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Abstract. The vinasse, effluent generated in the distillation step of the ethanol production process, has polluting 

characteristics and is generated in large amounts, making its disposition problematic and costly. This work addresses 

the vinasse problem in the ethanol production from sugarcane, through a comparison between two alternatives to treat 

it with energy recovery: i) concentration in a multiple-effect evaporator system and subsequent incineration; and ii) 

biodigestion. The comparison is carried out through mass and energy balances for the proposed routes evaluating two 

configurations of the cogeneration system; Configuration 1, using back-pressure steam turbines (BPST); and 

Configuration 2, using condensing-extraction steam turbines (CEST). Results indicated that for cases using CEST 

(where the electricity surplus is maximised), the electricity surplus resulted in the same range: 86.82 kWh/t of cane for 

the concentration-incineration route, and 84.81 kWh/t cane for the biodigestion route. Regarding cases with BPST, the 

concentration-incineration case presented a potential of 70.24 kWh/t cane of electricity surplus, which is 33.4% higher 

than the electricity surplus in the biodigestion case, because of the additional steam consumption in the vinasse 

concentration process; however, the bagasse surplus in this case resulted in 27.37 kg/t cane, which is 48.4% lower in 

comparison to the biodigestion case. Regarding the economic assessment, the concentration with incineration of 

vinasse presented better results of total annualised costs for CEST; while the biodigestion route was a better option for 

BPST. 
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1. INTRODUCTION 

 

The sugar and ethanol industry from sugarcane has an important role in the Brazilian agribusiness. The ethanol 

production, particularly, had a boost with the National Ethanol Program, or Proálcool, created in 1975 by the Brazilian 

government, as a solution to the oil crisis in 1973. This program raised the Brazilian energy security. Not only is the 

ethanol a renewable fuel, but also, the energy contained in the Brazilian ethanol is 370% higher than the energy spent in 

its production (Andrade et al., 2009). Nowadays, the Brazilian government, through the Ministry of Mines and Energy, 

is presenting the RenovaBio Program which seeks to expand the biofuel production (J. M. Coelho, 2017), being the 

ethanol among the biofuels contemplated. Thus, with an increasing ethanol production, the vinasse, the liquid residue of 

this production process, produced as the bottom product of the distillation column in the distillation step, will increase 

as well. This residue represents a current problem for the industry because of its polluting characteristics and large 

volume generated. The vinasse is a dark brown liquid of acidic nature, and leaves the distillation column at 

approximately 107°C. In distillation integrated units, the vinasse pre-heats the fed wine and its temperature is reduced 

until approximately 77°C (Pina et al., 2017). Owing to its high organic matter content, a putrefaction process starts as 

soon as the vinasse is discharged, which represents social problems for the communities located close to the plants, due 

to the fetid odours generated (Freire & Cortez, 2000). The vinasse production rate varies with the ethanol content in the 

wine, and, according to Freire and Cortez (2000),  it ranges from 10 to 15 litres of vinasse per litre of ethanol produced. 

Currently, this effluent is being disposed through fertirrigation, which consists in the aspersion of the vinasse on the 

crops to take advantage of its solid content, which is rich in potassium, phosphorous, nitrogen, sodium and calcium, and 
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its high water content to fertilise and irrigate at the same time (Freire & Cortez, 2000). However, this form of 

disposition, in the state of Sao Paulo, is regulated by the government, taking into account the crop needs, level of 

potassium in the soil, potassium content in the vinasse, and type of soil, among others (CETESB, 2015; Neto & 

Shintaku, 2009a). Since vinasse has a significant mineral content, an excessive dose, or the application in an 

inappropriate soil can lead to environmental problems such as leaching and pollution of groundwater, as well as soil 

salination (Penatti & Donzelli, 2000). 

Among the alternatives for the use of vinasse, the biodigestion and incineration in boilers are of special interest 

because of their potential to generate electric energy when coupled with a cogeneration system, which is usually used in 

sugarcane-processing plants. This way, this work seeks the comparison of these two technologies for the energy use of 

vinasse, by way of energy and economic analyses. 

