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ABSTRACT

he synthesis and optimal design of batch plants is addressed in this study. It was applied to the

I technology of conventional ethanol production in a Cuban distillery using the product of enzymatic
hydrolysis of pretreated bagasse as another sugared substrate, starting from laboratory results. The
optimal configuration of stages, the number of units in each stage, the unit sizes and minimum total production
cost are obtained from the global optimization model and the proposed superstructure. This global model
is a mixed integer nonlinear programming (MINLP) formulation, which is represented and resolved by the
Professional Software, General Algebraic Modeling System (GAMS) version 23.5 applying DICOPT Solver.
Different scenarios are analyzed: attaching pretreatment and enzymatic hydrolysis of bagasse to a conventional
distillery plant, selling ethanol, or selling the furfural as by-product if there is a guaranteed market. With this,

an actual net present value (VNA) of USD 447893 358.7 and 1.51 years of Payback Period (PP) are obtained.
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RESUMEN

a sintesis y disefio éptimo de plantas discontinuas es abordada en el presente estudio; la cual fue

aplicada a la tecnologia de obtencién de etanol convencional en una destileria cubana empleando el

producto de la hidrélisis enzimdtica del bagazo pretratado como otro sustrato azucarado, partiendo
de resultados de laboratorio. A partir del modelo global de optimizacién y la superestructura propuesta,
se obtiene la configuracion éptima de las etapas, el nimero de equipos en cada etapa, el volumen de
los equipos y el minimo costo total de produccién. Dicho modelo global consiste en una formulacion de
programaciéon matemdtica mixta entera no lineal (MINLP), la cual es representada y resuelta mediante
el Software Profesional, General Algebraic Modeling System (GAMS) versién 23.5 con la aplicaciéon del
Solver DICOPT. Se analizan las posibles variantes a implementar que son en primer lugar las de acoplar la
tecnologia de pretratamiento e hidrdlisis enzimdtica del bagazo a una destileria convencional vendiendo
etanol y, en segundo lugar, vendiendo el co-producto furfural, si se garantiza un mercado para ello. Con lo
anterior, se obtiene un Valor Actual Neto (VAN) de $ 44893 358.7 USD y un periodo de recuperacién de
la inversion (PRD) de 1.51 afios.

Palabras clave: Bioetanol, Produccién, Optimizacién, Hidrélisis enzimdtica, Modelos, Superestructura, Rentabilidad.

RESUMO

sintese e o desenho 4timo de usinas em desuso sdo abordados no presente estudo; os quais foram

aplicados & tecnologia de obtencdo de etanol convencional em uma destilaria cubana utilizando o

produto da hidrélise enzimdtica do bagaco pré-tratado como outro substrato agucarado, partindo
de resultados de laboratério. A partir do modelo global de otimizacdo e da superestrutura proposta,
é obtida a configuracdo étima das etapas, o nimero de equipamentos em cada etapa, o volume dos
equipamentos e o minimo custo total de producdo. Dito modelo global consiste em uma formulacéo de
programacd&o matemdtica mista inteira néo linear (MINLP), a qual é representada e resolvida mediante o
Software Profissional, General Algebraic Modeling System (GAMS) versdo 23.5 com a aplicacéo do Solver
DICOPT. Séo analisadas as possiveis variantes que devem ser implantadas que sdo em primeiro lugar as de
acoplar a tecnologia de pré-tratamento e de hidrélise enzimdtica do bagaco a uma destilaria convencional
vendendo etanol e, em segundo lugar, vendendo o coproduto furfural, se for garantido um mercado para
o mesmo. Com o anterior, é obtido um Valor Atual Liquido (VAL) de $ 447893 358.7 USD e um perfodo de
recuperacdo do investimento (PRI) de 1.51 anos.

Palavras-chave: Bioetanol, Producéo, Otimizacdo, Hidrélise enzimdtica, Models, Superestrutura, Rentabilidade.
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1. INTRODUCTION

High economic dependence on fossil fuels and
the devastating effects on climate and environment
have made current research turn to the search for new
sources of clean, renewable energies, such as biofuels
(Morales, 2012; Limayem & Ricke, 2012). One of
the technologies that has caught on in the search of
alternatives for renewable fuels is second-generation
ethanol, as stated by Carriquiry, Xu and Timilsina
(2011). That is to say, based on lignocellulosic waste
such as sugarcane bagasse, or the hydrolysates derived,
according to Cardona, Quintero and Paz (2010). Also,
the combination of first and second generation ethanol
(Dias et al.,2012; Ensinas et al., 2013), which according
to Galdos et al. (2013) manages to include a new source
of sugar-based products and, with them, the productions;
in addition to the reduction of the negative impacts of
first generation ethanol on global warming. Sugarcane
bagasse is a solid residue of the extraction of juice from
the cane to obtain sugar. In Cuba, it is highly available
and has the economic advantage of not being rival to
any food, as stated by Mesa et al. (2011a). According
to reports by Hofsetz and Silva (2012), and Dantas,
Legey and Mazzone (2013) for each ton of sugar cane,
approximately 0.27 to 0.3 tons of bagasse are obtained;
a portion of that bagasse is burned in the steam boilers
of the sugar factories, but there is a considerable amount
remaining that can be used to obtain second generation
ethanol (Mesa et al., 2011b).

The use of sugars from lignocellulosic biomass
(LCB), to produce bioethanol is an aspect that is
currently highly discussed as stated by Noratiqah et al.
(2013) and Albernas et al. (2014). To obtain glucose
from the bagasse (or any lignocellulosic biomass in
general), a set of previous operations is needed, known
as pretreatment followed by enzymatic hydrolysis
(Mussatto et al., 2010; Naik, Goud, Rout & Dalai, 2010;
Ensinas ef al., 2013). The purpose of pretreatment is to
reduce or eliminate the physical and chemical barriers,
such as the crystallinity of the cellulose, its acetyl
groups of the hemicellulose and the bonds between
hemicellulose and lignin, as stated by Pernalete et al.
(2008), Naik et al. (2010) and Dantas et al. (2013). Also,
itincreases the porosity of the material and eliminates or
decreases the presence of substances that interfere with
or hinder enzymatic hydrolysis. Pretreatment methods
refer to the solubilization and separation of one or more
of the four components of the biomass (hemicellulose,
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cellulose, lignin and extracts) to make the remaining
solid biomass more accessible to subsequent chemical
or biological treatment (Dominguez, Alvarez, Granados
& Hernandez, 2012). The conversion of the cellulose
fraction into glucose, which will be used in fermentation
to produce ethanol, occurs in subsequent enzymatic
hydrolysis. The efficiency of pretreatment depends
on the enzyme accessing the cellulose more easily.
The enzymatic hydrolysis of cellulose is based on the
ability of certain microorganisms, (bacteria and fungi),
to produce a set of extracellular enzymes capable of
releasing D-glucose molecules that constitute it, by
using cellulosic chains.

