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Cristiane Sanchez Farinas, Ladislaw Martin Neto

INSTRUMENTATION AND
AUTOMATION IN THE
OPTIMIZATION OF SUGARCANE
ETHANOL PROCESS

Despite the technological advances of the sug-
arcane industry in recent decades, there are still
several opportunities to optimize the process and
increase productivity in ethanol producing plants
This is because ethanol distilleries in Brazil have
given low investment priority to process control
and automation. This fact could be related both
to a slowdown in ethanol production in the late
1990’s as well as poor understanding of the real
benefits of implementing new technologies in the
production process (ATALA, 2004).

With current scenarios on expanding the inter-
national ethanol market, the use of ethanol in flex
fuel engines and in the processing of biodiesel, in
hydrogen fuel cells and other alternative energy
sources, it is expected an increase of investments
in both research and implementation of new tech-
nologies, together with the automation and control
of the production process (ATALA, 2004).

The implementation of a controlling system
can contribute to increase process efficiency, pro-
ductivity and reliability, reduce costs and reduce
environmental impacts, and improve quality. One
reason for this is that the key in fermentation
processes for ethanol production, the microorgan-
isms, are very sensitive to small environmental
changes. Any small variation in the quality of the
raw material, medium composition, pH, and tem-
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perature can significantly affect their metabolism
and change the efficiency and productivity of
the process. The control of the bioprocess aims
to maintain the environment in which the cells
are cultivated in optimum conditions for growth,
biosynthesis and final processing.

The control process for ethanol production
follows the same principles of an industrial plant,
aiming to keep certain variables at the desirable
operational limits. To clarify the nomenclature
used in this chapter, Figure 1 shows a symbolic
representation of a generic system/process that
will be used as a basis for the description of the
terminology used in the context of control, auto-
mation and optimization of ethanol production.

The input variables of the system are classified
into two types: disorders variables, the vector d,
random in general (caused by uncontrolled chang-
es in the environment), and controlled variables,
u, which are manipulated from control laws. Note
that the variable d may or may not be measured.

The control variables, u, are manipulated
variables in the real processes (usually by opening/
closing of valves, increase/decrease engine speed
by using frequency converters etc.). In this case, it
can be used different control strategies, being the
most common the feedback control, where, once
the state variables are known from measurements,
it can be determined the value of u so that the
process operates near a pre-determined condition
(set point).

The response variables, or state variables, x,
are those variables defined by the model developer
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as representing aspects of the reality relevant to
the problem under study, in other words, are those
calculated from the model equations (calculations
that occur in the block “system”). Finally, the
measured variables (or simply “measures”), v, are
those variables measured by the instrumentation
available, both in real time (on-line) and off-line
— for example, in an analytical center. It is impor-
tant to note that the block “observation” includes
equations, algebraic in general, that allows to have
a problem as a function of x and y. If the state vari-
able can be measured directly, then this equation is
simply x = y. Often, however, it is not possible, then
you need to employ more complex relationships.
In the case of implementation of a controlling
system in a fermentation bioreactor, certainly one
of the state variables will be the cell concentration
(typically, baker’s yeast, Saccharomices cerevi-
stae). How to monitor the growth progress? For
example, by optical density — OD of the medium,
which would be one of the measures (part of
the vector y). In this case, a linear correlation
is typically used in the block “observation”: the
calibration curve of cell concentration versus DO.
However, this block may include more sophisti-
cated computer algorithms, as mentioned later in
the text about software sensors or soft-sensors.
The definition of input and output variables in
Figure 1 is an abstract construction made by the
modeler, assuming that the problem can be repre-
sented by a set of the most significant variables in
terms of the application and the acceptable level
of complexity required for the model. After all, a
model is only a model, not the reality itself, and
being clear about this fact is an essential starting

Representation of variables in a model of a monitored and controlled system/process.

point for discussing the importance of instrumen-
tation and control in any case — and in particular
the production of ethanol.

As can be seen from previous paragraphs, a
requirement for an efficient process control is the
use of an adequate monitoring methodology. Off-
line monitoring, performed by collecting samples
and analyzing them subsequently, although it can
provide accurate data, has the disadvantage of the
delay between sampling and result.

Off-line monitoring is often used during the
phase of development and validation of the process
mathematical models, when there is a greater de-
mand for the amount of information. Such models
can then be used in the design, optimization and
control of the process. For example, measure-
ments of the composition of the medium by high
performance liquid chromatography — HPLC would
allow following those state variables (composition
of the main substrates and products in the middle)
but not in real time. These may be essential data to
adjust the parameters of the fermentation kinetic
models, but are not suitable for real-time process
control, due to both the cost of the analysis and
the delayed responses.

In turn, the real time monitoring of process
relevant variables has the advantage of provid-
ing information with small delay relative to the
intrinsic dynamics of the process. This approach
provides information directly from the measur-
able variables, y (as shown in Figure 1), and is
essential for early detection of problems/failures
in the process, allowing for immediate action to
be taken to revert the situation, while the process
is still running.
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A flowchart for a typical sugarcane ethanol
producing process can be divided into three steps:
grinding, fermentation and distillation. During the
grinding, the sugarcane juice is extracted. This
juice is sent to the fermentation bioreactors, where
the yeasts act in the transformation of sugar into
alcohol. The product of fermentation, called the
wine, is sent to distillation units for separating wa-
ter and alcohol. Each of these steps offers oppor-
tunities for optimization. The real-time monitoring
of all stages of the process of converting sugar into
ethanol is of great importance to the effectiveness
of the process as a whole.

