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Abstract: 
The vinasse, produced as the bottom product of the distillation column of the ethanol production process, is 
the main liquid residue of this industry, whose disposition represents a problem for the industry because of 
its high production rate, which ranges from 10 to 15 litres of vinasse per litre of ethanol produced. In this 
way, the evaluation of technologies that could reduce the vinasse volume—either reducing its production 
during ethanol production process or its volume once already produced—is advantageous to the process 
and its sustainability, seeing as a lower amount of vinasse would allow a better and appropriate disposal of 
this effluent. This way, this work addresses the vinasse problem by a preliminary exergy cost analysis of two 
different technologies for vinasse volume reduction and a Base Case for comparison purposes; being the 
analysed cases: i) a Base Case (conventional production process), ii) the introduction of the VHG (Very High 
Gravity) fermentation with the use of ejectors as complementary refrigeration system, aiming at utilising a 
more concentrated most during fermentation to produce a wine with a higher ethanol content, thus reducing 
the amount of vinasse produced in the distillation step. The analysis aims at comparing the unitary exergy 
costs of the main products and by-products of the different alternatives, and identifying the processes with 
the highest irreversibilities associated, which resulted in the fermentation with distillation volume control, with 
values of 37.1% and 41%, for the conventional and VHG cases, respectively. 
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1. Introduction 
The sugar and ethanol industry from sugarcane has an important role in the Brazilian agribusiness, being the 
ethanol demand quite significant in the Brazilian market [1], [2]; resulting in a desire of a more efficient 
ethanol production. Thus, seeing as the fermentation is a crucial step in ethanol production, where it is 
formed through a biochemical reaction lead by yeast, a more efficient fermentation process will lead, 
therefore, to an improved ethanol production. In this way, maintaining an adequate fermentation temperature 
is essential to favour ethanol production, as one of the most important parameters in this process. That being 
so, a low-temperature fermentation has been proved to result in higher ethanol yields since a more 
concentrated substrate can be used [3]. 

By lowering the fermentation temperature, a higher ethanol concentration in the wine is obtained, since the 
inhibition of organic acids and ethanol is reduced, and the flocculation and bacterial contamination is better 
controlled. In addition, a fermentation temperature lower than the conventional one, also allows the use of a 
high substrate concentration in the must, leading, in turn, to a Very High Gravity (VHG) fermentation, which 
is an emerging and versatile technology that offers great savings in process water and energy requirements 
during the distillation and fermentation steps, by reducing the size of distillation columns and decreasing the 
power consumption of yeast centrifugation, respectively, because of the higher concentrations of sugar in the 
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substrate, which leads to a higher final ethanol concentration in the medium. In addition, seeing as the 
ethanol content is higher in the wine, the amount of water and impurities is reduced, thus producing a lower 
amount of vinasse [3]–[5]. 

That being said, a cooling system is necessary to reach and maintain an adequate temperature. Since the 
fermentation process is an exothermic reaction, cooling towers have been conventionally used to control and 
maintain a fermentation temperature of around 34°C. Nevertheless, sometimes, the cooling water provided 
by cooling towers cannot achieve a temperature low enough to reach an appropriate fermentation 
temperature range because of adverse environmental conditions. In this way, alternative refrigeration 
systems are necessary when a fermentation with high sugar concentration in the substrate is applied.In this 
way, this work assesses the VHG fermentation against the conventional production process through a 
preliminary exergy cost analysis. In order to mantain the fermentation temperature in appropriate levels that 
make viable the VHG fermentation, a complementary refrigeration system based on ejectors was assumed 
for this case. Regarding the exergy cost assessment, this is a tool that aims at identifying the location, 
magnitude and source of thermodynamic losses (irreversibilities) in an energy system. Furthermore, it 
calculates the cost associated with the exergy destruction and exergy losses; besides assessing the 
production costs of each product in an energy-conversion system that has more than one product. The 
exergoeconomics is also used to compare technical alternatives and facilitates feasibility and optimisation 
studies [6]. Although the application of ejectors in cooling systems, as well as the assessment of the VHG 
fermentation, have already been regarded in the literature separately, there is a lack of studies either 
combining these technologies or evaluating the impacts of the VHG fermentation in the production and 
cogeneration systems; besides, studies evaluating these systems from exergy and exergy cost approaches 
are yet to be found. 

