP}%ijP + Z ZZO{J-Rangeejkm

jeUEB; k p jeUES; k m
i i

IC = CCF
(61)

Therefore, the proposed model simultaneously determines the
optimal plant design, batch sizes, composition of the MPC, and pro-
duction sequence of batches in each processing unit, satisfying the
demand in the available time horizon. Taking into account that
different MPCs can correspond to the same optimal plant configu-
ration, a penalty term that involves the cycle time of the campaign
is included in the objective function with the aim of reducing alter-
native solutions. This new term is the product of the variable CTC
with a weighting factor A, which is appropriately selected taking
into account the involved model parameters Thus, the computa-
tional performance is improved. Therefore, the following objective
function is proposed:

f=IC+ACTC (62)

4. Examples

In this section the proposed approach is applied to the ethanol
plant described in Section 2. All the examples were implemented
and solved in GAMS (Brooke, Kendrick, Meeraus, & Raman, 1998)
onan Intel Corei7, 2.8 GHz. The CPLEX 12.1 solver was employed for
solving the MILP problems, with a 0% optimality gap. The number
of continuous and binary variables and constraints strongly depend
on the maximum number of admitted units in each stage, the maxi-
mum number of batches allowed for each product in the campaign,
the number of slots postulated for each unit, and the number of
discrete options considered for the unit sizes.

The production recipe was obtained from a detailed model for
similar productions (Corsano et al., 2007), and size and duty factors
as well as processing times are shown in Tables 1 and 2, respec-
tively.

For Examples 1 and 2, the product demands, Q;, are: 8,400,000 kg
for torula yeast, 45,000,000 kg for ethanol and 11,000,000 kg for
bakery yeast. The maximum number of batches of product i in a
campaign, NBC", is 3 for torula and 4 for ethanol/bakery yeast,
while the time horizon H is equal to 7500 h. For each stage, five
discrete sizes are available, that are shown in Table 3. In the same
table, cost coefficients are depicted and the CCF factor is consid-
ered equal to 0.225 (Petrides, Sapidou, & Calandranis, 1995). As
was previously mentioned, units of batch stages can be duplicated.
For biomass fermentation up to three units are allowed, while for
alcohol fermentation and distillation stages up to two units can
be assigned. Therefore, using the expression (30) and taking into
account biomass fermentation units are used for producing ethanol
and torula yeast, the number of postulated slots for this stage is 7,
3, 2 for units 1, 2 and 3 respectively, while for alcohol fermentation
and distillation the number of postulated slots are 4 and 2 for units
1 and 2 respectively, since these stages are used only for ethanol
production.

4.1. Example 1

The model for the simultaneous optimization of plant design
and scheduling is solved for the ethanol/yeast plant presented in
Section 2. The proposed MILP model for this example comprises

3623 constraints, 593 binary variables and 1068 continuous vari-
ables and it was solved in a CPU time of 33.02 s. The optimal solution
corresponds to a total investment cost of $11,525,588.

The optimal plant structure includes duplicated units out of
phase at biomass fermentation and distillation stages, and one unit
at remaining stages, as shown in Fig. 6. The optimal unit sizes are
also depicted in the figure.

The optimal campaign configuration involves two batches of
each product with the batch sequencing shown in Fig. 7. The cam-
paign cycle time, CTC, is equal to 24.54h and the campaign is
repeated 305 times over the time horizon.

It is worth mentioning that the simultaneous design and
scheduling allow selecting the units to be used in each stage in
order to reduce the investment cost, the cycle time and complete
the product demands in the settled time horizon. In this case, dis-
tillation stage is limiting time for ethanol production, therefore,
this stage is duplicated and there are not idle times in these units.
On the other hand, biomass fermentor is used for both produc-
tions: ethanol and torula. Also, for torula production the biomass
fermentor remains occupied during material unload to semicontin-
uous subtrain, increasing the biomass fermentor processing time.
Therefore, unit duplication at biomass fermentation stage reduces
the campaign cycle time. For this stage, three units out of phase are
used and they have idle times. But if fewer units are selected for this
stage, the campaign cycle time is increased and bigger unit sizes are
needed to fulfill the required demands over the time horizon with
a higher investment cost.