Previous studies have shown that this process has
continuous and batch stages. The batch stages, such as
enzymatic hydrolysis and fermentation, are considered
critical, as they are unique in that their durations are
long, where enzymatic hydrolysis fluctuates around
12 hours and fermentation around 24 hours, as stated
by Mesa (2010) and Albernas et al. (2014). This
fermentation only takes place in hexoses, in presence
ofthe Saccharomyces cerevisiae DER CIEMAT Culture
Collection No. 1701 yeast. According to Mesa (2010),
24 hours is the time to take the results of fermentation,
in the conditions related to the working method at the
industrial level in Cuba. This is a very important aspect
in the analysis because it causes long waiting times in
these two stages of the process, which affects the total
time and causes that, for its continuity, a high number
of units are needed in a first instance, which tends to
affect profitability.

The Cuban distillery industry must look for new
sources of raw materials that can be supplemented with
molasses in the process of producing ethanol that will,
at the same time, be competitive from the technical and
economic standpoint.

Authors such as Mesa (2010), Mesa et al. (2011b),
Morales, Gonzalez, Mesa and Castro (2013) have shown
that the technology of ethanol from bagasse presents
drawbacks given the costs of some materials such as
raw materials and the enzymes. And, although their
costs have been reduced in recent years, it is still an
economic issue as claimed by Ensinas et al. (2013), in
addition to the cost of some of the essential equipment.
As a result, to achieve profitability you have to seize
the opportunity to obtain by-products provided by the
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particular process, as it is the case of furfural and lignin,
which increase the profit of the process. An optimal
design of the technology that will reduce process times
is also necessary, taking into account the costs involved,
as stated by Albernas (2014).

Dantas et al. (2013) claim that another aspect to take
into account in order to achieve the economic viability
of lignocellulosic ethanol using substrates, is the need
for the development of efficient production methods
including the fermentation of all sugars present in
pretreatment and enzymatic hydrolysis. The fermentation
of hexoses to ethanol is a consolidated process, and of
a comprehensive domain when carried out by yeast
or bacteria. However, most of the processes that have
been carried out do not consider the fermentation of
pentose because the yeasts commonly used for the
fermentation of glucose (e.g. Saccharomyces cerevisiae)
do not metabolize xylose (Dantas et al., 2013). To this
effect, great efforts are being made to achieve processes
with metabolic pathways capable of fermenting the
pentose and xylose with satisfactory yields, as is
the case of the Simultaneous Saccharification and
Fermentation (SSF), as well as its expansion toward
the Simultaneous Saccharification and Co-Fermentation
(SSCF) (Hamelinck, Hooijdonk & Faaij, 2005).
However, these processes are at a disadvantage because
to achieve their economic viability, they require
recombinant microorganisms consistent with biosecurity
standards (Ramirez, 2001; Dantas ef al., 2013).

The objective of this paper is the optimal design
of an ethanol production plant combining first and
second generation technologies using the superstructure
methodology for batch processes; and analyzing
application variants in Cuba based on the determination
of the optimal times of involved operations, at the
minimum production cost.

2. STATE OF THE ART

Description of the Ethanol Production Process
Combining First and Second-Generation Ethanol
Technologies

As previously explained, the process consists of
four fundamental stages as stated by Hamelinck et al.
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(2005), Dias et al. (2012) and Albernas et al. (2014):
pretreatment, enzymatic hydrolysis, fermentation and
distillation. The raw material used is the residual bagasse

obtained from a sugar factory, stored with an average
of 60% humidity.

The process consists of two stages of pretreatment
of the bagasse, to increase the overall balance of
subsequent conversion processes. The following occurs
during pretreatment: the fractioning of the biomass
into its main components (cellulose, hemicellulose and
lignin), and the reduction of cellulose crystallinity and
the increase in accessible surface area (Mesa, 2010;
Morales, 2012; Dantas et al., 2013).

In acid pretreatment, a liquid rich in xylose is
obtained, which has two key advantages: the elimination
of a residual and the production of an added value
product, which improves the economy of the process
(Aguilar, Ramirez, Garrote & Vazquez, 2002; Albernas
et al., 2012). To this end, the biomass is subjected to
the action of a solution of dry fiber-based sulfuric acid
at 1.25%, in the presence of steam at 175°C and 9 atm
with a 1:4 kg/L solid liquid ratio; the residence time of
this stage is 40 minutes, according to Mesa (2010). At
this stage, high temperatures are required to achieve
acceptable glucose outputs, which, in turn, lead to
further decomposition of sugars from the hemicellulose,
generating compounds such as furfural, as indicated by
Lenihan et al. (2010) and Morales (2012).

Following the washing stage, a solid stream is also
obtained with a high content of glucose in the form
of cellulose, ready for a second phase of pretreatment
which also has the action of steam, in which the solid
is treated with a dry fiber-based solution of sodium
hydroxide at 3% and ethanol at 30% v/v. At this stage,
work is done at a temperature of 185°C, the solid-
liquid ratio is 1:7 kg/L, residence time is 60 minutes
and only 1% ethanol is lost with respect to dry fiber
because it includes a system for the recovery thereof
by condensation (Albernas et al., 2012).

Filtration is then carried out, in which a second solid
mass is obtained with a small amount of lignin and a
liquid current with a high content of this mass. The
objective of pretreatment is to make the lignocellulosic
biomass more susceptible to the following stage.
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After that, the biomass is subjected to the enzymatic
hydrolysis stage, through the action of the cellulase
enzymes for 24-48 h. This stage is carried out at 45°C,
using 30 FPU/g of cellulolytic enzymes Novozyme
CellicRCTec2 and p-glucosidase NS50010. The volume
of the second enzyme was 10% of the total volume
enzyme to be used, as explained by Albernas (2014) and
the xylanase employed is 20 FPU/g cellulases, working
at a pH of 4.8 and 150 rpm. The glucose solution
obtained experimentally by Mesa (2010) at this stage is
72.33 g/L. It is then filtered to use this glucose-rich fluid
as a diluent agent of the final molasses obtained as a by-
product in the production of sugar cane. These molasses
have 520 g/L of fermentable sugars, thus incorporating
the product of the enzymatic hydrolysis of the pretreated
bagasse to the traditional process of ethanol production
as another sugary current, which reduces the process'
consumption of fresh water.