 

1.1 Incineration of vinasse 

 

The direct combustion, or incineration, is a technology that allows an almost complete disposition, and a definitive 

elimination of the polluting potential of vinasse. Besides, it permits the recovery of mineral-containing ashes, which can 

be used to fertilise the sugarcane crops (Freire & Cortez, 2000). As the water content of vinasse, as it is produced, is 

rather high (an average of 93%, wt % (Christofoletti et al., 2013)), its incineration is impossible, as it is produced; for 

this reason, a concentration step is necessary prior to the incineration, to increase the solid content up to a concentration 

that can enable the incineration of this effluent. Some studies have reported that a concentrated vinasse with a solid 

content between 60 and 70% is enough to incinerate it. In this work, a multiple-effect evaporator system was considered 

since it is the most spread technology, and it is widely used in the ethanol and sugar industry. In a multiple-effect 

evaporator system, several evaporators are assembled in series, so that the first effect uses exhaust steam as heat source, 

while the subsequent effects use the vapour generated in the separation process, called vegetal vapour, of the previous 

effect. 

 

1.2 Biodigestion 

 

The anaerobic biodigestion is a complex biochemical process in which a large number of facultative and obligate 

anaerobes absorb and break the organic matter, degrading it in the absence of oxygen (Cheremisinoff, 1996). The 

biodigestion of vinasse can be considered as an alternative treatment that allows the reduction of its polluting potential, 

and the valorisation of this effluent through the obtainment of energy using the biogas produced (Neto & Shintaku, 

2009; Salomon et al., 2011). The biodigestion of vinasse can be considered because of its high Chemical and Biological 

Oxygen Demand (COD and BOD), and low solid content. Still, the biodigestion does not completely eliminate the 

polluting potential, nor does it resolve the problem of the large volume of vinasse. Nevertheless, the biodigested vinasse 

keeps its nutrients which can be used as fertilisers. In addition, the biodigestion stabilises the organic matter, reducing 

its BOD, as well as increasing the pH; thus allowing a safer disposition in the crops (Cortez et al., 2010; Salomon et al., 

2011). 

 

2. METHODOLOGY 

 

The assessment of the energy potential was carried out by analysing and comparing three cases. A Base Case, or 

Case i, which considers the conventional ethanol, sugar and electricity production process; Case ii, which considers the 

vinasse concentration in a multiple-effect evaporation system, with the subsequent incineration of the concentrated 

vinasse in the boiler of the cogeneration system; and Case iii, which considers the biodigestion of vinasse, with the 

subsequent burning of the produced biogas in the boiler of the cogeneration system. The evaluated cases are described 

in the following sections. 

 

2.1 Case i: Conventional ethanol, sugar and electricity production process 

 

Case i was considered as a conventional ethanol, sugar and electricity production process. A plant processing 

500 tonnes of cane per hour, and consuming steam at 2.5 bar was simulated utilising the software Aspen Plus™. The 

guidelines for the simulation were taken from Ensinas (2008) and Palacios-Bereche (2011); and data from the literature 

were gathered. The cogeneration system was simulated utilising the software EES®. Figure 1 presents a simplified 

flowsheet representing the sub-systems of the conventional process. 
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Figure 1. Flowsheet of Case i: Conventional ethanol, sugar and electricity production process. Modified from Pina et al. 

(2017). 

 

 

2.2 Case ii: Vinasse concentration and incineration 

 

Case ii was considered as a Case i coupled to a vinasse concentration system, which sends the concentrated vinasse 

to the boiler of the cogeneration system; as can be observed in Figure 2. The vinasse concentration system was assumed 

to be a seven-effect evaporation system, since some manufacturers commercialise this kind of evaporators 

(CITROTEC, 2012). A simplified scheme of the system considered in this study is presented in Figure 3. Mass and 

energy balances were carried out for each effect utilising the software EES®. 

 

 
 

Figure 2. Flowsheet of Case ii: Case i + Vinasse concentration system. Modified from Pina et al. (2017). 
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Figure 3. Diagram of a seven-effect evaporation system for vinasse. 

