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Abstract

Simulations of bioethanol from sugarcane and from sugarcane bagasse (ligbioethanol) were carried out using software UniSim. It is shown that the use of 75 % of generated bagasse in an organosolv with dilute acid hydrolysis process allows an increase in 15 % of bioethanol production, with an increase of 15 % in specific steam consumption. Ligbioethanol may share the same infrastructure (fermentation, distillation and dehydration) of bioethanol production process, leading to a decrease in equipment costs.
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1. Introduction

Brazil has been producing bioethanol from sugarcane on large scale since the 1970s as a consequence of government programme Proalcool. Until 2005, Brazil was the largest ethanol producer in the world, but international interest for ethanol as a gasoline additive arouse and motivated an increase of production of ethanol from corn in the USA. In 2006 the USA produced 18.37 millions m³ of ethanol, while Brazilian production during the 2005/2006 harvest reached 15.81 millions m³ (RFA, 2007; Brasil, 2007). Sugarcane is so far the most viable raw material for ethanol production; the amount of fossil fuel necessary for its production is much smaller than in the case of corn ethanol. Accordingly to USDA, the output/input energy ratio in production of corn ethanol in the USA is equal to 1.34 (Shapouri et al., 2002), while for the case of ethanol from sugarcane it is equal to 8 (Macedo et al., 2004). 
The great potential for increase in sugarcane production in Brazil and in the forecasted international demand for the biofuel, as a substitute or complement of gasoline for the reduction of greenhouse gas emissions, motivate the investigation and development of more efficient process configurations for Bioethanol production, including processes using lignocellulosic materials as raw materials. Ethanol from lignocellulosic materials (ligbioethanol) has been investigated during the past few years with great interest, but its production in industrial scale has not yet become viable. Studies considering energetic integration, increase of fermentation yields and integration of unit operations are needed in order to make hydrolysis a competitive technology (Zaldivar et al., 2001). Bagasse, the by-product of the bioethanol manufacture from sugarcane fermentation, is a very promising raw material for bioethanol production. It is already available on the ethanol plant site, since it is produced in the mills where sugar is extracted from sugarcane, and better technologies of cogeneration allow for increasing surplus of bagasse at plant site. Ligbioethanol may share the infrastructure where bioethanol is produced, such as fermentation and distillation units, what diminishes equipment costs. The product obtained after hydrolysis may be diluted in the solution of sugars obtained from sugarcane, thus decreasing the impacts of inhibitors, such as furfural and its derivatives formed during cellulose hydrolysis, on the fermentation step.

2. Bioethanol Production Process 

Anhydrous bioethanol production process consists of: reception and cleaning of sugarcane, extraction of sugars, juice treatment (removal of sand, fiber, impurities), concentration, sterilization, fermentation, distillation and dehydration. A mass balance of the process was made based on data from a large scale plant, Usina da Pedra, a sugar and ethanol factory located in the town of Serrana, São Paulo state, Brazil, and from the literature. More details about the process can be found in Ensinas et al. (2007).

3. Ligbioethanol Production Process

Upon extraction of sugar in the mills, sugarcane bagasse is generated. Nowadays bagasse produced is burnt in boilers for production of steam and electric energy. Usually, sugar and ethanol factories are equipped with boilers for production of 22 bar (300 °C) steam, thus being self sufficient in electric and thermal energy. This condition gives place to a generation of a bagasse surplus equal to approximately 7 %. Increase of surplus bagasse is possible when higher-pressure boilers are used, ethanol production process is optimized and sugarcane straw is efficiently recovered from the field.

A possible way to obtain ligbioethanol is through Organosolv process with dilute acid (based on acid hydrolysis), which is being tested under semi-industrial scale in Brazil producing 5000 L/day of ethanol (Rossell et al., 2005). An optimized version of this process was simulated. It consists of three main steps: pre-hydrolysis of hemicellulose fraction; delignification; and cellulose hydrolysis. This configuration allows the removal of pentoses prior to the extreme conditions of cellulose hydrolysis that would enhance pentose decomposition and consequent production of fermentation inhibitors such as furfural, leaving cellulose and lignin fractions unaltered (Aguilar et al, 2002). Since both hydrolysis reactions use H2SO4 as catalyst, this configuration would also allow the production of lignin without traces of sulphates, so lignin recovered could be burnt in conventional boilers with no corrosion risks. Configuration of ligbioethanol production process is shown in Figure 1.
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Figure 1: Configuration of ligbioethanol production process.