Subsequently, there is a pre-fermentation stage,
whose fundamental objective is the growth of yeast
that will later be used in alcoholic fermentation in the
presence of nutrients and air that facilitate growth (Penin
et al., 2010). After that, it goes on to the fermentation
stage, at which the optimal sugar concentration is 120
g/L. At this stage, the yeast (Saccharomyces cerevisiae
DER CIEMAT Culture Collection No. 1701), nutrients
(urea and phosphate) (Albernas, Verelst, Gonzalez &
Pedraza, 2010) are added, and ethanol is produced at
a concentration of 31.8 g/L, according to Mesa (2010)
with a 12 hour duration, including 2 h for cleaning
and disinfection (Penin et al., 2010). The fermented
mash passes through five distillation columns in order
to produce 500 hL of extrafine alcohol daily, with a
96.3°GL quality. Figure 1 shows a flowchart of the
process based on the studies of Mesa ef al. (2011a).

l(::lur[uro’l Furfural Ethanol
Steam  H,80,  H,O ey condensation Steam  H,O NaOH Ethanol ..
| il and distillation iHQO ‘ i l i reconery
v l L | 3 v |
Bagasse Washin A E—
g Acid hydrolysis : 9 > hAl(jkol;ng
o 4 on o ——»| filtering ydrolysis
ucose . (o] 1 T B
Xilose 28.24 % ! H,O of washing Q\ucose 61 .803 %
igni 9 i 9 ] \ 4 Xilose 10.49 %
Lignin 18.93%, Extractives 5.6 % recoverad o o
Others 2.29 % Residual Lignin 25.91043 . P
. Solid Others 1.77 % Xlucoséeo7 ./ b
Final Water ilose 6.07 %
Molossesi i T Enzyines H,0 Lignin 26.67 %
o Enzymatic o
Molasses Filtration < ) <«— Filtration P
dilution hydrolysis l <
Liquid rich in
Lignin
Yeast Air Nutrients  Yeast Steam
i i \ Methanol
- 4
.| Pre-fermentation .| Fermentation N Distillation
Vinasses Low Ethanol
Stillages 500 hL/d

Figure 1. Block diagram of the process to be studied.
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The cellulosic ethanol process in itself only has the
drawback that it is not profitable due to, among others,
the large number of units required at key stages such as
enzymatic hydrolysis and fermentation, which is why
we need an appropriate design based on optimization
techniques as discussed by Corsano, Aguirre, Iribarren
and Montagna (2004), Corsano et al. (2006), Corsano,
Montagna, Iribarren, and Aguirre (2006a), Corsano,
Montagna, Iribarren and Aguirre (2007). This design
used the superstructure technique, but the work was
applied on ethanol production with a conventional
method based on final molasses and other products such
as torula yeast. The current study combines the first
and second generation ethanol production processes,
in addition to taking advantage of the by-products
generated in the production of second-generation
ethanol, which are furfural and lignin.

Approaches Discussed for the Problem of Synthesis,
Design and Operation of Batch Processes

To design a batch plant, it is needed to determine the
structure of the plant, the number of units to be used
and their sizes. Several papers have been published in
this regard using mixed integer nonlinear programming
(MINLP) models, where the binary variables take into
account different alternatives of the organizations of
units at each stage. Papers have been presented where
the different stages of the processes in question have
been modeled using fixed times and size factors. There
is extensive literature and previous work on synthesis
and the design of batch stages described by fixed sizes
and time factors: Knopf, Okos and Reklaitis (1982), Yeh
and Reklaitis (1987), Ravemark and Rippin (1998) and
Montagna et al. (2000). The first paper discusses the
problem with algorithmic resolution procedures while
the latter use MINLP. A first level of description of
the representation of dependent units of these process
variables consists of the use of algebraic models, which
was first suggested by Salomone and Iribarren (1992)
and applied later on a multiproduct batch plant problem
in Pinto et al. (2001). This approach simultaneously
optimizes the process variables and the decision
variables of the plant.

A more detailed description of the representation of
discontinuous stages requires modeling with differential
equations. Barrera and Evans (1989) first, and then
Salomone, Montagna and Iribarren (1994) suggested
that the simultaneous optimization could be achieved by
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integrating the model of the batch plant with dynamic
simulation models for the discontinuous units. An
important aspect to note is that the approach presented
by Salomone et al. (1994) suggests an algorithm whose
sequence of resolution overcomes the problems of non-
feasibility reported by Barrera and Evans (1989).

One way to incorporate the dynamic models of the
units without losing the MINLP nature of the overall
problem is to quantize the differential equations to turn
them into algebraic restrictions of the program. This
was the approach used by Bhatia and Biegler (1996),
for examples of simple processes and Corsano (2005)
in the problem of synthesis of complex networks of
alcoholic fermentation, simultaneously obtaining the
optimum number of units, operating mode and their
sizes. The same author gets the design variables of the
discontinuous stages such as size factors, processing
times and operating costs, to be calculated as a function
of process variables, which was also addressed by
Fumero, Montagna and Corsano (2012). Corsano ef al.
(2004) shows a model that simultaneously obtains the
optimal synthesis, design and operation of a multipurpose
sequential plant with mixed campaigns, where the task
sequencing restrictions are taken into account in the
global model. The structural considerations of the plant,
such as the number of units of a stage, are resolved
simultaneously in the model formulated as an NLP
problem.

Corsano (2005), solves the synthesis problem by
using at the same time the equations of the fermenter
model and their interconnection as a non-linear
programming (NLP) problem. This is something new
in this area because an optimal design is obtained based
on a complete model of fermenter networks.

While it is true that in these analyses, using
constant size and time factors requires the setting of
decision variables of the process units, no studies
have been reported combining -in the same global
optimization model-, the use of the time factors with
the phenomenological models of the stages involved in
the design; which is applied in this paper.

Formulation of the Global Model and the Superstructure

According to the points raised by Corsano (2005),
the superstructure of the process, applied to processes
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with batch stages, leads to the optimal design of the
process stages. This approach schematically considers
all the possible configurations of a batch plant in the
same model and includes characteristics of each of the
stages, through the formulation of models, whether
they are phenomenological and/or statistical, and size
factors of the stages, in order to perform the synthesis
and the optimal design of the bioethanol production
process using the product of enzymatic hydrolysis of
the pretreated bagasse, thus minimizing production cost.

The main product of these operations is known as
ethanol and must meet a demand Q of 500 hL/d in the
time horizon TH of 1 year. For the processing of the
stages, p operations are required. Each operation is
completed in certain stages j. For each of the production
operations p, there is an upper bound Cp on the number
of stages to be considered for this operation, see Figure 2.
This allows each operation to vary the number of stages
to be considered; therefore, for each operation p, there
is a set of stages ranging from 1 to Cp, whose solution
must be determined as a solution to the optimization
problem. The stages j,p,a, existing in the alternative ap
of operation p, can vary between 1 and Cp . For each
alternative ap, the number of stages is predetermined.

. # Stages
Alternative 1 »li=1, .., Co
. / # Stages
Operation 1 | —| Alternative 2 > i=1.,Cp
Alternative # Stages
ap=1,..., Ap ™ i=1.,Cp
. # Stages
Alternative 1 > i=1,.,Cp
) / # Stages
Operation p | —| Alternative 2 i=1.,Cp
Alternative # Stages
ap =1,..., Ap > i=1.,Cp

Figure 2. General scheme of a superstructure.