2. Processes description and evaluated cases 
2.1. Case i: Conventional fermentation – Base Case 
A conventional fermentation was considered as a “Base Case,” according to Figure 1.  

 

Figure. 1.  Conventional fermentation operating with 8 fermentation vats, using water from the cooling tower 
as the only cold utility. 
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A cooling tower was adopted to supply water to meet the requirements of cold utilities in the plant, including 
removing the heat from the fermentation exothermic reaction, since this is a cooling system that is usually 
adopted in the industry. In this system, cooling water is used in the heat exchangers of fermentation vats, must 
cooling, and distillation system. A fermentation system operation with 8 vats was assumed, where 6 vats are 
being cooled simultaneously. 
 
2.2. Case ii: VHG fermentation using an ejector system 
Refrigeration systems based on the use of ejectors are an attractive alternative to compression vapour and 
absorption refrigeration systems because of their mechanical simplicity, which represents an easy 
maintenance and operation. Notwithstanding, some drawbacks of these systems include an increase in 
steam and energy consumption, as well as the high vacuum required in the evaporator [3]. In this study, a 
two-stage ejector system was chosen to aid the cooling tower, according to Figure 2. First, the chilled water 
(14°C) from the ejector system is used to refrigerate the fermentation vats and cool the must down to 28°C. 
Then, the cooling water that returns from the fermentation vats and must heat exchangers (stream 122) is mixed 
with the return water from the cooling tower (stream 121); this mixture is sent to a first flash tank at 20°C, where 
the first ejector is driven using steam at 9 bar. Next, the cooled water in this first stage is sent to a second flash 
tank at 14°C, whose low temperature is maintained by the vacuum generated by the second ejector. The chilled 
water is then sent to a buffer tank for storage before use. Afterwards, the steam at the ejectors’ outlet (streams 
119 and 120), at an intermediate pressure, is condensed in a barometric condenser. Finally, a fraction of this 
condensed water (stream 113) is sent to the cogeneration system of the mill, while the rest is cooled in the 
cooling tower. The fermentation operation assumed 8 vats, where 3 vats are cooled with chilled water and 3 are 
cooled with cold water from the cooling tower, simultaneously. 

 
Figure. 2.  Low-temperature fermentation operating with 8 fermentation vats, using cold and chilled water 

from the cooling tower and ejector system, respectively, as cold utilities. 

2.3. Cogeneration system 
The cogeneration system adopted was based on a Rankine cycle, considering back-pressure steam turbines, 
where the steam generation depends on the steam consumption of the overall production process. Figure 3 (a) 
presents a scheme of the cogeneration system for the conventional fermentation (Case i), while Figure 3 (b) 
shows a scheme of the cogeneration system when the VHG fermentation is considered (Case ii), where a steam 
bleed at 9 bar is needed to operate the ejector cooling system. The boiler pressure and temperature were 
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adopted at 65 bar and 520°C, according to [7], considering a boiler efficiency of 85%, according to [8], and 
turbine and pump efficiencies of 80%, as stated in [9]. 

 
Figure. 3.  Cogeneration system for (a) Case i and (b) Case ii. 

3. Methodology 
The main steps performed in the present work are listed below: 
▪ Modelling and simulation of the conventional production process (Base Case), VHG fermentation 

integrated thereof, and cogeneration system; 
▪ exergy analysis; 
▪ exergy cost assessment. 
3.1. Modelling and simulation 
Two cases of a conventional ethanol and sugar production process were simulated using the software Aspen 
Plus v9 [10], according to [11], considering a sugar concentration of 16% and 35% (m/m) in the must for the 
conventional and VHG fermentation cases, respectively. Table 1 shows the main data assumed in the 
aforementioned simulation. 
 