Batch sequencing that composes the campaign is a model deci-
sion. It is remarkable mentioning that no heuristic rule is imposed
for this task and therefore, the model selects the best campaign con-
figuration without batch preordering. Note that at stage 1, ethanol
production is firstly processed, while at semicontinuous subtrain,
the first processed batch corresponds to torula production. For
sequential multipurpose batch plants, where some products do not
use some stages, this type of campaign is very appropriate since
batch swapping is allowed. This means that batches can alter the
processing order from a stage to another stage, with the objective
of reducing idle times and, consequently, the cycle time. Also, this
batch exchange permits to accommodate the product batch sizes
in a suitable manner in order to minimize the number of used units
and their sizes.

The same example was performed for different maximum num-
ber of batches of each product in the production campaign. Also, in
order to highlight the capabilities of the proposed formula given by
Eq.(30), eachinstance is also implemented considering the number
of postulated slots for all unit of each stage equal to the maxi-
mum number of batches allowed in the campaign. In this way, for
biomass fermentation and semicontinuous subtrain, the number
of slots postulated for each unit is equal to NBCP ~+NBCUP
while the number of slots postulated for each unit of alcohol fer-
mentation and distillation stages is NBCJ, . . Table 4 shows the
different instances, model characteristics and computational per-
formance. In all instances, the optimal solution coincides with that
reported for NBCY? =3 and NBCY’ 4,

torula ethanol —

4.2. Example 2

In this example, the scheduling constraints of the proposed
model are adapted for considering SPC policy. This instance is posed
with the objective of comparing MPC vs. SPC optimal solutions. In
SPC, each campaign is devoted to produce only one product until
fulfill its demand. Thus, the campaign is characterized through a
unique scheduling constraint to identify the product cycle time.
From the commercial point of view, this approach is inappropri-
ate. In plants where perishable products are produced, this type of
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Table 1
Size and duty factors for ethanol plant.

Size and duty factors: SF;; and Dj; (x10-2)

Fermentation Semicontinuous subtrain Distillation

1 2 3 4 5 6 7 8 9 10 11
Torula yeast 2.5 0 0 58.8 1.14 22 0 0 0 0 0
Ethanol/bakery yeast 0.473 0.54 0.612 58.8 1.14 22 0.45 2.33 0.0972 3.94 0.127

References: 1: biomass fermentor, 2: alcohol fermentor 1, 3: alcohol fermentor 2, 4: centrifuge, 5: evaporator, 6: dryer, 7: distiller feed vessel, 8: distiller evaporator, 9:
column, 10: condenser, 11: distillate tank.

Table 2
Processing times for stages of ethanol plant.

Processing time: t;

Biomass fermentation Alcohol fermentation 1 Alcohol fermentation 2 Semicontinuous subtrain Distillation
Torula yeast 10.74 0 0 5.22 0
Ethanol/bakery yeast 9.83 4.83 6.14 5.85 18.69
Table 3
Available discrete sizes and cost coefficients for plant stages.
Units Discrete unit sizes: VFj, and RFj, Cost coefficient (c;) Cost exponent ()
1 2 3 4 5
1 150 350 550 700 1100 40,020 0.60
2 200 350 400 700 1400 24,200 0.45
3 235 470 800 940 1600 24,200 0.45
4 40 50 80 100 160 25,000 0.68
5 7 15 30 60 120 30,300 0.53
6 65 130 200 260 400 59,600 0.60
7 175 350 600 700 1200 31,100 0.60
8 75 150 300 600 900 9760 0.65
9 2 4 6 8 10 151,312 0.65
10 100 200 300 400 600 7255 0.65
11 50 100 150 200 300 31,100 0.60

References: 1: biomass fermentor, 2: alcohol fermentor 1, 3: alcohol fermentor 2, 4: centrifuge, 5: evaporator, 6: dryer, 7: distiller feed vessel, 8: distiller evaporator, 9:
column, 10: condenser, 11: distillate tank.

VF,=400m*  VF;=470m’ RF,=50 Kwh <-L>ﬁ VF;; =100 m’
& LI i (
1 oo —

4 Y

Be{hmmf =73770.5 kg

| ] RF,=4m’
JO || VF>=350 m®
———
VF, =350 m’ RFy =150 m*
_) ﬁ
— ‘
RF,=130 m’
RFs=15m’

Bhutery yea = 18032.8 kg
Bmm.fa =13770.5 kg

Fig. 6. Example 1: optimal plant design.
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Fig. 7. Example 1: Gantt chart for ethanol plant.

campaign is not suitable since huge stocks are accumulated and,
therefore, the products are decomposed.