 

 

In Figure 3, mCi represents the mass flow of vinasse which is being concentrated in each effect, mVi the vegetal 

vapour separated in each effect, and mVe and mCVe the mass flows of the exhaust steam and condensate, respectively, 

whose enthalpy difference is used in the first effect as heat source. In Figure 2, the vinasse concentration system 

receives saturated steam (mVe) from the cogeneration system and sends the concentrated vinasse (mC7) to the boiler of 

the cogeneration system. 

The enthalpy of vinasse was calculated following the equations presented by Larsson & Tengberg (2014): 

 

TCph vinassevinasse   (1) 
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Where Cp is the specific heat in kJ/kg-°C and T is in °C. The pressures used in each effect of the vinasse 

concentration system are presented in Table 1: 

 

Table 1. Pressure of the effects of the vinasse concentration system (Fukushima, 2016) 

 

Effect P (bar) 

1 2.139 

2 1.788 

3 1.449 

4 1.12 

5 0.802 

6 0.496 

7 0.2 

 

2.3 Case iii: Biodigestion of vinasse 

 

Case iii considered the Case i coupled to a biodigestion system consisting of an Anaerobic Structured Bed Reactor 

(ASTBR) operating at thermophilic temperature. According to Fuess et al. (2017), this type of reactor presents the 

advantage of being less sensitive to environmental variations. Figure 4 shows a scheme of said reactor. The biodigestion 

system sends the biogas produced to the boiler of the cogeneration system; as can be observed in Figure 5. Mass and 

energy balances were carried out utilising the software EES®. 
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Figure 4. Diagram of an ASTBR. (Fuess et al., 2017) 

 

 

 
 

Figure 5. Flowsheet of Case iii: Case i + Vinasse biodigestion. Modified from Pina et al. (2017). 

 

 

In Case iii, the biogas production (BP) was calculated following the equation presented by Lamo (1991) cited in 

Flores-Zavala (2016): 
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where: 

 

COD: Chemical Oxygen Demand, kg COD/m3 

E:  COD removal efficiency, % 

F:  Biogas factor conversion, Nm3/kg COD 

VV:  Vinasse flow rate, m3/s 

 

2.4 Cogeneration System 

 

Cogeneration systems generate electricity and thermal energy, as well as mechanical energy in some cases; in one 

integrated system (Flin, 2009). A steam cycle is usually used as the cogeneration system in sugarcane-processing plants, 

using sugarcane bagasse as fuel in the boiler. This cogeneration system supplies the requirements of steam, electricity 

and/or mechanical work in the plant. Two configurations were adopted in this work: Configuration 1 considering 

back-pressure steam turbines (BPST), and Configuration 2 considering condensing-extraction steam turbines (CEST). 

Figure 6 presents the schemes of these configurations. 

 



Milagros Cecilia Palacios-Bereche, Ana Carolina Medina-Jimenez, Reynaldo Palacios-Bereche and Silvia Azucena Nebra 
Comparison Between Two Alternatives for the Energy Use of Vinasse 

 

 
 

Figure 6. Configurations of the cogeneration system adopted. Modified from Pina et al., (2017) 

 

 

The calculations regarding cogeneration systems for Case ii and Case iii were performed using the EES software to 

resolve the mass and energy balances. Furthermore, the cogeneration system was assumed to produce steam at 520°C 

and 65 bar (Sosa-Arnao, 2018). 

 

2.5 Economic assessment 

 

Data from the literature were gathered to perform the economic assessment of the considered cases. The capital 

costs were annualised using a fractional interest rate per year (i) of 10%, and considering 15 years (n). For Cases ii and 

iii, the sale of the additional electricity surplus obtained with the implementation of the technologies proposed, was 

considered as revenue. Furthermore, the selling of the boiler ashes was considered as an additional revenue in Case ii. 

According to Cacuro & Waldman (2015), different metal oxides are formed during the incineration of biomass, such as 

K2O, MgO, P2O5, and Cao, among others; which can be used as fertilisers. Thus, the content of triple superphosphate 

(46% P2O5 equivalent) and potassium chloride (60% K2O equivalent) in the vinasse, as it is produced (Simões et al., 

2004), is assumed to remain in the boiler ashes, and the selling price of the ashes was considered equal to the selling 

price of triple superphosphate and potassium chloride fertilisers. 