4. Simulation

Simulations were carried out using software UniSim Design from Honeywell. Hypothetic components were created for: bagasse components (cellulose, hemicellulose and lignin); sand, with properties considered equal to those of SiO2; impurities, represented by potassium salts and aconitic acid, since those constitute the majorities of the impurities present in sugarcane (Mantelatto, 2005); input materials such as phosphoric acid and lime; calcium-phosphate, the main salt formed during liming operation, of great importance in removal of impurities during settlement; minerals, represented by K2O; yeast, with composition CH1,8O0,9N0,145; and pentose, one of the products of bagasse hydrolysis. Properties for bagasse components and pentose were obtained in USDOE (1996); molecular weight of yeast is calculated directly, and density considered equal to that of water; all other components have their properties available in Perry and Green (1999). All reduced sugars are considered dextroses; all other components (water, sucrose, ethanol, carbon dioxide, glycerol, succinic acid, acetic acid, isoamyl alcohol, sulphuric acid, monoethyleneglycol) are part of Hysys database. NRTL was chosen for calculation of the activity coefficient on liquid phase, and equation of state SRK for the vapor model. It was verified that the NRTL model was the one that calculated elevation of the boiling point of sugar solutions with greater accuracy, when compared to UNIQUAC or EOS Peng-Robinson. For the extractive distillation process, the model UNIQUAC and EOS SRK were used.

4.1. Simulation of Bioethanol Production Process

Simulation of conventional bioethanol production process was made based on the production of 1000 m³/day of anhydrous bioethanol in an autonomous distillery. Some improvements of bioethanol production process were considered in the simulation, such as: substitution of water in the cleaning of sugarcane by a dry-cleaning system, aiming decrease of sugar losses; increase on ethanol content of the wine, considering efficient sterilization of juice prior to fermentation process and decrease of fermentation temperature, using efficient cooling methods; use of multiple effect distillation and an alternative dehydration process using glycerol as solvent in extractive distillation.  

4.1.1. Extraction, Juice Treatment, Concentration and Sterilization

During extraction of sugars in the mills, imbibition water must be used to enhance sugar extraction, which comes from the multiple effect evaporators (MEE) condensates. 

During juice treatment, juice must be heated from 30 to 70 °C prior to addition of lime, and from about 70 to 105 °C before the flash tank. Juice concentration is done on MEE. In the first stage steam must be used to heat the juice. A vapor bleed may be done on the first effect to provide heat to other parts of the process. In the process considered in this work, it was verified that the use of a vapor bleed in the MEE system is not economical. 

4.1.2. Fermentation

Fermentation was carried out at 28 °C, and ethanol content of the wine can reach 13 °GL (approximately 10.5 % ethanol mass basis). To achieve this higher ethanol content batch fermentation must be conducted for a longer time (about 15 hours) and alternative cooling methods, such as a steam jet system or an absorption machine, are necessary. Calculation for fermentation kinetics was based on parameters estimated by Rivera et al. (2006) and solved with 4th order Runge-Kutta method. For the production of 1000 m3/day of anhydrous ethanol in 9 vats (batch fermentation), the removal of 7270 kW is necessary (Dias et al., 2007). A cooling water flow of approximately 720 m3/h, from 12 to 24 °C is necessary to maintain wine temperature at 28 °C. After passing through the vats heat exchanger, cooling water may be used to cool the sterilized juice down to fermentation temperature and to cool the hydrolysis distillation column condenser.
4.1.3. Distillation and Dehydration

The simulation of a multiple effect distillation system was considered. The distillation columns operate at vacuum pressures (11 – 15 kPa), while the rectification column operates at atmospheric pressures (101.325 – 135.7 kPa). An extractive distillation process with glycerol uses an extractive column at atmospheric pressure (101.325 kPa) and a recovery column at 50 kPa to avoid solvent decomposition. Since the pressure is very low, the condenser of the distillation column must operate with cold water (14 °C), in order to reach 20 °C on the top of the column. 
Since the bottom temperatures of both extractive and recovery columns are relatively high (152 and 162 °C, respectively), both reboilers need to operate with steam. Alternatives such as thermal fluids may be considered, since temperatures in both reboilers are relatively high. 

4.2. Simulation of Ligbioethanol Production Process

An amount equivalent to 75 % of bagasse generated in conventional bioethanol production is used in the hydrolysis process. Estimates consider that this fraction of bagasse will be available for ligbioethanol production in 2015 (Rossell, 2007). 

4.2.1. Pre-hydrolysis

Kinetic data for the pre-hydrolysis reactions (conversion to pentose and decomposition to furfural and acetic acid) are available in Aguilar (2002). Calculation was made in order to obtain the conversion for the optimum conditions observed in laboratory: 122 °C, 2 % (weight) H2SO4 and residence time in reactor of 24.1 minutes. For these conditions a conversion of hemicellulose to pentose of 81.4 % can be obtained, with decomposition to furfural and acetic acid equivalent to 1.8 and 0.4 %, respectively. A conversion reactor was used in simulations. Injection of steam obtained at the extract flash tank heats bagasse. A flash is used in the pre-hydrolysis reactor to cool down reaction products. The flash liquid phase, containing about 40 % water, is washed with condensates obtained in the MEE prior to separation.
4.2.2. Delignification

After separation of pentose liquor in a filter, the mixture of lignin and cellulose is mixed with organosolv solvent, a solution with 65 % ethanol (mass basis) in a tank. Three condensed streams make up the solvent solution: recovered solvent (distillation column top product), condensed flash vapor from lignin solution flash, liquids recovered from separation of solid lignin. The mixture is separated and the cellulose fraction is washed with condensates obtained in the MEE and filtered. The liquid phase obtained in both separators is heated before being sent to the distillation column. 