For each operation p, alternatives ap = 1, ..., Ap are
defined. Each of the alternatives ap existing in operation
p, should be characterized, which involves the definition
of the following elements:
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The number of stages to be included in the alternative.

The last stage included in the alternative (basic data
for the connection between successive operations).

The number of duplicated in phase and/or out of phase
units for each of the stages included in the alternative
(See Figure 3).

Stage 1 —| Stage 2
| I
| I
| I
| I
Stage 1 »| Stage 2
Time
(a)
Stage 1 » Stage 2 » Stage 3
\ \ \
\ \ \
\ \ \
\ \ \
Stage 1 > Stage 2 » Stage 3
Time

(b)

Figure 3. Operating modes of the stages, a) in phase operation;
b) out of phase operation to reduce idle time.

Once these elements have been defined, the
superstructure for NLP is proposed, which is defined
by the designer based on his experience in the process
in question. Based on the methodology proposed by
Corsano et al. (2006) and applied in Corsano et al.
(2007); and by Albernas (2014) a certain operation
with Cp = 2 stages, indicates than any alternative used
in this operation can have up to 2 stages. Each of these
stages has structural options based on the duplication
of the units included therein. Each of these options is
predetermined in each alternative ap (Albernas, 2014;
Albernas et al., 2014).
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One option for the configuration of the operation
is the duplication of stages in series. It is assumed that
there is a determined cycle time that is a variable of the
problem for that operation, which is the longest of the
time of all the stages involved therein. Therefore, all
the units that require a shorter operating time have a
standby or idle time.

The objective function to be proposed takes into
account the costs of the units involved in each of the
operations, as well as the operating costs of each.

P Ap
MinY, ¥ ¥ o, M, G, V" +0C (1)

r=1 ap=I _@aeap

Where V), ., ;is the unit size j (volume) in alternative
a for operation p.

The volumes of the various units are listed in
Equation 1, through the design equations and models
that describe each of the stages.

The cost of the units is calculated based on coefficients
a, and f3, used in this type of problems according to
Biegler, Grossmann and Westerberg (1998); Seider,
Seader and Lewin (2003); Corsano (2005), where a,, is
the investment cost of the equipment and f,, is its cost
exponent. These coefficients are assumed to be the same
for the stages of all the alternatives within an operation.

M, , jand G, , ; are the number of duplicated out
of phase and in phase units respectively. For stage j, in
alternative a for operation p, OC represents the operating
costs that depend on how the operation is carried out

(Albernas et al., 2014).

The above expression considers all stages j of all
the existing alternatives for operation p. The optimum
alternative is identified in the solution as the one that
has a unit size other than zero.

Model Constraints

The required demand must be covered, for which
Production Rate (PR) indicated by Albernas, Gonzalez,
Pedraza and Gonzalez (2011) is used, which comes
from:
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0
PR= — 2
TH (2)
The Final Product is Obtained at the Last Stage of the

Last Operation
The sum of what is produced through all the alternatives
must meet the requirements established for the plant.

Z PR, > PR (3)

a,ePlast

Where: p,,,; is the last operation.

For this operation, the productions PR, are joined
in each of the alternatives available, which are given by:

last

OF,,
PR,a ==l 4
T (4)

OPy, 1s the quantity produced in alternative a,, in the
last operation, 7C is the plant's cycle time.

The model includes all the alternatives simultaneously,
and the target function will lead to the selection of
only the best one. For this alternative, the 7C will
make physical sense, whereas for the others, it will be
meaningless.

The total produced must be at least equal to the plant
requirement and the quantity to be produced will be just
PR, in order to try to minimize the costs. This will be
achieved by using one of the alternatives in operation
P last -

The plant's cycle time, based on the Zero Wait (ZW)
transfer policy, is determined by the longest of all times
required in the stages used at the plant.

T,,; is the operation time of the unit of stage ; for
alternative a in operation p. This value is an operation
value and it is calculated by the model that describes

the operation as follows:

T aj . -
TCZﬁ Vp=1,.,P; Va,ep;Vj, €a, (5)
Where M, is the number of duplicated out of phase

units for stage j in alternative a for operation p.
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Connection Balances Between Stages

The connection balances must be established
between successive stages of each alternative of an
operation. B,, and B, are the volume of the batch
entering and exiting each unit of stage jpa in operation
p, we have:

in out

Bpaj: ol Vp=1..,P; Va,ep;Vj,.ca, j.22 (6)

If various materials are handled, this type of
connection constraint must be established for each of
them.

Connection Balances Between Operations

To ensure the connection between successive
operations, the last stage of one operation must be
placed in contact with the first stage of the following
operation as follows:

ZB (:; - ZB Zu,al (7)

apep apep+1

This indicates that the total obtained in the last stage
Jiast OF all the alternatives of operation p, must be equal to
all the material entering the first stage of the following
operation. The values of B, and T,,; used must be
characterized suing the proper equations.

Number of Units by Stages

As part of defining the superstructure by stages, the
designer suggests several alternatives that include a
certain number of units, which serves as a model limit.

Minimum and Maximum Capacities of the Units

The possible minimum and maximum capacities of
the units are an element that is also established like the
dimensions, in accordance with the results of previous
studies and similar equipment installed at the industrial
level.

The optimal configuration of the operations that
includes the number of units in each operation and their
volume will be obtained as a response to variables to
the global model, such as the borderline cycle time, the
end time of each operation, and the total cost of annual
production.
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3. APPLICATION OF THE SUPERSTRUCTURE

The main product of these operations is ethanol and
it must satisfy a demand Q of 500 hL/d of ethanol in
time horizon TH of 1 year. The general model optimizes
the design of stages in the operations; in this case, the
ethanol production process, thus minimizing costs
(Albernas et al., 2014).

Superstructure Model for Acid, Alkaline Pretreatment
and Enzymatic Hydrolysis

For the analysis of the superstructure of the
pretreatment stages also studied by Reales-Alfaro et
al. (2013), and enzymatic hydrolysis, it is assumed
that there is no difficulty with the delivery of the
essential raw material (bagasse). That is to say, there
are no waiting times in reference to the raw material,
so the logistics and the uncertainty are not considered
in the formulation of the problem. Table 1 shows the
fundamental results of the mass balances obtained by
Albernas (2014), which were taken based on this study.

To propose the superstructure model of the pretreat-
ment and enzymatic hydrolysis stages, the associated
size factor concept is applied for each of the stages.
(see Table 2).

The input quantities at each stage are taken from
the mass balances developed by Albernas (2014) for
which the quantity of hydrolysate from the enzymatic
hydrolysis is taken as a final product, because it is the
product from the sections of bagasse processing in
general, later used in the fermentation stage at a value
of 1'377 497.87 kg/d.