However, controlling the fermentation step,
for example, can be difficult due to the inability
to directly measure some state variables (i.e., with
x =y) fast enough to allow the implementation of
control strategies, as the feedback control. That is
the case, for example, of the measurements of the
concentrations of substrate, product and biomass.
Physical-chemical variables such as temperature
and pH, can now be measured on-line using appro-
priate sensors available in the market. However,
to obtain information about the concentration of
substrate, product and biomass it is usually neces-
sary to take samples to be analyzed off-line.

Thus, an opportunity in instrumentation field
to be emphasized is the use of spectroscopic tech-
niques for real-time monitoring of these process
components. Spectroscopic techniques are fast
and non-destructive, require little or none sample
preparation, and can be used simultaneously to
evaluate different components in a complex me-
diums. One example of application are the studies
being developed by VEALE et al. (2008) for the
on-line monitoring of fermentation using infrared
spectroscopy with Fourier transform — FTIR.

Chemical sensors have suitable characteris-
tics for monitoring certain steps of the process.
Features such as low cost, relatively simple instru-
mentation, minimal sample preparation and easy
automation of measurements make of chemical
sensors an attractive tool for industrial process
control. However, the practical use of chemical
sensors in a complex media is often hindered by
their low selectivity. For example, only pH and
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dissolved oxygen probes are routinely used in
bioreactors.

One of the new approaches to overcome prob-
lems of selectivity is the use of systems instead
of discrete sensors. Such systems for analysis of
liquids and gases are called electronic tongue and
nose, respectively. They are able to perform both
quantitative (concentrations of components) and
qualitative analysis of a multi-component medium
(RUDNITSKAYA and LEGIN, 2008). Several exam-
ples of applications of these sensors are reported
in the literature, including the detection of sugars,
metal ions and other organic and inorganic con-
taminants (BRUGNOLLO et al., 2008; CARVALHO
et al., 2007; FERREIRA et al., 2007; RIUL et al.,
2003; FERREIRA et al., 2003).

However, methods for real-time monitoring
that are both robust and can be applied on an
industrial scale are still relatively scarce because
of difficulties related to the complexity of the com-
position of the sample and the specificity of the
monitored components. A specific compound (e.g.,
a nutrient, metabolites, antibiotics) may have an
important influence on cellular metabolism, even
at very low concentrations. The measurement of
these components in low concentrations, often
in a complex medium, can also be a difficulty in
bioprocess monitoring. Generally, isolation, puri-
fication, concentration and determination of these
compounds are lengthy processes and are, there-
fore, carried out using off-line analytical methods
(VOJINOVI et al., 2006).

As mentioned above, electrochemical sensors
for pH and dissolved oxygen monitoring remain the
most commonly used sensors in bioprocesses, but
recent research have resulted in the improvement
of optical sensors. Optical sensors for dissolved
oxygen and carbon dioxide are now commercially
available, as advances in optics and electronics
are continuously reducing their costs (HARMS et
al., 2002).

In the fermentation process, an issue that
should be highlighted is the need for faster on-line
methods for determining the quality of the feed-
stock (impurities content and composition). The
standardization of a methodology to control the
presence of organic and mineral matter in the raw
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materials used in fermentation and the streams
of the fermentation process is another issue to be
explored (FELIPE, 2006).

The separation/purification processes of etha-
nol (downstream) also have crucial importance in
optimizing the overall process. The conventional
process of distillation is energy intensive and inte-
grated with other unit operations of the process,
and generates sub products, including some that
are very significant from the environmental point
of view. The development of control systems for
the distillation process, as well, and the evalua-
tion of its effect on process performance through
simulations are also a current demand.

An example of process upgrading is the use of
molecular sieves in the production of anhydrous
ethanol, instead of the azeotropic distillation and
solvent recovery: these devices eliminate the need
for the dehydrating cyclohexane allowing obtain-
ing a product with higher purity and avoiding the
need for disposal of this solvent.

The Center for Strategic Studies and Manage-
ment — CGEE published a document (MACEDO,
2003) which lists some of the topics considered as
important for development of industrial ethanol
processing technologies (extraction, fermenta-
tion and distillation, production and energy use;
analytical methodology; environmental control),
and agro-industrial safety)

Several of these topics are directly related to
instrumentation and automation, as follow:

e Automation: complementation of local
systems and monitoring, development
of sensors/equipment, smart operational
controls.

e Analytical methodology: use of NIR spec-
troscopy on-line in the production line and
to determine the quality of sugarcane.

e Fermentation: more robustness to adjust
to fluctuations of feedstock quality.

e Use of new techniques for separation and
concentration (membranes, ion exchange).

e Development of new products from sucrose
(plastics, solvents, amino acids).

e Development of technologies for the recov-
ery of straw at low cost (<US$ 1.00/GJ) and
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technologies for production of additional
energy in the plants.

e (Co-generation for electricity.

e Hydrolysis of cellulose for ethanol production.