 

Regarding Case ii, the condensates from the vinasse concentration system were assumed to be re-used in the process 

(Mello, 2012). The amount of water recovery from vinasse (condensates in this case) was 415.2 kg/t cane, it allows 

reducing the effective water demand of the mill (1,132 kg/t cane according to Pina et al. 2017) to 716.8 kg/t of cane; in 

that way, no cost was considered for the disposition of the condensates. 

In Case iii, the fertirrigation was considered as a mean of final disposition for the biodigested vinasse in the 

plantation, as this practice is commonly implemented in Brazilian sugarcane-processing plants. A cost of 7.97 R$/m3 of 

vinasse transported and applied was assumed, as reported in Barbosa (2018). No capital costs were considered, as it was 

assumed that the plant already has a vinasse fertirrigation system. The different capital and operating costs considered 

are presented in Table 2. 

 

Table 2. Capital and operating costs for the economic assessment. 

 

Description Capital cost Operating cost 

Case ii: Concentration + Incineration   

Concentrator, R$/(t/h) 80,000 (1) - 

Caustic soda for cleaning, R$/t - 800 (1) 

Caustic soda applied, t/week - 11.2 (1) 

Labour force, R$/(labourer/year) - 35,000 (1) 

Number of labourers - 4 (1) 

Supplies and administration, R$/year - 83,631.7 (1) 

Hydroblasting (cleaning), R$/year - 418,158.5 (1) 

Other labour force and materials, R$/year - 487,851.5 (1) 

Case iii: Biodigestion   

Investment cost of an AD plant (ASTBR); USD(m3
vinasse∙day-1)-1 708.72 (2) - 

Operating cost of the AD plant - 2.5% of investment cost per year (2) 

Biogas transportation, USD(Nm3
biogas∙day-1)-1 0.096 (2) 2.5% of investment cost per year (2) 
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H2S removal device, € 19,000 (2) 0.0026 €/Nm3
biogas (2) 

Fertirrigation cost, R$/m3 - 7.97 (3) 

AD: Anaerobic Digestion; (1) scaled from Poveda (2014); (2) Fuess & Zaiat (2018); (3) Barbosa (2018); 

 

The cost of the exhaust steam (saturated vapour at 2.5 bar) utilised in the concentration of vinasse, was calculated 

following the guidelines presented in Smith (2005), which are described next: 

First, the bagasse cost (Cbagasse) per energy unit (R$/kJ) was calculated using (4). 

 

 

bagasse

bagasse
LHV

Bagasse
C
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Then, the cost (CHPsteam) of the steam produced in the boiler (HP steam) is calculated applying (5), where hHPsteam and 

hboiler feed water are the enthalpies of the steam generated in the boiler and the feed water, respectively; boiler is the boiler 

efficiency; and lo are losses from the steam distribution system (distribution losses). 
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The cost of the electricity per kg of steam that pass through the turbine (CEE) is then calculated from the work of the 

turbine (wturbine) and the electricity price (Pelectricity) (6): 

 

yelectricitturbineEE PwC   (6) 

 

Finally, the cost of the exhaust steam (Cexhaust steam) is calculated by subtracting the cost of the electricity produced in 

the turbine (CEE) from the cost of the HP steam (CHP steam); as represented in (7). 

 

EEHPsteamsteamexhaust CCC   (7) 

 

The capital costs were annualised using (8): 
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An additional cost for the scaling of the cogeneration system was calculated considering the increasing in generated 

steam and electricity surplus, for the scaling of the boiler and turbine, applying (9) (Bejan et al., 1996): 
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where Ceq.desired is the cost of the equipment at the desired capacity (Capdesired) calculated from the cost of the same 

equipment (Ceq.data) at a given capacity (Capdata), and  is the scaling factor. 

 

2.6 Main parameters for simulation and input for economic assessment 

 

Table 3 presents the main parameters used in the simulation of the three evaluated cases. 

 

Table 3. Main parameters for simulation and input for economic assessment. 