With these size factors, in order to calculate the
volumes of the unit, the equation that relates the size
factor with the batch size was used.

Vi=SE 1B, (8)

Where batch size (7B;) is 5.28. This is determined
based on the determined ratio of balances between the
product of the enzymatic hydrolysate and the initial
bagasse used, affected by the cycle time of the three
operations.

TC, 9)

initial i

TB, =5.28 - Bagasse
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Table 1. Main results of the mass balances obtained by Albernas
(2014) in the pretreatment and enzymatic hydrolysis stages.

Table 2. Size factors of the pretreatment and enzymatic
hydrolysis stages.

Stream Value UM Stage Imput Eﬁ\;\;‘;; stage SF, (m’/kg)
Acid Hydrolysis
Acid pretreatment 2290.86 1.66-10°
Initial glucose (in bagasse) 117 143.30 kg/d : »
Initial xylose (in bagasse) 73 612.08 kg/d Alkaline pretreatment 1319.00 9.58:10
Initial lignin (in bagasse) 49344.07 kg/d Enzymatic hydrolysis 3303.60 2.39-10°
Steam required 43647.12 kg/d

Final glucose (solid) 121815.74 kg/d The cycle time for the three operations is calculated
Final xylose (solid) 32609.32 kg/d considering that they are operations that operate in
Final lignin (solid) 41387.24 kg/d parallel out of phase, as follows:

Water (solid) 456 895.37 kg/d
Furfural 15639.96 kg/d TC = max{7 } (10)
Alkaline Hydrolysis J=LM NPJ
Ethanol 411205.83 kg/d ) ) ) ) ) )
NoOH 5874 37 ko/d Where 7; is the processing time in stage j, NP}, j =
Steam required 20260.21 kg/d [..M stages.

Final glucose (solid) 110084.60 ko/d To determine processing times, the times involved in
Final xylose (solid) 14203.43 kg/d the different operations of each process were taken into
Final lignin (solid) 29416.80 kg/d account, as shown in Table 3, based on estimates of the

Water (solid) 111303.50 kg/d laboratory results, combined with the experience with

Final glucose (liquid) 11731.14 kg/d units of similar characteristics. In the case of reaction time
Final xylose (liquid) 18 405.89 kg/d in pretreatment, the equations to calculate time based on
Final lignin (liquid) 11870 44 kg/d the models of rate expressions of the inter.est components

Water (iquid) 953 605.90 ko/d were used, and in the case of enzymatic hydrolysis, it

Enzymatic Hydrolysis

was also calculated based on the experimental results
developed by Albernas (2014), whose fundamental results

: Enzyme flow _ 195 m’/h are listed in Table 1. In the case of enzymatic hydrolysis,
Final glucose (solid) 30054.70 kg/d the strategy of simultaneously loading and heating, as
Final xylose (solid) 3550.90 kg/d well as cooling and unloading, was applied.
Final lignin (solid) 29416.81 kg/d
t li k .
: Water (so IC_J) : 96527.99 o/d Superstructure Model for Pre-Fermentation and
Final glucose (liquid) 80029.89 ko/d Ethanol Fermentation Operations
Final xylose (liquid) 10652.53 kg/d Fermentation for bioethanol production consists
Water (liquid) 17286 815.45 kg/d of two operations, which are biomass fermentation
Table 3. Times involved in the pretreatment and enzymatic hydrolysis operations.
Operation Acid Hydrolysis (min) Alkaline Hydrolysis (min) Enzymatic Hydrolysis (h)
Load time 45 45 3
Heating time 35 40
Reaction time 12.46 0.33 Determined later
Cooling time 20 35
2
Unloading time 45 45
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or pre-fermentation and ethanol fermentation. For
these stages, the mass balance models are described
by the following differential equations according to
Chekhova, Barton and Goérak (2000) and Nielsen,
Villadsen and Liden (2003) which were also applied
by Albernas et al. (2014):

. X,
Biomass: _dl’ = Wpa Xpa = Vpy X (11)
t
as X
Substrate: et — _Hon Zpn (12)
dr Yi,,
daxd
Non-active Biomass: dpa =0, X, (13)
t
/2 X
Product: “=re. = Y (14)
a e,
Where: | = Spa (15)
. ”’ !"anx, pa kgpa + Spg

Where, Equations 11 - 13 and 15 are described
for the pre-fermentation operation, and Equations
14 for fermentation, because the first operation only
produces biomass. Subindex p refers to the pre-
fermentation or fermentation operations (p=4 and p=3
respectively), while a refers to the alternative of the
selected configuration for the superstructure (number
of duplicated out of phase units for each stage), a € 4,,
A, are the different alternatives for p. X is the biomass
concentration (kg/m?), S is the substrate concentration
(kg/m®), Xd is the non-active biomass concentration
(kg/m?®) and E is the ethanol concentration (kg/m?),
u is the specific growth rate. These are all variables
of the problem, u represents the death rate of the
microorganisms, Ye is the ethanol yield coefficient and

ks is the substrate saturation constant. Those are the
parameters of the model. Yx is the biomass yield and
it is a function of the substrates used in feeding the
pre-fermenter for the fermenters and a constant for the
alcoholic fermentation operation.

In all the stages of the two operations, an extra feed
can be added to the one coming from the previous stage.
This feed consists of a mixture of sugared substrates
formed by B molasses, an enzymatic hydrolysate from
the pretreated bagasse and water, which can be used to
dilute the molasses as illustrated in the block diagram in
Figure 1. Retention time in filters between fermentation
and distillation is not taken into consideration because
they operate continuously (Albernas ef al., 2010).

As proposed in the global model, the goal is to
minimize total annual costs, which are proposed as
annual investment costs added to an operating cost
(consisting of the cost of substrates, nutrients and
other materials involved) in correspondence with
Seider et al. (2003).

P Ap

MinC,,. CCFZ Z Z op,M,,; G, ijJr

p=1 ap=l1 Jpa€ap

TH & &
533 DAY

p=l ap=1 j,cap [

(16)

Where, C,,, is a constant that annualizes investment
cost, CCF is the depreciation of the units and C;
represents the cost per m?® of material involved fused in
feeding unit j of alternative ap. TH is the time horizon
(1 year), which is divided by cycle- time 7C to express
this annual cost. The values of the cost exponents o and
B were taken from Table 16.32 of Nielsen et al. (2003)
where the volumes of the equations are expressed in the
units listed in Table 4.

Table 4. Values of the cost exponents of the main equipment.