The automation of an industrial plant is ac-
complished through the implementation of sen-
sors and actuators, controlled by remote systems.
The measurements of the sensors and the action
of the actuators are carried by signals passing
between a supervisory system and the plant. An
automated plant, with the acquisition of process
variables in real time and control strategies and set
up, provides benefits to both the producer, with a
reduction of complaints, returns, rework and costs,
as to the final consumer, who has a product more
standardized (ATALA, 2004).

Certainly, could greatly contribute to the op-
timization of ethanol production some techniques
used in petroleum refineries, such as: real time
optimization of thermoelectric balance systems,
design automation techniques with tools involving
electronic units, digital documentation systems,
data acquisition systems, data reconciliation to
close mass balance, advanced process control etc.
These technologies are currently applied to the
refining process and eventually could be incorpo-
rated into the sugarcane sector (OLIVEIRA, 2008).

Indeed, the use of techniques already known
for analysis, synthesis, optimization and advanced
control of sugarcane industry would be the inter-
pretation of classical Bioprocess Systems Engi-
neering that was developed due to a demand from
oil and petrochemicals industries. This approach
was recently described by PINTO (2008) and
PINTO et al. (2009) for a cheese whey refinery,
demonstrating the flexibility and capability of the
technique for adaptation into the production of
ethanol.

In conclusion, the current conceptual project
methods, design and operation of ethanol plants
should be reviewed for incorporating simulation
techniques, optimization and process control.
Tools that enable the implementation of methods
for on-line analysis should be developed, serving
as a support to this new methodology, in order to
ensure a process more efficient in terms of eco-
nomic, energy and environmental issues.
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CELLULOSIC ETHANOL:
INSTRUMENTATION AND
AUTOMATION CHALLENGES

Cellulose is the most abundant natural renew-
able resource of the planet and energy production
based on the lignocellulosic matrix is an impor-
tant alternative route that has been studied and
debated worldwide. Sources of cellulosic biomass
that can be used for energy production, especially
in the form of biofuels, include sugarcane bagasse
and straw. Although there are technologies avail-
able for cellulose processing, most of them are
hindered by technical or economic difficulties.
Nevertheless, some experts believe that the ligno-
cellulosic biomass will be the main feedstock for
ethanol production in the future.

The industrial production of biofuels is pres-
ently at what can be called a technological cross-
road. A hard competition among different tech-
nologies will be in course in the near horizon. The
winners will certainly be defined by a combination
of economical criteria, environmental restrictions
and process robustness. Table 1 summarizes some
companies that are presenting different solutions
for the production of biofuels (CORTRIGHT, 2008;
RENNINGER, 2008).

A route that looks very promising for the
production of second generation ethanol is the
chemical or enzymatic hydrolysis of bagasse (and/

TABLET Companies technological map: with biofuels
production.
Route
Biochemical Thermochemical
Product
Amyris Choren
Hydrocarbons .
LS-9 Shell/Virent
BP/DuPont
Coskata
logen
Alcohols Range Fuels
Gevo
Mascoma
Verenium
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or straw), with simultaneous or sequential fermen-
tation. This route, however, requires additional
steps of material processing in order to convert
the polymeric compounds present into ferment-
able sugars. This is due to the recalcitrant nature
of lignocellulosic materials, which have inter and
intra-molecular bonds that cause the hydrolysis
of cellulose to be much more difficult than the
hydrolysis of starch material, for example.

Among the hydrolysis technologies there are
opportunities for development using chemical and
enzymatic hydrolysis. The enzymatic conversion
of lignocellulosic materials to obtain fermentable
sugars has been identified as a promising and of
great industrial interest to increase the ethanol
productivity in a sustainable manner (OGIER et
al. 1999; WYMAN, 1999; KNAUF and MONIRUZ-
ZAMAN, 2004).

However, the enzymatic hydrolysis route of
cellulose, although an alternative of lower environ-
mental impact, it still requires the development of
technologies that can reduce the costs of enzyme
production. The costs of cellulases production
is considered to be one of the major constraints
for the technological commercialization of the
enzymatic hydrolysis of cellulose (WALKER and
WILSON, 1991; EVELEIGH, 1987).

Another technological challenge to be faced is
related to the pretreatment of biomass in order to
reduce its recalcitrance. Along with the develop-
ment of pretreatment processes that are efficient
in terms of technical, economic and environmental
aspects, an important technological demand is
related to the development of robust analytical
techniques. Techniques that allow a quick and
easy characterization of the biomass composition
are essential to define in advance the variables of
the pretreatment and to facilitate the selection of
the process, since there are different options and
technologies and the appropriate choice depends
on the type of feedstock.

In addition, the characterization of biomass is
very important to create databases for the simula-
tors to be used in the integration process and to
define the possible routes for the biorefineries.
Also of high significance is the actual development
or adaptation of the simulators to incorporate the



606

kinetic models characteristic of the process in
question. This means extending the concept of
classical Bioprocess Systems Engineering to the
production of cellulosic ethanol.

The challenges are enormous, requiring con-
siderable effort in research and development. This
is due not only to the complexity of the microbial
cultivation process. Even the enzymatic hydrolysis
of lignocellulose has kinetic mechanisms much
more complex than the classical catalysis. That is
due to the fact that enzymes are molecules which
catalytic action is not trivial, and in the case of hy-
drolysis of cellulose, there is a complex of enzymes
acting synergistically on a complex substrate, and
also the pretreatment process significantly alters
its structural features — and therefore the reaction
kinetics. Therefore, there is a strong demand for
the development of modeling related to the enzy-
matic hydrolysis of cellulose. Models that describe
the conversion rates based on changes in some
properties of the substrate, such as the degree of
polymerization, crystallinity and accessibility of
cellulose are of interest.