Table 1.  Main parameters for the simulation of the ethanol and sugar production process. 
Parameter Value 
Sugarcane processing rate, t/h 500 
Bagasse production in mills, kg/t cane 272 
Bagasse for filters, kg/t cane 5 
Bagasse for self-consumption, % 5 
Sugar production, kg/t cane 68.4 
Hydrous ethanol, m3/h 21.1 
Vinasse production, m3/h 247.8 
Electricity consumption in conventional process, kWh/t cane 28 
Steam consumption in conventional process, kg/t cane 437.6 

Source: Palacios-Bereche et al. [11] 
 
3.2. Kinetic modelling for conventional and VHG fermentation 
First, the modelling of both, the conventional and VHG fermentation, was performed using the software Scilab. 
The kinetic model from [12] was chosen for the conventional fermentation, seeing that the best results were 
obtained since the model used a high cellular density and a cell recycle that were closer to the actual 
concentration used in the commercial process, which resulted in a better convergence than other models that 
used a low-cell concentration, and a more realistic modelling [12]–[17]. On the other hand, the kinetic model from 
[18] was used for the VHG fermentation, as this model was validated for very-high-gravity (VHG) fermentation 
conditions. 

Then, an analysis of the heat exchanger of the fermentation vat was performed using the effectiveness 
approach, according to [19]. This method allows the calculation of the outlet temperatures of the heat exchanger 
for off-design conditions keeping constant the parameters R (relation of heat capacities) and P (effectiveness). In 
the conventional fermentation, these parameters (R and P) were calculated assuming the data from [20]. The 
temperature of the cooled wine that returns to the fermenter (T16) is used as feedback for the energy balance in 

1692https://doi.org/10.52202/069564-0153



the fermentation vat. Finally, the cold water mass flow is calculated through an energy balance in the heat 
exchanger. The same approach was assumed when the chilled water from the ejector system was used in the 
VHG fermentation case. 

Finally, the ejector was modelled following the procedure presented in [21], due to its simplicity and the 
possibility of performing a thermodynamic analysis of the ejector system, without dimensioning the equipment. It 
is highlighted some design parameters that were considered for the simulations: a nozzle efficiency of 71.2% 
and 73.5%, a compression efficiency in the diffuser of 67.8% and 71.3%, and an efficiency of momentum 
transfer of 60.0% and 63.8%, all of them for ejectors 1 and 2, respectively. These values were used so that the 
steam consumption results obtained were similar to real systems that operate at the same thermal capacity. 

Table 2 presents the fermentation parameters and initial conditions assumed for the fermentation process in the 
conventional and VHG fermentation processes. 

 

Table 2.  Main parameters for the fermentation modelling. 
Parameter Case i (Conventional) Case ii (VHG fermentation) 
Must feed   
   Substrate feed volume rate,  [m3/h] 67.1*(a) 42.0*(a) 

   Feed substrate concentration, S_in [kg/m3] 169.7(a) 407.2(b) 

   Inlet must temperature, T18 [°C] 32.0(a) 28.0(a) 

   Specific heat capacity, cpin [kJ/kg-K] 3.8(c) 3.34(c) 

   Density, in [kg/m3] 1060.4(c) 1151.6(c) 
Fermentation parameters   
   Fermentation time, t [h] 8 15(b) 

   Feed time, tfeed [h] 4 5 
Initial conditions   
   Initial substrate concentration, S0 [kg/m3] 0 0 
   Initial ethanol concentration, P0, [kg/m3] 40(b) 26.96(b) 
   Initial cell concentration, X0 [kg/m3] 120(b) 52.08(b) 
   Initial temperature, T15_0 [°C] 32.0(d) 28.0(d) 
Cooling   
   Water temperature from the cooling tower, Tcw 
[°C] 28.0 28.0 

   Volume flow rate of fermenter recycle, V15 [m3/h] 500**(b) 308**(b) 
   Water temperature from ejector system T8, [°C] - 14(d) 

   Operating time of ejector***, [h]  7.5 
(a) From simulation in Aspen Plus v9; (b) [17]; (c) Calculated from [22]; (d) [23] 
* Corresponding to a 50/50 sugarcane-processing plant that uses 50% of the total recoverable sugars (TRS) to produce sugar and the 
other 50% to produce ethanol, which is made from a mixture of cane juice, syrup, and molasses. 
**1 hour of feeding 
*** The ejector was set to start operating two hours and a half after finishing the feeding time (7.5 h) until the end of the fermentation 
process. 