Unit Coefficient Coefficient a vl
Acid hydrolysis reactor 0.41 32200 #
Alkaline hydrolysis reactor 0.41 32200 #
Enzymatic hydrolysis reactor 0.72 14 gal
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Superstructure for the Involved Operations

In the superstructure for the acid, alkaline pretreat-
ment and enzymatic hydrolysis operations, there are
three operations (p = 3). For the first operation, acid
pretreatment (p = 1), a stage (C; = 1) is suggested,
including three alternatives (a;= 3) which are taken
into account at this stage. The first presents the out of
phase triplication in parallel of this stage; the second
one presents four out of phase units in parallel of this
stage, and the third one presents five units operating in
the same way.

The second operation, alkaline pretreatment (p = 2),
proposes a stage (C, = 1). This includes three alternatives
(a,=3), which are taken into account at this stage. The
first presents six out of phase units in parallel of this
stage; the second one presents eight out of phase units
in parallel of this stage, and the third one has ten units
operating in the same way.

In the third operation, enzymatic hydrolysis (p = 3), the
number of units suggested is high given the processing
time for this stage, so a stage (C; = 1) is proposed. This
includes three alternatives (a,= 3), which are taken into
account at this stage. The first presents 28 out of phase
units in parallel of this stage; the second presents 30
out of phase units in parallel of this stage, and the third
presents 32 units operating in the same way.

The superstructure for the pre-fermentation and
fermentation operations consists of two operations
following the previous one (p = 4, 5). For the pre-
fermentation operation (p = 4), a stage (C, = 1) is
proposed, so any alternative can have one stage at most.
This includes three alternatives (a,= 3), which are taken
into account at this stage. In the first, there is a single
stage, while the second is the out of phase parallel
duplication of this stage, and the third is the out of phase
parallel triplication of this stage.

For the fermentation operation (p = 5), three
alternatives (a5 = 3) of just one stage (Cs = 1) are
considered. In this case, the first alternative consists of
placing 8 out of phase units in parallel of this stage; the
second alternative consists of placing 10 out of phase
units in parallel of this stage, and the last consists of
placing 12 out of phase units in parallel of this stage.

Table 5 summarizes the number of units involved
in each of the operations, which are proposed based
on the estimates of the lab results (pretreatment and
enzymatic hydrolysis) and the existing units in Cuban
distilleries with similar capabilities (pre-fermentation
and fermentation).

In all the operations of the three alternatives, no
in-phase units are considered due to the characteristics
of these operations. Therefore, for the model, it is
G = 1. The differential Equations 11 - 15 are discretized
using the trapezoidal method, which is an explicit one-
step method that has the special property of stability
proposed by Atkinson (1989). 30 nodes were taken
in the discretization, so the length of the step in each
case was equal to the operating time divided by 30.
The stability of this method for the pre-fermentation
and fermentation operations was verified in the work
by Corsano et al. (2004). The algebraic equations
resulting from the discretization were embedded in the
global model, which is formulated and solved in the
Professional Software, General Algebraic Modeling
System, (GAMS) v. 23.5, by applying Solver CONOPT
specialized in NLP (Albernas et al., 2014).

Parameters Considered in the Optimization of the
Ethanol Production Process
For the models, a time horizon of 7200 h-year’

(300 days-year') was taken along with a fixed ethanol
production rate of 500 hL-days"'. Fermentation

Table 5. Characteristics of the superstructure for the stages.

Acid Pretreat Alkaline Pretreat Enzymatic Hydrolysis ~ Pre-fermentation Fermentation
Alternative 1 M=3 M=6 M =28 M=1 M=8
Alternative 2 M =4 M=38 M =30 M=2 M =10
Alternative 3 M =5 M =10 M =32 M=3 M =12
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substrate is understood as the mixture of sugars with
six carbon atoms (gl/ucose) contained in the product
of the enzymatic hydrolysis of the pretreated bagasse
and molasses, because the strain of Saccharomyces
cerevisiae DER CIEMAT Culture Collection No. 1701,
does not have a dual metabolism, so it only ferments
sugars with six carbon atoms. Table 6 shows some of
the main parameters used in the model for the pre-
fermentation and fermentation operations.

4. RESULTS AND DISCUSSION

Estimate of Optimal Enzymatic Hydrolysis Time

As reflected in Table 3, enzymatic hydrolysis reac-
tion time is a crucial point because it is one of the
critical stages of the process due to its length; therefore,
obtaining a minimum time should be analyzed in order
to obtain a proper level of Total Reducing Sugars (TRS)
to ensure the efficiency of this stage. This study shows
that at 24 h, 45.56 g/L are produced; however, at 48 h, the
maximum formation of TRS is 58 g/L. Therefore, if 24
h is established as the final point of analysis, 12.44 g/L
will not be produced by avoiding a waiting time of 24 h.

With this in mind, the global model GAMS is
implemented with variations in the reaction times
of enzymatic hydrolysis in accordance with those
established in Table 7. The TRS values listed in this
table were obtained by experiment by Albernas (2014)
and they are in line with those reported by Mesa (2010).

Table 7. Reaction times and TRS obtained in enzymatic hydrolysis.

TRS of the product of the enzymatic
hydrolysis of the pretreated bagasse (g/L)

Reaction time
enzymatic hydrolysis (h)

5 24.59
10 35.52
15 39.55
18 40.56
24 45.56

Based thereon, 5 different runs are obtained with
different designs in each of the cases. Therefore, 4
alternatives are studied.

Alternative 1: purchase all the equipment and sell
ethanol.

Alternative 2: attach it to a distillery and sell ethanol
(pre-fermentation and fermentation units are not
purchased).

Alternative 3: purchase all the equipment and sell
ethanol and furfural.

Alternative 4. attach it to a distillery and sell ethanol
and furfural (pre-fermentation and fermentation units
are not purchased).

The result is 4 alternatives with 5 design operations
each; therefore, in each case, an economic feasibility
study was conducted with the results using the factorial

Table 6. Main parameters used in the pre-fermentation and fermentation operations.

Parameter Value UM Reference
M,y Pre-fermentation 0.461 h Caicedo, 1999
M.y, fermentation 0.1 h! Nielsen et al., 2003
Y,/s max pre-fermentation 5.8 mol cells/mol substrate Albernas, 2014
Yos max fermentation 1.99 mol ethanol/mol substrate Albernas, 2014
Ks (Substrate saturation constant) 25 mg-L" Nielsen et al., 2003
o 63 400 - Montagna et al., 2000
s 0.6 - Montagna et al., 2000
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methodology of Peters and Timmerhaus (1968), to find
the optimum enzymatic hydrolysis time in each of them.

The first variant of purchasing all the equipment and
selling only ethanol is analyzed as illustrated in Figure
4, which shows the Payback Period (PP) expressed in
years vs. the enzymatic hydrolysis time expressed in
hours. In this variant, the optimum overall time is 24
h and it is recovered in 13 years, which is where the
overall minimum occurs. Since this is not economically
feasible, this alternative is discarded.