 

Parameter Value 

Simulation  

Vinasse concentration  

Vinasse initial brix, % 4.39 (1) 

Vinasse final brix, % 65 (4) 

Vinasse biodigestion  

Vinasse COD, kg/m3 23.8 (5) 
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Efficiency of COD removal, % 80 (6) 

Biogas conversion factor, Nm3
biogas/kg COD 0.5 (6) 

ρbiogas, kg/Nm3 0.784 (7) 

Biogas composition  

CH4, % mol (dry basis) 60 (8) 

CO2, % mol (dry basis) 38.1 (8) 

H2S, % mol (dry basis) 1.9 (8) 

H2O, % mol 5.5 (8) 

Cogeneration  

Sugarcane processed, t cane/h 500 (9) 

Steam consumption in conventional process (Case i), kg/t cane 437.6 (1) 

Total produced bagasse, kg/t cane 272.0 (1) 

Bagasse for filters, kg/t cane 5 (1) 

Bagasse for self-consumption, % of total bagasse 5 (10) 

Bagasse LHV (50% of humidity), MJ/kg 7.64 (2) 

Vinasse HHVdry, MJ/kg 13.53 (11) 

Biogas LHV, MJ/kg 17.14 (2) 

ηboiler, % 85 (12) 

ηturbine, % 80 (12) 

ηpump, % 80 (12) 

Electricity consumption in the conventional process (Case i), kWh/t cane 28 (9) 

Electricity consumption in vinasse biodigestion, kWh/day 230 (7) 

Economic assessment  

Vinasse mass rate, kg/s 61.95 (1) 

Vinasse flow rate, m3/s 0.0679 (1) 

Operating hours per year, h/year 4000 (12) 

Steam consumption at vinasse concentration, kg steam/t cane 95.3 (1) 

Bagasse cost, R$/t bagasse 60 (13) 

Distribution losses, % 10 (14) 

Electricity selling price, R$/MWh 59 (13) 

wturbine, kJ/kg 610.2 (1) 

hHP steam, kJ/kg 3.360 (1) 

hboiler feedwater, kJ/kg 443.6 (1) 

Boiler cost (Ceq.data), R$ 23,857,493.26 (15) 

Boiler capacity (Capdata), t/h 150 (15) 

boiler 0.85 (16) 

Turbine cost (Ceq.data), R$ 13,523,952.00 (15) 

Turbine capacity (Capdata), MW 34 (15) 

turbine 0.5 (16) 

Other capital cost of cogeneration system, (R$/R$ of turbine and boiler) 1.12 (15) 

Cost of exhaust steam, USD/kg 0.00553 (2) 

Fractional interest rate per year, i % 10 (3) 

Number of years, n 15 (3) 

Brazilian real exchange rate, R$/USD 3.7164 (17) 

Euro exchange rate, USD/€ 1.1658 (17) 

Triple superphosphate in vinasse (46% P2O5 equivalent), kg/m3 vinasse 0.435 (18) 

Potassium chloride in vinasse (60% K2O equivalent), kg/m3 vinasse 2.450 (18) 

Selling price of triple superphosphate, R$/50 kg triple superphosphate 29.90 (18) 

Selling price of potassium chloride, R$/50 kg potassium chloride 41.00 (18) 
(1) from simulation; (2) calculated; (3) assumed; (4) Fukushima (2016); (5) Neto & Shintaku (2009b); 
(6) Neto & Shintaku (2009a); (7) (Salomon et al., 2011); (8) Leme & Seabra (2017); (9) Pina et al. (2017); 
(10) Palacios-Bereche (2011); (11) Avram et al. (2009) cited in Lora & Venturini (2012); (12) Ensinas 

(2008); (13) UDOP (2016); (14) Smith (2005); (15) Agurto (2015); (16) Bejan et al. (1996); (17) Banco 

Central do Brasil (2018); (18) Simões et al. (2004) 
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3. RESULTS AND DISCUSSION 

 

The main results of the analysis are reported in Table 4. It can be observed that the additional steam consumption in 