The SPC formulation is performed for the same model param-
eters of the previous instance. This MILP model comprises 287
constraints, 165 binary variables and 395 continuous variables and
itwas solved ina CPU time of 0.076 s. The optimal solution increases
the investment costs to $13,549,638. The plant design consists of
the duplication of biomass fermentation and distillation stages as
is shown in Fig. 8. The figure also shows unit sizes and batch sizes
for each product. Ethanol is produced along 381 batches and its
cycle time is equal to 12.27 h, since torula cycle time is equal to
7.98h and its production is repeated 352 times as is shown in
Fig. 9.

VF,=700m’  VF;=800m’

I
GL \ 4 4

—

VI, =700 m®

RIF; =80 Kwh

—Ch

L

Apart from the disadvantages previously cited, the use of SPC for
sequential multipurpose plants presents longer idle times in some
unit. Besides, for products that do not use all the plant stages, some
units are inactive during its production.

In this example, the plant configuration selects two biomass
fermentors in order to reduce the torula cycle time, but the sec-
ond biomass fermentor is not used for ethanol production, and
therefore it is inactive during nearly 4700 h. On the other hand,
torula production does not use alcohol fermentation and distilla-
tion stages. Then, these stages are idle during practically 2800 h.
Hence, when SPC is applied, equipment is sub-occupied.

The number of batches of each product through the time horizon
is decreased due to the idle times increase. Therefore larger batch

<-L>a VE;; =150 m?

RI =300 m*

<5

Bzﬂlauv[ =118110.3 kg

RFy=8m’

VI,=600 m’

REFg= 150 m®

g:,l,

RF5;=30m’

L
>

RlFg =200 m?

Bhakery yeass = 28871.4 kg

Blumfa =123863.7 kg

Fig. 8. Example 2: optimal plant design for SPC model.
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Table 4
Computational performance for Example 1 with different values of NBCI,UP .

NBCY NBCUY No. of constraints No. of binary variables No. of continuous variables CPU time (s)
Using Eq. Without Using Eq. Without Using Eq. Without Using Eq. Without
(30) Eq. (30) (30) Eq. (30) (30) Eq. (30) (30) Eq. (30)
3 4 3623 5496 593 695 1068 1252 33.02 95.61
4 4 4358 6662 660 780 1201 1369 37.38 96.74
5 5 7200 11,727 883 1069 1526 1775 160.57 310.62
6 6 11,911 19,042 1157 1402 1911 2225 685.3 1137.48
7 7 17,210 29,033 1428 1779 2281 2719 1661.24 3840.88
Table 5 Table 6
Product demands for each case of Example 3. Optimal variables for Example 3, Cases 1 and 2.
Demand: Q; (kg) Case 1 Case 2
Torula yeast Ethanol Bakery yeast CTC (h) 24.54 31.87
NC 296 311
Case 1 6,500, 000 40,000,000 10,000,000 Campaign composition 1 Torula batches-2 2 Torula batches-2
Case 2 9, 000, 000 46,000,000 11,500,000

sizes are needed to fulfill the product demands. Then, unit sizes are
increased and hence the investment cost is 17.6% higher that the
MPC optimal solution.

It is worth mentioning that a characteristic of torula yeast and
bakery yeast productions is its fast degradation, since they have
to be consumed in 72 h. Therefore, the SPC forces to consume the
product that cannot be stored while the production is carried out.
Besides, when it is not produced, demand cannot be satisfied. In
other words, since they are perishable, they can be only seasonally
supplied.

In short, the drawbacks of SPC are: longer idle times, bigger unit
sizes, inactive units for long times, huge stocks, and inappropriate
scheduling policy for perishable products.

4.3. Example 3

A usual industrial practice consists of planning the production
for a fixed time horizon in a given plant. The objective of this exam-
ple is to apply the proposed approach as a planning tool, where the

VE,=400m’  FF;=470 m’

e |1 L[] -

+ ,

VI' =550 m®

RFs=30m’

RF,;= 80 Kwh

()
—
A,

ethanol batches ethanol batches

Torula batch size (kg) 21,959.5 14,469.5

Ethanol batch size (kg) 67,567.6 73,955

Bakery yeast batch size 16,892 18,488.8
(kg)

Time to fulfill required 7264 9911.57
demands (h)

plant configuration and unit sizes are known. In this case, the anal-
ysis is focused on the number and size of production batches that
compose the campaign, and on different scheduling decisions as
assignment and sequencing of batches in each unit.