PP (years)

5 10 15 20 25
Enzymatic Hydrolysis Time (h)

Figure 4. PP Profile - enzymatic hydrolysis time in the alternative of
purchasing all the equipment and selling ethanol.

In the investment process, the equipment corresponding
to the pre-fermentation and fermentation stages is not
purchased. This happens because there is not enough
molasses for the entire year, based on the analysis of using
the product of the enzymatic hydrolysis of the pre-treated
bagasse obtained, along with the molasses of a distillery,
and completing its capacity. The alternative of attaching
to a distillery would imply that the enzymatic hydrolysis
stage would have a length of 24 h and the total investment
would be recovered in 4 years, Figure 5.

Based on the mixture study conducted by Morales
(2012), we used the 50% and 50% substrate mixture
that yielded the most favorable results in regards to
the alcohol strength obtained in the ferment based
on the combinations of substrates used: an average
alcohol strength of 5.07% of the ferment. According to
Colectivo de Autores (1983), Galvez (1988) and Fabelo
(1998), this value is in the order of those obtained for
fermentations (4.0-6.5% ethanol) prior to the ethanol
distillation stage. The model obtained is:
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Y,=5.0955X,+4.9538 X,+0.2665X,X, R-8639% (17)

Where, Y, is the alcohol percentage obtained, X,
and X, are the percentage of molasses and the product
of enzymatic hydrolysis of the pre-treated bagasse.
Although the correlation coefficient value obtained
of 86.39% is not a high value from the experimental
standpoint, according to Gonzalez (2005), it is within
an accepted range when it comes to results to be applied
at the industrial level, which is above 85%. This variant
is the first most attractive to be implemented.

An analysis of the production of the by-product
(furfural), together with bioethanol, shows that for the
case of purchasing all the equipment, the minimum
payback period (PP) is 3.1 years, at 5 h (See Figure 6).
This implies that what is important in this case is not
the production of sugars to produce bioethanol, because
at 5 h, only 24.59 g/L of TRS has been obtained; that
is to say, this case places greater importance on the
production of the by-product, so this alternative is not
attractive for implementation.

A final analysis of the possibility of using the
installed capacity in pre-fermentation and fermentation
by attaching it to a distillery and also producing furfural,
yields greater use of the bagasse for the production of
sugars, leading to the recovery of the investment in 1.5
years, which is the best solution as illustrated in Figure
7 and optimum time is 18 h.

The most attractive variant to be applied is that of
obtaining bioethanol attached to a distillery and using the

5.50
5.30
5.10
4.90
4.70
4.50
4.30
4.10
3.90
3.70

3.50
5 10 15 20 25

PP (years)

Enzymatic Hydrolysis Time (h)

Figure 5. PP Profile - enzymatic hydrolysis time in the alternative
of attaching to a distillery and selling ethanol.
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Figure 6. PP Profile - enzymatic hydrolysis time in the alternative of
purchasing all the equipment and selling ethanol and furfural.
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Figure 7. PP Profile - enzymatic hydrolysis time in the alternative of
attaching to a distillery and selling ethanol and furfural.

product of the enzymatic hydrolysis of the pre-treated
bagasse as a complementary substrate to satisfy the lack
of molasses thereof and upon implementing it. If there
is a secure market for the furfural, it would complete
the investment in this sense, taking into account the last
variant analyzed.

Optimum Results Obtained by Implementation in
GAMS

One measure of the robustness of the model
implemented to achieve the optimum design can be
obtained by analyzing Table 8, which shows that at a
low execution time, 0.016 seconds, 758 equations can
be processed with 785 variables and 2650 non-linear
elements.

For the first alternative selected based on the
analysis of profitability upon attaching it to a distillery

CT&F - Ciencia, Tecnologia y Futuro - Vol. 5 Num.5  Dec. 2014

and selling ethanol, the results shown in Tables 9 and
10 are obtained.

Table 8. General aspects of the execution of the program.

Parameter Total

No. of equations 758

No. of variables 785

No. of non-linear elements 2650
CPU time (s) 0.016

Table 9. Optimal solution of the model in GAMS.

Best No. Total Processing c
Option  Units Time (h) vV (m?)
Acid
Pretreatment 3 2.54 99
Alkaline
Pretreatment 6 2.76 57
Enzymofi'c 1 28 29.0 143
Hydrolysis
Pre-
Fermentation 1 2 4.28 10
Fermentation 2 12 30.0 85

The numbers and volumes of the units are calculated
in full accordance with the analyses conducted
previously and with the results of some authors, such
as Sammak, Rousta, Tabari and Yazdanian (2007).
In the case of the pre-fermentation and fermentation
stages, they are consistent with the existing units in the
distilleries installed in Cuba with similar capabilities.
The duration times of the stages are also within those
calculated by Albernas (2014).

It is important to point out that this study is a
preliminary Class 4 assessment according to the
A.A.C.E., with an accuracy between 70 and 85%, so new
investments are those related to the enzymatic hydrolysis
and pretreatment stages. As addressed earlier, these were
taken based on the cost exponents explained by Nielsen
et al. (2003) with the values listed in Table 4. The rest of
the items related to investments were taken from estimates
using the Peters and Timmerhaus (1968) methodology.
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Table 10. Economic results obtained with the model in GAMS and the economic evaluation in the variant of attaching
it to a distillery and selling only ethanol.

Aspect Value UM
Cost substrates-nutrients and o’rhgr raw mo’rgriols in 317.14 USD/h
pretreatments and enzymatic hydrolysis
Cost substrates-nutrientsin pre-fermentation 370.09 UsSD/h
Cost substrates-nutrients in fermentation 63.29 USD/h
Cost substrates-nutrients total 750.52 USD/h
substrates-nutrients -Nutrients total 57403744 USD/year
Investment - pretreatment and enzymatic hydrolysis 11'55297.6 usb
Total production cost 874.28 USD/h
Total production cost 6294816 USD/year
Ethanol production 150000 hL/year
Ethanol sale price 70.00 USD/hL
Production value 10500 000 USD/year
Profit 4205184 USD/year
Unitary production cost 41.97 USD/hL
Net present value (VNA) 12°170992.17 usb
Internal rate of return (IRR) 46.6 %
PP 4.0 Years

The investment values were updated in the GAMS
program using the rate reported by the Chemical
Engineering journal for the year 2013, which is 567.3
(Bailey, 2014). These evaluations would involve
adding the enzymatic hydrolysis and pretreatment
stages to an existing distillery, so these are the stages
that are considered a new investment and require new
land adjacent to said distillery. The fermentation and
distillation stages are not taken into account in the
calculation of the investment, because the existing ones
are used; thus confirming that the number of units and
volumes obtained in pre-fermentation and fermentation
are similar to those existing at the current plant.