 
3.3. Exergy calculation 
The exergy of each stream of the evaluated processes was calculated according to previous studies [24], 
[25]. A reference level was chosen at 25°C and 1.01325 bar, according to [26]. The total thermal exergy 
(extot) was calculated as the sum of the physical (exphy) and chemical (exch) exergies [26]: 

chphytot exexex . (1) 

The physical exergy was calculated according to (2), neglecting the potential and kinetic components: 

000 ssThhexphy , (2) 

where the subscript 0 indicated the reference level. 
The chemical exergy is calculated, generally, considering the activity of the stream, as can be observed in 
(3), considering the standard chemical exergy of pure components (first term) and the losses of chemical 
exergy due to the dissolution process (second term), according to [26]: 

n

i

n

i
iiuiich ayTRexy

M
ex

1 1
0 ln1

. (3) 

Nevertheless, other approaches were followed for certain streams. Thus, when sucrose-containing streams 
were contemplated (sugarcane, bagasse, juice, syrup, molasses, sugar), the specific exergy was calculated 
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according to the guidelines presented in [27]. On the other hand, for ethanol-containing streams, the 
guidelines in [28] were followed. 
 
3.4. Exergy cost assessment 
Since the exergy is an objective measure of the thermodynamic value of an energy carrier, it is also closely 
related to the economic value of said carrier, because users pay for the potential of energy to cause changes 
[6]. Thus, the exergoeconomic approach was utilised, since it integrates thermodynamic and economic 
analysis through the exergy costing, which is the assignment of costs to the exergy content of an energy 
carrier [6]. The Theory of Exergetic Cost [29] was followed to perform the exergy cost assessment in this 
study. 
An exergetic cost balance was performed in each sub-system of the production process of the proposed 
cases (4), to calculate the exergetic cost of a flow: 

outin BB , (4) 

where  represents the exergetic cost of each flow that enters (in) to, and goes out (out) from the control 
volume. 
According to [29], the exergetic cost of a flow ( ) is defined as the amount of exergy required to produce said 
flow (5): 

iii xEkB , (5) 

where the exergetic cost of an i stream is determined by its unit exergetic cost  and its total exergy . 
The total exergy of a stream is calculated by its specific exergy (calculated in the previous section) and the 
mass flow of the stream, which is given by the process simulation. 
Applying (4) to all the sub-systems of the production processes of all the considered cases results in a 
system of linear equations, where the unit exergetic cost  remains unknown. Thus, assumptions were 
made by following the propositions of the Theory of the Exergetic Cost [29], resulting in additional equations 
that are required to resolve the equation system. 
▪ A unitary value is assigned as the unit exergy cost  of external inputs (sugarcane, freshwater, 

chemicals). 

1inputexternalk . (6) 

▪ By-products of the control volume are assigned a unit exergy cost  equal to the input (P4a). 

inputproductby kk . (7) 

As was the case of bagasse, molasses, phlegmasse, and vinasse, were the following were considered: 

sugarcanebagasse kk , (7.1) 

syrupmolasses kk , (7.2) 

mustphlegmassevinasse kkk . (7.3) 

▪ If a control volume has two or more product streams, then the same unit exergy cost  is assigned to 
all of them (P4b). 

nproductproductproduct kkk ...21 . (8) 

As in the case of second-grade ethanol and fusel oils, that were considered co-products and assigned an 
unit exergy cost equal to that of the hydrated ethanol 
▪ The unit exergy cost  of the energy carrier (steam, condensates, vapour bleeds) is determined during 

its generation (at the boiler of the cogeneration system) and do not change throughout the process. 

bleedsvapourscondensatesteamprocesssteamlive kkkk . (9) 
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The cost of the irreversibility associated with the operation of the condenser in the cogeneration system, is 
added to the turbine control volume, thus increasing the unit exergy cost  of the electricity. 