Suppose that a facility, with the configuration and sizing as it is
shown in Fig. 10, is given. Different scenarios can be posed depend-
ing on the operation manager requirements. In this example, two
cases were defined by changing the required demands for a time
horizon of 7500 h (Table 5). The proposed MILP model was adapted
to perform the planning for each case, fixing the plant design to the
configuration and unit sizes showed in Fig. 10. The problem objec-
tive function is the minimization of the campaign cycle time since
the plant is already installed. In both cases, the maximum number

<-L>a VI =100 m®

R.’“m =200 m2

(.L)B_) Ethanol

RFy=4m’

—>
—>

VF,=350 m’

Ris= 150 m®

:¢

RIs=200 m*

L » Bakery yeast

Torula

Fig. 10. Example 3: plant design for planning approach.
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Fig. 11. Example 3: Case 1 - optimal production planning.
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Time (h)
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Fig. 12. Example 3: Case 2 - optimal production planning.

of batches of each product in the campaign was stated equal to four
for all products.

4.3.1. Case 1

The MILP formulation for this case study comprises 3240 con-
straints, 472 binary variables and 1073 continuous variables and it
was solved in a CPU time of 0.179 s. The Gantt chart of Fig. 11 illus-
trates the optimal production sequence on each unit for different
stages and first column of Table 6 shows the most relevant optimal
variables.

Similarly to Example 1, the limiting time stage is distillation,
and there are not idle times in units of this stage. Batch sequencing
does not follow the same order in all the units. It can be observed in
Fig. 11 how a torula batch is inserted between two ethanol batches
in order to reduce the cycle time at semicontinuous stages.

The model allows determining if the available time horizon is
sufficient to satisfy the required demands. If this is so, the model
selects the best campaign configuration with minimum cycle time.

In this case, the necessary time to fulfill market requirements is
approximately 7264 h, relatively less than 7500 h. Then, the model
can be used by the planner as a tool to assess the convenient oper-
ation mode for the remaining time, for example, if the campaign
is repeated for storage or new campaigns are processed for future
demands.

4.3.2. Case2

In this case, the model is solved according to product demands
showed in Table 5. The number of constraints is 3240, the number
of binary and continuous variables is 472 and 1073 respectively,
and the CPU time is 87.99s.

The model solution is infeasible and, therefore, the demands
cannot be fulfilled over the time horizon of 7500 h. Consequently,
the model is used by the operation manager as a tool for deter-
mining the required minimum time horizon and the appropriate
production campaign to assure the product demands. Therefore,
Egs. (24) and (25) are modified, including a longer time horizon.
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After solving the new model, the optimal campaign involves two
batches of torula and two batches of ethanol/bakery yeast, and the
production sequence in each unit is showed in Fig. 12. The optimal
variables are depicted in Table 6. It is worth noting that ethanol and
bakery yeast batch sizes are bigger than those obtained in Case 1,
but even though torula demand is greater, its batch size is smaller
since the number of batches involved in the campaign is duplicated.

According to this solution, the operation manager has to decide
if the plant continues the production plan along near 2500 h more to
complete the new demands or if production is shut down without
satisfying the demands.

In this last example a new scenario has been solved. Unlike
the previous examples, in this case the plant is given. Only plan-
ning (number of batches and product batch sizes) and scheduling
(batch assignment and sequencing) decisions have to be consid-
ered. However this scenario is usual because operating, production
and market conditions can change. Then production planning has
to be adjusted to satisfy these new requirements. This example
shows how the proposed model can be used as a tool for planning
the production of a given plant and for analyzing different produc-
tion schemes. The cycle time minimization as objective function
allows attaining the shortest production time in the time horizon.
Therefore, the equipment is better occupied. If the horizon time
is partially used, the campaign can be repeated more times for
storage or new campaigns can be processed for future demands.
Thus the plant can be appropriately operated and controlled. On the
other hand, if the demands cannot be fulfilled in the time horizon,
the operation manager can modify the production requirements or
extend the available time.