The opportunities in instrumentation and au-
tomation for biomass characterization and enzyme
production are presented in the following topics.

Biomass Characterization

The development of robust analytical methods
is a key technological demand to assure the viabil-
ity of cellulosic ethanol production, as well as for
the implementation of biorefineries. This is due to
the need to characterize the biomass quickly and
accurately in order to define the operating condi-
tions of the conversion process, since heterogene-
ity is an inherent property of biomass.

The chemical composition of biomass varies
as a function of several factors, including plant
genetics, environmental conditions during growth,
and the method of harvest and storage. In addition,
many sources of biomass to be used as a feedstock
for the conversion processes are waste coming
from other processes. This introduces another
variable related to the efficiency of the original
process as an additional source of variability in
their composition (HAMES et al., 2003).
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All this possible variability in biomass compo-
sition is difficult to control and is therefore of great
importance to develop methods for rapid analysis
in order to contribute to the evaluation of all steps
of production and conversion, as follows:

e Genetics of plants for development of
new cultivars: thousands of plants can be
evaluated in its composition for selection
of interesting mutations.

e  Harvest: monitoring of field crops to deter-
mine the exact time to harvest.

e Purchase of raw material: the price of
biomass can be based on quality, rather
than weight.

e Storage: changes in the composition of
biomass can be monitored as a function of
time and storage conditions.

e Mixtures of raw materials (blending):
supply of more uniform raw materials to
the process.

e Composition of biomass: allow an adjust-
ment of the process operating conditions
according to the raw material supplied.

e Pretreatment: allow setting of reaction
conditions to optimize the process accord-
ing to the raw material being fed.

e Monitoring and Process Control: real-time
information about the amount of enzyme
and micro-nutrients that must be fed at
appropriate temperature and pH, allowing
the optimization of operating conditions.

e Products: yield and quality of products
available and supplied in real time.

In this context, the area of research in instru-
mentation has a great potential for the develop-
ment of compact equipments and sensors with an
application in the development of methodologies
for a fast and accurate analysis of large amounts
of materials. Also advanced methods that gener-
ate new information about the characteristics and
properties of biomass and its components are op-
portunities in the instrumentation area.

Currently, the characterization of biomass
can be made through various chemical methods,
both destructive and non-destructive ones. The
non-destructive methods are of great interest due
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to the fact that it is usually not required a prior
processing for chemical separation of the mate-
rial prior to the determination itself. However,
chemical methods can be time consuming and
expensive, making difficult its application in real-
time monitoring.

Therefore, there is a great opportunity for the
development of instruments and methodologies
using spectroscopic methods for the characteriza-
tion of cellulose, hemicellulose and lignin, both in
processed and raw samples. Several spectroscopic
techniques have been widely applied in studies of
characterization, such as Electron Paramagnetic
Resonance — EPR, Nuclear Magnetic Resonance
— NMR, Fourier Transform Infrared — FTIR, Near
Infrared — NIR and fluorescence (MARTIN-NETO
et al., 2007).

EPR spectroscopy is one of the few labora-
tory methods that provide structural information
without destroying the sample, allowing the same
material to be used for further analysis (MAR-
TIN-NETO et al., 1994, 2001). This technique
is sensitive to paramagnetic materials, including
species that have atoms or molecules with at
least one unpaired electron, including into this
category ions of transition metals and free radicals
(BOLTON, 1994). Besides the identification of the
paramagnetic ion, it is usually possible to identify
its valence state, information of great interest for
plants nutrition. EPR can also provide information
about the nature and concentration of organic
free radicals and paramagnetic metal ions, most
of them plant micronutrients (Fe, Cu, Mn, Mo)
(LAKATOS, 1977; MARTIN-NETO et al., 1998,
2001; SENESI, 1990).

A valuable information on biomass charac-
terization is the presence of lignin, which are
known to have a high content of stable free
radicals detectable by EPR (FITZPATRICK and
STEELINK, 1972; CZECHOWSKI et al., 2004;
FIALHO, 2007; FIALHO, et al., 2007) and gener-
ally it must be separated from the cellulose in
some processes configurations for production of
cellulosic ethanol.

Experiments with nuclear magnetic resonance
spectroscopy — NMR in studies of solid samples are
usually carried out using the technique of Variable

607

Amplitude and Cross Polarization and Magic Angle
Spinning — VACP-MAS monitoring the nuclei of
the isotope *C. The information obtained from the
NMR analysis are such as the degree of aromatic
and aliphatic samples and structural character-
ization, and identification of compounds such
as lignin, tannins, carbohydrates, alkyl groups,
methoxylated, phenolic and carboxylic (STEVEN-
SON, 1994; PRESTON, 1996). From the results
of BC NMR novel information about the chemical
modifications and structural aspects can be moni-
tored according to the characteristics of biomass,
allowing following processes hitherto unknown
and which was until then empirically interpreted
(GONZALEZ-PEREZ et al., 2004).