4. Results and discussion 
In Table 3, the main results of the evaluated processes are presented, from which it can be highlighted the 
significant reduction of 60% in vinasse production when the VHG fermentation was considered, which can 
significantly reduce transport and disposal costs related to this effluent. In addition, this technology also 
allowed a reduction in the effective water withdrawal of 72%, which would lead to environmental and 
economic advantages. Still, the use of the VHG fermentation required an increased steam consumption at 
2.5 bar, although not significant (0.8%), which can be explained due to the increased consumption during the 
concentration step, as more raw juice needed to be concentrated; in this way, even though there was a 
steam consumption was lower in the distillation stage, it could not compensate the juice concentration steam 
demand; moreover, there is an additional steam consumption at 9 bar for thermal juice sterilisation, a 
necessary step in the VHG fermentation, and for the ejector system (motive steam). Regarding the surplus 
electricity, an increase of 6.8% was observed in the VHG case, in comparison to the Conventional case, due 
to the higher steam consumption in the first one (the electricity produced in backpressure steam turbines is 
directly proportional to the flow of steam being expanded). Thus, there is an increase in fuel consumption in 
the boiler, which is reflected in a reduction of 52.6% in surplus bagasse in the VHG case, when compared to 
the Conventional case. 
 

Table 3.  Main results of evaluated processes 
Parameter Case i 

Conventional 
Case ii 

VHG fermentation 
Sugarcane, processed, t/h 500 500 
Raw juice for sugar production, % 70 91.4 
Sugar production, kg/t cane 68 68 
Must for fermentation, kg/t cane 427.2 195.5 
Must for fermentation, Brix 19.42 42.47 
Ethanol content in wine, % (wt.) 6.15 12.37 
Hydrated ethanol productiona, L/t cane 43.8 43.8 
Steam consumption in process at 2.5 bar, kg/t cane 435.6 439.3 
Steam consumption in process at 9 bar, kg/t cane 0 18.8 
Vinasse production, kg/t cana 511.6 203.0 
Vinasse production, L/L hydrated ethanol 12.8 5.1 
Effective water collection, kg/t cane 418.7 116.2 
Surplus electricity in cogeneration system, kWh/t cane 47.2 50.4 
Surplus bagasse, kg/t cane 25.1 11.9 
aAt 35°C 

 
Figure 4 shows the distribution and the connexion between the analysed subsystems in this study, for Cases 
I and II. In both cases, the fermentation and distillation processes were evaluated together, including the cold 
utility production system for these processes (cooling tower and chilled water) in the exergy and exergy cost 
assessments. 
Table 4 presents the irreversibilities (kWh/t cane) calculated through the exergy balance in each sub-system 
considered in the analysis. The boiler subsystem presented the highest irreversibility for both cases, 
accounting for 62% and 60% of the total irreversibility for the Conventional and VHG cases, respectively, 
mainly due to the high irreversibilities in the combustion process. In second place, the Fermentation + 
Distillation subsystem represents 14.1 and 16.4% for the Conventional and VHG cases, respectively, this 
can be explained due to of the biochemical reaction in the fermentation process and the significant steam 
consumption in distillation columns; moreover, the cooling towers and the cooling ejector system in the VHG 
case were incorporated into this control volume. Next, the Juice extraction subsystem amounts to 12 and 
10.9% for the Conventional and VHG cases, respectively, in this sub-system there is a significant power 
consumption in the mills. The following subsystem is the Juice treatment for sugar, which accounts for 4.7 
and 6.8% for the Conventional and VHG cases, respectively. The following subsystems present a low 
irreversibility in comparison to the total. 
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Figure. 5.  Block diagram of the evaluated subsystems in the exergy and exergy cost assessments 

Analysing the differences between the Conventional and VHG cases, an increase of 10.5% in total 
irreversibility can be observed, which can be explained by the additional requirements in the VHG case, such 
as the additional steam consumption in the must sterilisation in the fermentation process, and the steam 
demand in the cooling system based on ejectors. Moreover, there is a significant increase in the 
irreversibilities of the Juice treatment-sugar and Juice concentration subsystems, due to the larger amount of 
juice being concentrated and the layout assumed in this assessment. 