5. Conclusions

In this work a MILP model is proposed for simultaneous design
and scheduling of sequential multipurpose plants with batch and
semicontinuous units. The model was applied for an ethanol plant
where yeast production is also considered as a sustainable alterna-
tive. Due to yeast degradation and with the objective of providing
a stable product supply, the most appropriate scheduling policy is
MPC. Besides, the use of MPCs allows taking advantage of the struc-
ture of sequential multipurpose plants, because long idle times
and significant overdesign of the plant are avoided. Therefore, a
set of novel scheduling constraints was formulated in order to
obtain the batch assignment and sequencing simultaneously with
the plant design. When design and scheduling decisions are jointly
approached, the campaign cycle time has to be determined, since
the production campaign is cyclically repeated through the time
horizon. The cycle time calculation involves considering initial and
final times for each unit and therefore the problem size is increased.
In this work a novel expression for postulating the number of slots
for each unit was presented, and thus, the problem size was signif-
icantly reduced.

The model was formulated for sequential multipurpose plants
but it is also valid for multiproduct plants. Another contribution of
this work is the consideration of batch and semicontinuous units,
and the corresponding scheduling constraints for this kind of mixed
plants.

The production of renewable energy is an interesting problem
that had paid much attention in the industrial and scientific com-
munities. The ethanol plant model proposed in this work allows
producing sustainable and renewable fuels. Besides, a stable con-
text can be assumed, where demands can be appropriately forecast.
Thus the joint resolution of design and scheduling can be effectively
addressed over long time horizons.

In order to show the advantages of the proposed formulation,
several scenarios were treated in the ethanol and derivatives

industry. A first case was solved using MPC and SPC approaches
in order to assess the differences between them. Better solutions
were obtained for the proposed model with MPC. Additionally,
the trade-offs among design and scheduling decisions can be
effectively assessed. Besides, in order to show the possible appli-
cations of this formulation, it was used for the optimal production
planning of this kind of plants.

Nomenclature

Sets

BI; batches proposed of product i in a campaign

EB; batch processing stages utilized for the manufacturing of
product i

ES; semicontinuous processing stages utilized for the manu-
facturing of product i

If products that stage j can process

SR; available discrete sizes for semicontinuous units of stage
J

SV; available discrete sizes for batch units of stage j

Indices

i product

j stage

k unit

l slot

m discrete size for semicontinuous unit

M; number of available standard sizes for semicontinuous
stage j

n number of batches of a product

D discrete size for batch unit

P; number of available standard sizes for batch stage j

Parameters
CCF capital charge factor

CTCYP  upper bound for variable CTC

Dj; duty factor of product i in semicontinuous stage j

H time horizon

K; maximum number of available identical parallel units at
batch stage j

Ly number of slots postulated for unit k of stage j

NBCI.UP maximum number of batches of product i in the compo-
sition of a campaign

Q; demand of product i over the time horizon H

RFjm discrete size m for semicontinuous units of stage j

SF; size factor of product i in batch stage j

tij processing times for product i in stage j

Tj; time that a unit of stage j will be occupied to process a
batch of product i

VFjp discrete size p for batch units in stage j

Qj cost coefficient for units of stage j

B; cost exponent for units of stage j

A weighting factor for variable CTC in the objective function

Binary variables

Tim denotes if units of semicontinuous stage j have size m

Ujjmn represents the bilinear term rjy,; X;,

Vjp denotes if units of batch stage j have size p

Wijpn represents the bilinear term vj, x;,

Xin denotes if n batches of product i are processed in the cam-
paign

Xii indicates if slot [ of unit k in stage j is employed

Ypjki specify if batch b is assigned to slot [ and processed in unit
k of stage j

Zjk specify if unit k of stage j is employed
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Continuous variables

B; batch size of product i

CTC cycle time of the campaign

€jkp product of binary variables zj vj,

€€jkm product of binary variables zj, rjm

IC annual investment cost of the batch plant

NBCG; number of batches of product i included in the campaign

NB; total number of batches of product i in the time horizon

NC number of times that the campaign is cyclically repeated
over the time horizon

R; processing rate for semicontinuous stage j

TFjyy final processing time of slot [ in unit k of stage j

Tl initial processing time of slot [ in unit k of stage j

Ulljjmp  Cross product i, CTC

V; size of a batch unit in stage j

WWijpp,  cross product wi;,, CTC
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