Another technique with potential applications
in the characterization of biomass is infrared spec-
troscopy. This technique is based on the fact that
different types of chemical bonds and molecular
structures existing in a molecule absorb electro-
magnetic radiation in the infrared region at char-
acteristic wavelengths and, as a result, the atoms
involved enter into vibration (STEVENSON, 1994).
The method is relatively affordable and the inter-
pretation of the data is simple. However, in many
situations, the overlapping bands may require
complementary use of other analytical methods.
There is currently a trend to associate statistical
methods, such as chemometrics, to interpret the
data generated.

The analysis of FTIR has been traditional-
ly used to identify functional groups such as
carboxyl, amine, hydroxyl, carbonyl and others
(SCHNITZER and KHAN, 1978; STEVENSON,
1994; GONZALEZ-PEREZ et al., 2004; GONZA-
LEZ-PEREZ et al., 1998; SAAB et al., 1998). This
information is very useful because it allows the
identification of possible processes of oxidation
and modification of functional groups associated
with the effects of treatment of biomass.

FTIR has been used to characterize the con-
stituents of plant biomass such as lignin, hemi-
cellulose, and others (TRACK, 1991; FAIX and
BOTTCHER, 1991). Among the various chemical
functions present in lignin, such as -OH, CH, and
CH, present in aliphatic structures, carbonyl
and carboxyl C = O, -C = present in aromatic
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structures, -COO present in acetate, and others
may be characterized by FTIR. Some studies
have also been developed using the technique of
near infrared spectroscopy — NIR combined with
multivariate analysis for rapid characterization of
biomass, allowing the analysis of the composition
of hundreds of samples at a low cost (HAMES et
al., 2003).

Mid-infrared spectra were obtained from
hydrolysates samples from diluted sulfuric acid
pretreatment of forest residues using FTIR spec-
trophotometer equipped with a cell of attenuated
total reflectance — ATR. The analysis of the spectra
by the method of partial least squares — PLS from
each sample was performed. Regression analysis
of sugar components and lignin were generated
with the results obtained from chemical analysis
and high performance liquid chromatography. The
ATR-FTIR technique allowed analysis of samples
in minutes, and the prediction of the composition
of an unknown sample can be carried out very
fast once the method is calibrated with known
standards (TUCKER et al., 2001).

The determination of phenolic OH groups
present in the lignin structure can also be made
through the use of UV spectroscopy method (Ag),
as described by ZAKIS (1994). This method is
based on the difference in absorption at 300 and
360 nm in neutral and alkaline aqueous solutions.
The technique of UV/Vis spectroscopy can also
be used for determination of carbonyl groups, as
described by FAIX et al. (1998).

Another technique of interest is the UV/Vis
fluorescence (or photoluminescence), which is a
technique that basically distinguishes n conjugated
electronic systems. The higher the conjugation of
the electronic system, the greater will be the wave-
lengths of absorption and emission due to lower
energy required to excite electrons from its fun-
damental state to the excited state (MILORI et al.,
2004). CASTELLAN et al. (1996) present results
for the lignin derivatives in different solvents. They
observed that the method is able to distinguish the
differences in the chromophores as a function of
different interactions with the solvent.

The fluorescence spectroscopy is also a very
selective technique, since both excitation and
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emission wavelengths depend on the same com-
pound of interest, making the fluorescence signal
collected characteristic for each molecule under
study. Variations in this signal represent changes
in the path taken during the decay of the excited
state and can indicate the possible changes under-
gone by the molecule (GARBIN, 2004; GONZA-
LEZ-PEREZ et al., 2004; CARVALHO et al., 2004;
MILORI et al., 2002).

Spectroscopic methods may be used for char-
acterization of cellulose and hemicellulose, both
in extracted and raw samples of lignocellulosic
material. The NMR -*C spectroscopy has enabled a
lot of information about the structure of cellulose,
particularly in its native state. This technique has
been applied in studies about the secondary and
tertiary structures of solid samples. Because the
technique is sensitive to the chemical environment
in which the analyte is present, the response is
influenced by the degree of symmetry of material
(ATALLA and ISOGAI, 1998).

Polymorphisms of cellulose can also be ob-
served through the combined evaluation of differ-
ent techniques (X ray, FTIR, and NMR). WADA et
al. (2004), present results on the polymorphism
of cellulose I, III and IV. They observed that the
crystallinity of cellulose depends on the source
material and the extraction process used.

Thermal analysis is another interesting
technique for analysis of lignocellulosic material
(KHAN and ASHRAF, 2007; SUN et al., 2005). The
thermogravimetry technique is based on mass loss
of a sample when subjected to a gradual increase
of temperature. Mass loss at temperatures up to
110 °C corresponds to a loss of free water and also
some volatile compounds present in the struc-
ture. Cellulose and hemicellulose are degraded
at temperatures ranging from 200 °C to 400 °C,
depending on the degree of crystallinity of the
material and how they are linked to the structure
of lignin. Most of the lignin, which corresponds to
the phenolic structure of the chain, is degraded at
temperatures between 400 and 600 °C. Through
Differential Scanning Calorimetry — DSC, it is
possible to observe phase changes of different
crystalline states in the cellulose and hemicellulose
structure (SUN et al., 2005).
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Imaging technologies such as nuclear mag-
netic resonance — NMR, X-ray, atomic force mi-
croscopy — AFM, scanning electron microscopy
— SEM show a great potential in understanding
the structure of plant cell wall.