Table 4. Irreversibilities in each sub-system for Conventional and VHG cases in kWh/t cane 

Parameter 
Case i 

Conventional 
(kWh/tcane) 

Case ii 
VHG fermentation 

(kWh/tcane) 
Juice extraction 91.4 91.4 
Juice treatment - sugar 35.8 57.5 
Juice treatment - ethanol 15.5 6.4 
Juice concentration 14.9 19.5 
Crystallisation 13.7 14.0 
Sugar drying 1.6 1.6 
Must preparation 4.1 2.9 
Fermentation + Distillation 107.1 137.8 
Water treatment 1.6 1.3 
Boiler 472.4 504.8 
Turbine 3.0 3.4 
TOTAL 761.0 840.6 

 
The results verification in the Base Case (Case i) can be done comparing results from other studies; 
however for VHG case verification of results was performed by calculating irreversibilities of the processes, 
in order to evaluate their thermodynamic feasibility from 2nd Law of Thermodynamic approach. In Figure 5, 
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the irreversibilities are presented in percentage, without taking into account the boiler, aiming at a better 
visualisation of the contribution of each subsystem. 
 

 
Figure. 5.  Irreversibilities, in % without considering the boiler 

 
Figure 6 presents the unitary exergy costs (kJ/kJ) of the main products and by-products of the analysed sub-
systems for the Conventional and VHG fermentation cases. It can be observed that the highest unitary 
exergy cost corresponds to the hydrated ethanol because of the significant amount of processes required to 
produce it and the high irreversibilities associated to obtain this product; moreover, it can also be observed 
that the unitary exergy cost in the VHG case is higher than the Conventional case, mainly due to the higher 
costs of utilities produced in the cogeneration system, such as electricity and steam. 
Regarding the other streams the difference between the Conventional and VHG cases is not significant 
(difference lower that 5.6%) 

 
Figure. 6.  Unitary exergy cost of main products and by-products for Conventional and VHG cases 

Figure 7 presents the unitary exergy costs for the utilities produced in the process. It can be observed that 
the unitary exergy costs of steam, electricity and treated water are higher in the VHG case, in comparison to 
the Conventional case.  
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Figure. 7.  Unitary exergy costs of the utilities produced in the process 

Regarding the steam, its unitary exergy cost resulted higher in the VHG case, because the irreversibilities in 
the boiler, were the steam is produced, resulted higher as well, since more steam is necessary in this case, 
and more fuel is being burned. Regarding the electricity, the irreversibilities in the steam turbines are higher 
in the VHG case, as well; because more steam is being expanded through them; thus, the exergy cost to 
produce this electricity results higher as well. Concerning the treated water, although a smaller amount of 
water (33% of the total water use) is captured from the environment in the VHG case, in comparison to 
Conventional case (80% is captured in the conventional case), the exergy cost of the treated water was 
significantly higher (68.5%) in the VHG case. This can be explained by the fact that recycled and reused 
water streams come from the spray pond system and condensate tank, whose exergy cost was assumed 
equal to the steam (kcondensate=ksteam); in addition, the electricity consumption in the treated water system, 
where reverse osmosis membranes were assumed, had a specific energy consumption of 2.58 kWh/m3 of 
water according to [30].        

Conclusions 
From the results, it is observed that the implementation of the VHG fermentation, using an ejector cooling 
system as auxiliary cooling utility, presents several advantages over the conventional production process, 
such as a significant reduction of the vinasse produced and a lower water withdrawal for the process, leading 
to economic and environmental advantages. Regarding the vinasse reduction, its volume could be further 
reduced when coupled with other technologies such as concentration by evaporation or incineration, or even 
membrane technologies; furthermore, the energy required in these technologies would be lesser than the 
energy needed when considering the volume and concentration of the vinasse produced in the conventional 
process. On the other hand, the exergy analysis revealed that the use of the VHG fermentation increased 
the irreversibilities of the overall process, besides impacting negatively in the cogeneration system, by 
increasing the unitary exergy costs of the utilities (steam and electricity), as well as increasing the unitary 
exergy cost of the hydrated ethanol. Moreover, even though there was an increase in surplus electricity, due 
to the higher consumption of steam, it leads to an also increased fuel (bagasse) consumption. Although the 
availability of bagasse surplus is desired when further processing of this residue is considered, such a 
production of second-generation ethanol, among others, further research and analyses are needed, in order 
to determine if the advantages here presented compensate this issue, such as economic and environmental 
assessments. 
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