4.2.3. Hydrolysis

The cellulose fraction receives water to produce a 10 % cellulose solution and acid to increase acid concentration to 0.5 % (mass). Water added is also made up by MEE condensates and from part of the MEE vapor fractions (low temperature steam, condensed). The cellulose solution is pressurized (25 bar) and warmed up to 200 °C prior to entering hydrolysis reactor. For these conditions, studies of sugarcane bagasse acid hydrolysis (Rodrigues, 2007) provide a conversion of cellulose equal to 90 % and decomposition of glucose to hydroxymethylfurfural equal to 25 %. The vapor fraction containing recovered ethanol is sent to the distillation column, and the bottom products are cooled and unreacted solids are removed by filtration. The liquid extract is sent to an atmospheric flash tank. The glucose liquor is sent to concentration in another MEE system, and then mixed with the sterilized juice obtained from sugarcane.
Opportunities of heat integration between bioethanol and ligbioethanol production processes considered in the simulation are shown in Table 1.

Table 1. Integration opportunities between bioethanol and ligbioethanol production processes.

	Unit Operation
	Equipment
	Integration

	Sugarcane juice heating 
	Heat Exchanger
	Hot juice from sterilization

	Wine heating
	Heat Exchanger
	Vapor from MEE

	Distillation column
	Reboiler
	Rectification column condenser; Extractive column condenser

	Rectification column
	Reboiler
	Extractive solvent cooling + steam

	Recovery column
	Condenser
	Wine heating

	Pre hydrolysis
	Heat Exchanger
	Injection of vapor from glucose liquor flash

	Delignification
	Heat Exchanger
	Condensing of organosolv solution by heating hydrolysis feed and vinasse for concentration

	Hydrolysis
	Heat Exchanger
	Heating of hydrolysis feed by condensing vapor flash pre-hydrolysis of products

	Vinasse Concentration
	Evaporator
	Heating of vinasse by condensation of MEE vapor


5. Results

In the conventional bioethanol production, approximately 1000 m³ of anhydrous bioethanol are produced from 12000 tons of sugarcane each day. In the process with both bioethanol and ligbioethanol production processes, considering the use of 75 % of the bagasse generated in the hydrolysis process, 1150 m³ of anhydrous ethanol can be produced from the same amount of sugarcane and consequently the same planted area. 

Steam consumption in both types of anhydrous ethanol production processes are shown in Table 2.

Table 2. Steam consumption in bioethanol production process from sugarcane (1) and bioethanol production process from both sugarcane and sugarcane bagasse (2).

	Equipment/Process
	Steam pressure (bar)
	Consumption in process 1 (kg/L anhydrous ethanol)
	Consumption in process 2 (kg/L anhydrous ethanol)

	Multiple Effect Evaporator
	2.5
	1.64
	1.24

	Sterilization
	4
	1.68
	4.03

	Extractive Column
	22
	0.30
	0.27

	Recovery Column
	22a
	0.15
	0.16

	Vinasse concentration
	1
	3.65
	--

	Hydrolysis Column
	10
	--
	2.08

	Hydrolysis – heating
	22
	--
	0.67

	Hydrolysis - MEE
	4
	--
	0.27

	Total
	
	7.43
	8.72


a Superheated

Organosolv solution must be condensed prior to enter the delignification tank. This cooling may be made by concentrating vinasse, the byproduct of distillation. Vinasse is used in irrigation, so its concentration diminishes transportation costs. In the case of conventional bioethanol production, process steam is not available to concentrate vinasse, requiring live steam to be consumed (1 bar steam in a single stage) for the same rate (52 %) of concentration. Other options for vinasse concentration, such as the use of MEE, may be considered in the case of conventional bioethanol production to decrease energy consumption.
6. Conclusions

Simulations of bioethanol and ligbioethanol production processes were carried out using software UniSim Design. An increase of 15 % in bioethanol production is possible when 75 % of generated bagasse is used in hydrolysis process. The increase in steam consumption is equal to 17 %, considering consumption of steam per liter of anhydrous ethanol. Water used in hydrolysis process comes from MEE condensates, so there is no increase in water consumption for dilution, and water used in distillation column condenser may be reused in other parts of the process in a closed circuit.

Considering the increase of 15 % in bioethanol production using sugarcane bagasse, thus using the same planted area, with a small increase in energy consumption (17 %), the approach of using lignocellulosic materials, via acid hydrolysis, is quite sustainable and offers a technical and economic way to increase bioethanol production.
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