Finally, through studies of theoretical prin-
ciples and applications of EPR techniques, NMR,
FTIR, NIR, absorption of UV-vis, UV-vis fluores-
cence and laser-induced fluorescence — LIF, cer-
tainly great advances in the understanding of the
chemical characteristics biomass can be achieved,
and allow a much broader, specialized and updated
view on this very important and challenging sub-
ject for the present and future.

Enzyme Production

Although the enzymatic hydrolysis stands out
as a route of great interest for the industrial pro-
duction of cellulosic ethanol, one of the greatest
challenges in this area is related to the high cost
of the enzymes. The development of efficient and
optimized processes for enzyme production on an
industrial scale is crucial to ensuring the economic
viability of the application of enzymatic route for
the production of cellulosic ethanol.

The fermentation process for enzymes pro-
duction can be conducted both in a liquid medium,
called submerged fermentation — SF, and in a solid
medium, the solid-state fermentation — SSF. The
SSF is defined as the process of growing microor-
ganisms in a solid substrate containing moisture
enough to maintain growth and metabolism, i.e.,
without of free water (RAHARDJO et al., 2006).

Approximately 90% of all industrial enzymes
are produced by SF, often using genetically modi-
fied microorganisms (HOLKER et al., 2004). How-
ever, most of these enzymes could be produced by
SSF using wild microorganisms.

In this context, the use of the SSF has been
particularly advantageous for the growth of fila-
mentous fungi, since it simulates the natural
habitat of these microorganisms. This benefit
is extended to the production of enzymes, pro-
viding a higher productivity when compared to
submerged fermentation process. In addition,
enzymes produced by the SSF are less susceptible
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to problems of substrate inhibition and also have
greater stability to temperature and pH changes
(HOLKER et al., 2004). From the environmental
point of view, the advantage of the SSF is related
to the lower volume of effluent produced and the
possibility of conducting the process under semi-
sterile conditions. Another advantage of SSF is the
use of agro-industrial residues (sugarcane bagasse,
wheat bran etc.) as a solid substrate, acting both
as sources of carbon and energy.

Despite all these advantages of SF' compared
to SSF, the SSF was held back by a disadvantage
that limits its application in a broader and more
direct form in industrial processes: the difficulty of
monitoring and controlling the different variables
involved in the process. While in the SF process
the medium can be considered homogenous, in
F'SS there are several gradients of humidity and
temperature, which can negatively influence the
production of metabolites. This physical variability
is particular to each process, but can be analyzed
with the help of technological tools available, such
as distributed data acquisition of physical and
chemical parameters, actuators and automation
systems. Knowing the optimal conditions of each
process in a certain range, means better prediction
of the behavior of the process on a larger scale.
In SSF, the control of temperature, humidity, pH,
water activity and gas exchange are essential for
microbial growth and the consequent production
of metabolites.

Among the variables involved in the process,
temperature control is particularly important,
since microbial growth under aerobic conditions
results in a consequent release of heat, which can
produce denaturation of the enzymes produced
(HOLKER and LENZ, 2005) and other deleterious
effects to the microorganism. Also, as SSF occurs
in the absence of free water, this heat is difficult
to remove due to the limited thermal conductivity
of the solid substrate and the low thermal capac-
ity of air (WEBER et al., 1999). In this sense, the
mechanism of evaporation has been considered
the most suitable for performing heat exchange
in large-scale SSF reactors (NAGEL et al., 2001).
However, evaporative cooling is accompanied by
loss of moisture, which may cause dryness of the
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substrate, thus requiring the need for a combined
control of temperature and humidity.

Some studies have used indirect measures
for monitoring (so-called software sensors) as
flow, temperature and humidity to control the
temperature and the amount of water in the
fermentation medium (SARGANTANIS et al.,
1993; NAGEL et al., 2001; PENA Y LILLO et al.,
2001; KHANAHMADI et al., 2006). The profiles
of the aeration, along with monitoring of oxygen
consumed or CO, produced during the microbial
metabolism may, through the use of mass balances
and energy, generate important data related to
process control.

Therefore, there is a demand for the develop-
ment of instrumentation that will allow the devel-
opment of a system of control and automation in
SSF. This is an important step towards the devel-
opment of industrial scale bioreactors, since the
SSF, while showing some advantages in relation to
SF for the production of enzymes, imposes a series
of operational limitations that hinder its scale up.

INTEGRATION OF CELLULOSIC
ETHANOL PRODUCTION AIMING AT
SUSTAINABILITY

The production of ethanol from lignocellulosic
materials has been investigated with great inter-
est in recent years. However, the process on an
industrial scale is not feasible yet. Studies taking
into account the integration of the process, the
increase in fermentation efficiency and integration
of individual operations are necessary to make the
hydrolysis of biomass a competitive and sustain-
able technology.

Several studies have highlighted the advan-
tages of second-generation biofuels in compari-
son to first generation. However, depending on
the energy balance and its social and economic
sustainability, not all biofuels bring the benefits
commonly associated with fuels from renewable
energy sources, such as reducing greenhouse gas
emissions.