Case ii, for vinasse concentration purposes, represents an increase of 21.7% of the steam consumption of Case i; while 

the steam consumption in Case iii was the same as Case i; as no additional steam was considered. Using 

Configuration 1, Case ii presented an electricity surplus 33.4% higher than that of Case iii. Nevertheless, Case ii had a 

bagasse surplus 48.4% lower than Case iii. On the other hand, for Configuration 2, the electricity surplus of the 

incineration and biogas routes was in the same range, resulting in an electricity surplus 8.6% and 6.2% higher than 

Case i, respectively. Regarding the biogas production, the simulation resulted in 3.65 kg of biogas per tonne of cane 

processed, which is equivalent to 9.5 Nm3 of biogas per m3 of vinasse produced. This biogas production was higher 

than the biogas production of the São Martinho plant reported in Poveda (2014) (6 Nm3/m3 vinasse). 
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Table 4. Results of energy and economic analyses. 

 

 BPST (Configuration 1) CEST (Configuration 2) 

Parameter Case i Case ii Case iii Case i Case ii Case iii 

Energy Analysis       

Generated steam (at 520°C, 64 bar) (kg/t cane) 454.39 553.39 454.39 552.24 613.01 570.10 

Generated steam (at 520°C, 64 bar) (t/h) 227.20 276.70 227.20 276.12 306.51 285.05 

Increasing of generated steam due to new technology implemented (t/h) - 49.50 0 - 30.39 8.93 

Steam consumption for vinasse concentration (kg/t cane) - 95.35 - - 95.35 - 

Total steam consumption (kg/t cane) 437.58 532.92 437.58 437.58 532.92 437.58 

Vinasse(1) used in cogeneration (kg/t cane) - 30.14 - - 30.14 - 

Biogas used in cogeneration (kg/t cane) - - 3.65 - - 3.65 

Bagasse used in cogeneration (kg/t cane) 209.64 226.00 200.28 253.37 253.37 253.37 

Bagasse surplus (kg/t cane) 43.73 27.37 53.09 - - - 

Electricity surplus (MW) 26.33 35.12 26.32 39.94 43.41 42.41 

Electricity Surplus (kWh/t cane) 52.66 70.24 52.64 79.87 86.82 84.81 

Increasing of electricity surplus due to new technology implemented (MW) - 8.79 - - 3.47 2.47 

Economic assessment       

Capital Cost       

Cogeneration system       

Boiler cost for the increasing of generated steam (MMUSD) - 2.50 - - 1.65 0.58 

Turbine for the increasing of electricity surplus (MMUSD) - 1.85 - - 1.16 0.98 

Other capital cost for the cogeneration system (MMUSD) - 4.89 - - 3.16 1.76 

Capital cost for new technology       

Concentration – Incineration       

Vinasse concentration system (MMUSD) - 4.80 - - 4.80 - 

Biodigestion       

AD plant (MMUSD) - - 4.16 - - 4.16 

Biogas transportation (MMUSD) - - 0.005359 - - 0.005359 

H2S removal device (MMUSD) - - 0.02215 - - 0.02215 

Total capital cost (MMUSD) - 14.04 4.18 - 10.78 7.50 

Annualised capital cost (MMUSD/year) - 1.85 0.55 - 1.42 0.99 

Operating Cost       

Concentration – Incineration       
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Caustic soda for cleaning (MMUSD/year) - 0.082 - - 0.082 - 

Labour force (MMUSD/year) - 0.038 - - 0.038 - 

Supplies and administration (MMUSD/year) - 0.023 - - 0.023 - 

Hydroblasting (MMUSD/year) - 0.113 - - 0.113 - 

Other labour force and materials (MMUSD/year) - 0.131 - - 0.131 - 

Steam consumption for vinasse concentration (MMUSD/year) - 0.946 - - 0.946 - 

Biodigestion       

Operating of AD plant (MMUSD/year) - - 0.104 - - 0.104 

Biogas transportation (MMUSD/year) - - 0.000134 - - 0.000134 

Operating of H2S removal device (MMUSD/year) - - 0.028 - - 0.028 

Electricity consumption for AD plant (MMUSD/year) - - 0.000736 - - 0.000736 

Fertirrigation (MMUSD/year) - - 2.10 - - 2.10 

Total operating cost (MMUSD/year) - 1.33 2.23 - 1.33 2.23 

Total annualised cost (MMUSD/year) - 3.18 2.78 - 2.75 3.22 
   MMUSD: million USD; (1) concentrated at 65°Brix   
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From the results of the economic assessment, when a cogeneration system with back-pressure steam turbine 