When attaching the second-generation technology
under analysis to a distillery installed with first genera-
tion technology and selling only ethanol, savings will be
made on the expenses related to the investment of the
pre-fermentation and fermentation stages because they
already exist and are installed therein. From the eco-
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nomic standpoint, this has a positive effect with a profit
of USD 4°205 184 per year, recovering the investment
related with the second generation ethanol in 4 years.
This setup takes advantage of the possibility of using an
additional sugared substrate that will mitigate the lack of
molasses suffered by some of the Cuban distilleries at a
certain time of year, which is of great importance from
the technical and economic standpoint. This also makes
it possible to have the ethanol technology in Cuba using
products from the hydrolysate of bagasse that remains
as a residual and is not used in cogeneration.

The second variant, which appeared to be attractive
for use in the prior analyses, consisted of attaching it to
a distillery and selling ethanol and furfural, which, as
expected, has the economic results illustrated in Table
11, from selling a product with high value-added.
Production and investment to produce furfural was
estimated based on the results obtained by Morales
(2012).
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Table 11. Fundamental economic results obtained with the global model and the economic evaluation of the variant
of aftaching it to a distillery and selling ethanol and furfural.

Aspect Value UM
Investment in pretreatment and enzymatic hydrolysis 17155297.6 usb
Investment for furfural 65195.72 usb
Total costs of subsfrofes—r?ufrienfs and other 6179 356.8 USD/year
raw materials
Total production cost 883.33 USDr/h
Total production cost 6'359 976 USD/year
Furfural production 4691988 kg/year
Furfural sale price 1.80 USD/kg
Value of production for furfural 8'445578.4 USD/year
Total value of production 18945 578.4 USD/year
Profit 107969 410.2 USD/year
Net present value ( VNA) 44°893358.7 usb
Internal rate of return (IRR) 84.7 %
PP 1.51 Years

All the information necessary to calculate the costs
was taken from conventional Cuban distilleries that are
currently in operation, as discussed by Albernas (2014).
The ethanol sale price was taken from the current Cuban
distilleries and is consistent with Ensinas et al. (2013),
as well as in the ranges reported by Trinder (2014). For
the economic evaluation, an interest rate of 15% was
used and the results displayed are taken from the second
year in which the investment was executed. However,
this alternative has a very high recovery rate of 1.51
years, due to the possibility of selling a by-product such
as furfural, which is easily obtained in addition to the
acid pretreatment of the bagasse in second-generation
technology. The investment to do so is considered
minimal (USD 65 195.72) in relation to the value of the
product. The fact that it can be quoted at USD 1.80/kg
makes the value of the production for this concept high
(USD 8'445 578.4 per year), with an internal rate of
return that can be considered high at 84.7%. This variant
leads to a profit of USD 10°969 410.2 per year, but bear
in mind that the possibility of the implementation of this
variant is subject to ensuring a secure market for the by-
product (furfural); otherwise, there would be no sense in
undertaking such an investment.
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Table 12 below provides a detailed breakdown of the
estimated costs related to the investment and installation
of each of the variants under analysis.

Based on the results obtained with the optimal
superstructure, the resulting superstructure was built in
a Gantt Chart as illustrated in Figure 8. All the stages
operate based on the zero-waiting policy except for
enzymatic hydrolysis, because storage tanks must be
put in place for the hydrolysate to store the content of
a hydrolyzer before going on to fermentation, in order
to make the equipment prior to this stage smaller. In
this tank, there is a maximum wait equal to the process
cycle time, which is 2.5 h. This time does not affect the
quality of the enzymatic hydrolysate.

In this case, assuming the maximum wait time, the
total time of the process is 66.8 h = 2.8 days, which
is the delay in obtaining the first complete batch of
ferment. Once the plant is on system, a new fermenter
will be ready every 2.5 h to be distilled, thus ensuring
the continuity of the distillation stage.
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Table 12. Breakdown of the main related investment costs (USD).

Variant of attaching it to a distillery

Variant of attaching it to a distillery

Ced iz and selling ethanol and selling ethanol and furfural
Equipment installation 495622.67 630995.05
Instrumentation and controls 33041511 483315.35
Piping 393956.48 912929.00
Electrical systems 127°082.74 268 508.53
Building and auxiliary 368539.93 389337.37
Land preparation 152 499.28 161105.12
Services and facilities 698 95.05 939779.86
Direct costs 2'567071.27 37785970.28
Engineering and supervision 821462.81 1211510.49
Construction expenses 872804.23 11287 229.89
Legal expenses 102 682.85 151438.81
Payment of recruitment 156 077.93 230 186.99
Contingency 949816.37 17400 809.00
Indirect costs 2'902844.19 4:281175.19
Fixed capital investment 5469 915.46 8067 145.47
Working capital 911 652.58 1344 524.24

Total Capital invested

67077 0683.84

87963494.97

2.54 h
Ao, TC=0.85h

Enzymatic
Hydrolyser’s)

=S, }

2 Pre-fermenters «— & - -

12 Fermenters

Hydrolyser’s

6 Alkaline
Hydrolyser’s

e e

Tim;
Figure 8. Gantt Chart with the superstructure of the optimal option obtained.
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5. CONCLUSIONS

The first optimal variant to be introduced is that
of obtaining bioethanol attached to a distillery and
using the product of the enzymatic hydrolysis of the
pre-treated bagasse as a complementary substrate to
satisfy the lack of its molasses. This alternative offers
a VNA of USD 127170992.17 and a PP of 4 years.
The second optimal variant to be implemented is that
of obtaining bioethanol attached to a distillery and
selling ethanol and furfural. This would require a total
investment of USD 17220493.32 for a profit of USD
10°969410.2 per year, a VNA of USD 44°893358.7
and a PP of 1.51 years.

The combined analysis of the mathematical model
with the dynamic profitability indicators showed
that the optimum enzymatic hydrolysis time in the
alternative of attaching it to the distillery and selling
ethanol is 24 h, obtaining 45.56 g/L of hydrolysate.
In the alternative of obtaining bioethanol attached
to a distillery selling ethanol and furfural, it is 18 h
obtaining 40.56 g/L of the product of the enzymatic
hydrolysis from the pretreated bagasse.

The determined optimal configuration considers 3
acid hydrolyzers of 99 m’, 6 alkaline hydrolyzers
of 57 m?, 28 enzymatic hydrolyzers of 143 m?, two
pre-fermenters of 10 m® and 12 fermenters of 85 m?,
all operating out of phase in parallel.
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Total reducing sugars, g L"!

Batch volume, m?

Maximum number of stages

Constant that annualizes investment cost
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GREEK SYMBOLS
a Cost coefficient
p Cost exponent
T, Processing time at the stage, h
u Specific growth rate, h™!
Hinax Maximum specific growth rate, h’!

SUBSCRIPTS AND SUPERSCRIPTS

a Alternative
ann Annual

Jj Stage

max Maximum
p Operation
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