The integration of the process through math-
ematical modeling and simulation of the possible
configurations of the technological routes will al-
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low the proposition of computational solutions to
optimize the operation of the process, to assess
environmental and social impacts, as well as its
economic viability. This will allow assessment of
their phase of development and sustainability, as
well as interest in its implementation.

Each of these aspects can be divided into
several steps that are interlinked and should be
evaluated in an integrated manner for decision-
making, namely:

e Technological chain: production of raw
materials, logistics from supply to process-
ing, characteristics of raw materials, con-
version processes, product characteristics,
logistics of supply of products, use.

e Costs of production, processing, trans-
portation, and use.

e FEnvironmental impacts: carbon balance,
energy balance, emissions, sustainability of
production systems.

e The social organization of production
and market, public perception, public
policy framework.

The integration of the manufacturing process
of cellulosic ethanol provides the possibility of
restructuring the existing plants or the integra-
tion of new facilities close to existing ones. The
residue of cane sugar is available at the site of
the ethanol agro-industry, and with the improve-
ment of energy co-generation technology it tends
to increase their availability. Ethanol made from
sugarcane bagasse can be produced in the same
location as the conventional ethanol made from
sugar, using the units of fermentation and distil-
lation in an integrated form, which would result in
lower production costs. In general, the integration
can be performed at different levels, namely:

e equipment sharing;

e energy integration (sharing of current heat

exchange, industry utilities etc.);

e reuse of materials, recycling streams;

e integrated wastewater treatment.

In addition, the development of mathematical
modeling tools of the operations involved in the
various processes in analysis will identify the needs
of instrumentation, and will allow the implemen-



Instrumentation and Automation in the Sugarcane Ethanol Agroindustry

tation of modern techniques of process control at
industrial level (BONOMI, 2008).

There are some commercially available simu-
lation packages (ASPEN Plus, SuperPro Designer
and Hysys) that were developed for a wide spec-
trum of industries such as pharmaceutical, bio-
technology, fine chemicals, mineral processing,
microelectronics, waste treatment and others.
Some of the desirable characteristics of these
simulation packages should be adapted to meet
the objectives of the integration of the cellulosic
ethanol production (BONOMI, 2008). There is also
a strong demand for software development with a
database of the composition of different types of
biomass and physical-chemical properties of the
different components involved in the process, from
sugars to fermentation inhibitors.

WOOLEY and PUTSCH (1996) performed the
structuring of a database of physical and chemical
properties of the main components involved in the
production of ethanol from wood to the simulation
software Aspen Plus. This work was carried out by
National Renewable Energy Laboratory — NREL
—in the United States with the idea of providing
a basis for all simulations in this software by the
research groups involved in the project. Proper-
ties such as critical temperature, critical pressure,
enthalpy of formation, density, heat capacity and
vapor pressure of some key components such as
ethanol, glucose, xylose, cellulose, lignin and cel-
lulose were added to the database.

NAGLE et al. (1999) used the Aspen Plus
software to perform an economic evaluation of
an alternative configuration of the process of hy-
drolysis of a cellulosic material (the grass yellow
poplar) using a step of two stages pretreatment, a
unit of adsorption of lignin and a co-fermentation
for the simultaneous fermentation of pentoses and
hexoses hydrolyzate with a recombinant strain of
7. mobilis. The simulation results allowed selecting
the optimum conditions of key variables on a bench
scale for the future definition of a more advanced
project on a larger scale.

CARDONA and SANCHEZ (2004, and 2006)
studied the simulation of different process con-
figurations for the production of cellulosic etha-
nol from wood including variations in the pre-
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treatment, hydrolysis of cellulose, fermentation,
separation and wastewater treatment, taking into
account possibilities for process integration. The
simulations were performed using the software
Aspen Plus, comparing the energy expenses of dif-
ferent settings. The results showed that the most
appropriate case would be a process with the fol-
lowing sequence of unit operations: pretreatment
with dilute acid, simultaneous saccharification and
fermentation of pentoses and hexoses, coupled
with pervaporation distillation and recycling of the
water used in the process. The need to consider
the effect of inhibitors on the co-fermentation and
the number of current recycling was highlighted
in the sensitivity analysis.

The recycling of some of the process streams
should also be evaluated for integration. Recycling
of sugar chains, as well as the reuse of cellulolytic
enzymes, offer great opportunities to reduce pro-
cess costs. The suggestion for recycling of cellulases
was reported by MES-HARTREE et al. (1987).
These authors suggest the use of cellulases and
the residual substrate in the step of cellulases pro-
duction. GALBE and ZACCHI (1994) studied the
recycling of pentose formed during the hydrolysis of
hemicellulose and obtained an increase in ethanol
production and a decrease in energy consumption.
LEE et al. (1995) proposed the reuse of cellulases
by different strategies of recycling from the residual
substrate hydrolysis step of cellulose. The authors
reported that the presence of lignin in the substrate
negatively affected the activity of cellulase.

Whereas the existing technologies for the
conversion of biomass into cellulosic ethanol are
not fully developed in comparison with first gen-
eration ethanol, the development of software to
facilitate process integration and the validation of
mathematical models by experimental tests, can
provide important tools for the design of optimal
configurations, along with the best technical/eco-
nomic, environmental and social indicators.