(Configuration 1) is considered, it can be observed that the capital cost of Case ii was, by far, higher than Case iii. The 

total capital cost of Case ii resulted in a value 235.9% higher than Case iii; owing to the scaling of the cogeneration 

system which was not necessary in Case iii. Regarding the operating cost, it was Case iii which presented a value 67.7% 

higher than Case ii, because of the fertirrigation cost which was not considered in Case ii. The total annualised cost 

indicates that the biodigestion route would be a better alternative for a cogeneration system with Configuration 1, being 

this cost 12.6% lower than the incineration route. On the other hand, when condensing-extraction steam turbines 

(Configuration 2) are considered in the cogeneration system, Case ii still presents a higher capital cost, being 43.7% 

higher than Case iii. The operating cost was the same as the results with Configuration 1. The total annualised cost 

indicates the incineration route as a more suitable alternative for a cogeneration system with Configuration 2. Regarding 

the gains due to the selling of electricity surplus (considering a cogeneration system with Configuration 2), Case ii 

presented a higher value of 0.267 million USD per year, against the 0.190 million USD per year of Case iii. 

Furthermore, Case ii also presented an additional gain due to the selling of the boiler ashes as biofertiliser, which 

resulted in 0.597 million USD per year. Owing to the lack of information, this economic analysis was performed in an 

approximated way, thus, some parameters were not considered, such as the retrofit of the cogeneration boiler to enable 

it for the burning of concentrated vinasse and biogas in each case. Hence, it is worth mentioning that the biodigestion 

route can present other advantages, such as the burning of the biogas in internal combustion engines, which are known 

to have better efficiencies; or the upgrading of the biogas to biomethane for commercialisation, or powering vehicles 

(Poveda, 2014). Besides, the biogas and biomethane production presents environmental advantages, such as soil 

recovery (through the use of the biodigested vinasse as a safe biofertiliser), or reduction of greenhouse gases emissions 

(by replacing fossil fuels with a renewable fuel during energy generation) (ABBM, 2016). Furthermore, a sludge 

dewatering could be performed to reduce the moisture content of the biodigested vinasse, thus reducing its volume and 

disposition costs (Rowe & Abdel-Magīd, 1995). Additionally, the separated water could be re-used in the process, or 

sent to the plantation for irrigation purposes; while the concentrated sludge could also be commercialised as 

biofertiliser. 

A sensitivity analysis was also performed to visualise the changes in Electricity Surplus, when the vinasse LHV and 

the COD removal efficiency were modified, for cases ii and iii, respectively. Since the vinasse composition varies 

depending on several factors, various researches have reported different values for the properties of this effluent. In this 

way, a literature review demonstrated that the vinasse LHV (in dry basis) ranges, approximately, from 11 to 14 MJ/kg 

(Akram et al., 2015; Larsson & Tengberg, 2014; Gallego-Ríos, 2017; Avram et al., 2009 apud Lora & Venturini, 2012). 

Meanwhile, several studies regarding vinasse biodigestion have also reported different values for the COD removal 

efficiency, ranging from 23.6 to 88.5% (Barrera et al., 2016; Budiyono et al., 2014; de Bazúa et al., 1991; Elaiuy, 2016; 

Coelho et al., 2016). Figure 7 (a) presents how the electricity surplus (considering Configuration 2 of the cogeneration 

system) varies when the vinasse LHV at 65 Brix varies as well. In Fig. 7 (b), the production of biogas (mass rate) and 

the electricity surplus (considering Configuration 2 of the cogeneration system) varies when the COD removal 

efficiency also varies. 

 

  
(a) (b) 

 

Figure 7 (a): Variation of electricity surplus (MW) with the variation of vinasse LHV (MJ/kg) at 65Brix. Figure 7 (b): 

Variation of electricity surplus (MW) and biogas mass rate (kg/s) with the variation of COD removal 

efficiency (%). 
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Finally, a second sensitivity analysis was performed to observe the changes in Total annualising cost, when the 

bagasse cost and the electricity selling price are modified. The sugarcane bagasse, residue from the sugarcane juice 

extraction step, was originally considered as useless, and it was burnt in the boiler of the plants to get rid of this residue; 

or was sold at low prices for animal feed. However, the bagasse became an important energy source, and its selling 

price rose. Nevertheless, the bagasse cost is rather variable along the time, and prices ranging from 30 R$ per tonne of 

bagasse up to 150 R$ per tonne of bagasse have been reported in sugarcane-specialised journals (CanaOnline, 2016); 

agribusiness selling websites (MFRURAL, 2015, 2016), and academic works (Santos, 2015). Regarding the electricity 

selling price, it is also a variable parameter and depends, in the Brazilian case, on the rain seasons, since most of the 

Brazilian energy matrix consist of hydraulic power. The literature review revealed values ranging from 23.14 R$/MWh 

to 140.71 R$/MWh reported in sugarcane-specialised journals (Costa, 2016; Frias et al., 2017; NovaCana, 2016; 

ORPLANA, 2014). Figure 8 (a) presents how the total annualised cost of Case ii (considering Configurations 1 and 2 of 

the cogeneration system) varies when the bagasse cost varies as well. In Fig. 8 (b), the total annualised cost of Case ii 

(considering Configurations 1 and 2 of the cogeneration system) varies when the electricity selling price also varies. 

 

  
(a) (b) 

 

Figure 8 (a): Variation of total annualised cost (MMUSD/year) for Configurations 1 and 2 with the variation of bagasse 

cost (R$/t bagasse). Figure 8 (b): Variation of total annualised cost (MMUSD/year) for Configurations 1 and 2, 

with the variation of electricity selling price (R$/MWh). 

 

 

4. CONCLUSIONS 

 

Both alternatives, concentration with subsequent incineration and biodigestion, allow the energy use of vinasse, 

besides offering advantages to dispose it in a safer way. In the case of concentration with subsequent incineration, the 

main advantages are the complete removal of the polluting potential, and the significant reduction of the vinasse 

volume, thus reducing the transport cost of disposition. Moreover, this option improves the availability of water in the 

factory (water recovered from vinasse), which can be re-used in the process. The biodigestion, on the other hand, can 

stabilise the organic matter and produce biogas, however, cannot completely eliminate the polluting potential, nor can it 

reduce the volume of vinasse. Nevertheless, both alternatives offer the possibility of recovering the nutrients of vinasse, 

through the ashes in the boiler, in the case of the incineration; and through the biodigested vinasse, in the case of the 

biodigestion. According to the analysis performed, both alternatives proved themselves feasible, since both presented 

bagasse surplus when using a back pressure steam turbine (Configuration 1) in the cogeneration system; as well as 

electricity surplus when a condensing-extraction- steam turbine (Configuration 2) was considered. However, Case ii 

presented the lowest bagasse surplus for Configuration 1; and the highest electricity surplus for Configuration 2, of the 

analysed cases. In Case iii, higher gains can be observed in bagasse surplus for Configuration 1; while the electricity 

surplus for Configurations 2, even though lower than Case ii, was still higher than Case i. Regarding the economic 

assessment, the concentration with incineration of vinasse presented itself as a better option for a cogeneration system 

with condensing-extraction steam turbines, since it had the lowest annualised cost. On the other hand, when considering 

a cogeneration system with back-pressure steam turbines, the biodigestion of vinasse was a more suitable option. 

Nevertheless, since some parameters and costs were disregarded, owing to the lack of information, it is worth 

mentioning that the biodigestion route can present other advantages, such as the burning of the biogas in internal 

combustion engines, which are known to have better efficiencies, or the upgrading of the biogas to biomethane for 

commercialisation. Besides, the environmental advantages of reducing greenhouse gases emissions and soil recovery 

deserves also to be mentioned. 
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