BIO-REFINERY: A VISION OF THE
FUTURE

The concept of biorefineries, despite being de-
fined in different ways by some sectors, expresses
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the consensual idea of processes integration in or-
der to convert biomass into fuel, energy and chemi-
cals. In other words, the concept is similar to that
of oil refineries, in which crude oil are converted
into different products for different applications in
an integrated and optimized system. The concept
of industrial biorefineries has been identified as
the most promising route for the establishment of
future new industries.

The conversion of renewable energy sources
in the biorefineries can be accomplished primarily
through three routes:

(1) The thermo-chemical route, which in-
cludes the processes of biomass pyrolysis,
gasification.

The chemical route, acid hydrolysis of bio-
mass, production of poly (lactic acid).
The biochemical route, including enzymatic
catalysis and fermentation.

©))

(3)
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Biocatalysis or enzymatic catalysis is a technol-
ogy that has been considered key in the biorefinery
processes due to milder operating conditions and
higher conversion efficiency. The biocatalysts can
be applied in the production of biofuels ethanol
and biodiesel, as well as in the synthesis of bio-
degradable plastics such as polyesters. An idea
of the diversity of products with potential to be
obtained from biorefineries is shown in Figure 2
(KAMM et al., 2006).

Some studies have been done proposing the
integration of the concept of biorefineries with the
systems of agriculture and livestock (SENDICH
et al., 2008). The incorporation of these systems
will allow an environmental and economic inte-
grated analysis of biomass conversion into differ-
ent products, fertilizers and ethanol. The authors
present a comparison of the performance of vari-
ous simulation models with different crops using

Ligno-Cellulosic Feedstock (LCF-Biorefinery)

LC-Feedstock (LCF)
e.g. cereals (straw, chaff); ligno-cellulosic biomass (e.g. reed, reed grass);
forest biomass (underwood, wood); paper and cellulosic municipal solid waste

v
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FIGURE2 Products from biorrefineries.

Source: KAMM et al., 2006.



Instrumentation and Automation in the Sugarcane Ethanol Agroindustry

some software already available in the market
(DAYCENT, Integrated Farm System Model — [FSM
and [-FARM) and suggest a model to be used in
selecting the best alternative strategy together
with the current methods of process engineering.

BONOMI (2008) proposed the concept of
a Virtual Biorefinery, which has the purpose of
building/adapting simulation software in order
to facilitate the modeling, optimization and tech-
nical-economic assessment and sustainability of
integrated processes, the main characteristic of
a biorefinery. According to the author, the Virtual
Biorefinery system is a computational tool that will
simulate the behavior of a standard biorefinery and
its various concepts (making even possible the
continuous addition of new strategies for materi-
als and processes used and products generated).

In the technical and scientific literature there
are several reports regarding the mathematical
modeling and simulation of various operations
of the biorefinery (SADHUKHAN et al., 2008;
ARIFEEN et al., 2008; SENDICH et al., 2008). It is
necessary for the construction of the Virtual Bio-
refinery to evaluate the proposed models, adapt-
ing them to compose the various alternatives for
biorefinery, to develop the models that have not
yet been developed (regarding the technologies
employed and those in development) and, finally,
enter all the models available in the simulation
platform — on the virtual biorefinery. As an illustra-
tion below are some examples of models available
in the literature that fit the needs of the construc-
tion of virtual biorefineries (BONOMI, 2008):

e fermentation industry;

e production of polyhydroxyalkanoates;

e production of ethanol from starch;

e simultaneous saccharification and fermen-

tation of lignocellulosic material.

A typical composition of lignocellulosic materi-
als (in dry mass) is 35% to 50% cellulose, 20% to
35% hemicellulose and 5% to 30% lignin (LYND
et al., 1999). Thus, using only cellulose can result
in a significant amount of unused material as a
byproduct of lesser value or waste. This will lead to
a strong impact on both the conversion efficiency,
and in the economy of the whole process. Lignin is
the second most abundant renewable and sustain-
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able source of carbon, along with cellulose, and
development of technologies for its conversion
should be considered.

One possible use of lignin in the biorefinery
concept was proposed by KLEINERT and BARTH
(2008). The authors studied mixtures of formic
acid and alcohol in the reaction medium for con-
version of lignin in “liquid oils”. The authors report
a new liquefaction process that is able to depoly-
merize lignin in a liquid bio-oil with low oxygen
content that can be used as a component to be
mixed with conventional fossil fuels.

In addition to the technical and economic
issues, the impact related to environmental and
social gains arising from the implementation of
biorefineries has been analyzed by the methodol-
ogy of life cycle analysis. UIHLEIN and SCHEBEK
(2009) carried out the assessment of the life cycle
of a refinery using lignocellulosic raw material,
analyzing different configurations of process and
products. The best configuration resulted in yields
better than the alternatives from renewable fuels,
with the total environmental impacts about 41%
lower. For most of the configurations of biorefinery
analyzed, the environmental performance was bet-
ter than the fossil fuel comparable.

In conclusion, the development of biorefiner-
ies opens perspectives for the production of a large
number of products derived from biomass that can
replace oil products as well as some products that
can not be manufactured in conventional refiner-
ies. There is, therefore, a great potential for the
biorefineries of the future to be competitive with
existing fossil alternatives from technical-eco-
nomic and environmental point of view, especially
when the technologies are improved.
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