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A B S T R A C T   

This paper presents the potential of biogas from anaerobic digestion of vinasse and its impact in different con-
texts. The use of vinasse biogas (VBG) for power generation is evaluated and the potential of this energy source is 
compared with fossil oil power plants in terms of energy, costs and greenhouse gases (GHG) emissions in Brazil, 
suggesting a program where the most expensive oil power plants are replaced by biogas plants with benefits in all 
aspects. Secondly, the use of vinasse biomethane (VBM) to replace natural gas (NG) in the state of São Paulo is 
examined, presenting an incentive program that could make this alternative fuel feasible even in smaller scale 
plants with minimal impact on NG costs in this state, while providing considerable emission reduction. The 
impact of VBG considering the increase in ethanol production over the next ten years is also evaluated, showing 
that substantial additional energy can be obtained and larger amounts of fossil fuels can be replaced. By crossing 
vinasse biogas potential with selected fossil fuels demand, the article brings insights to help the transition to a 
low-carbon society in a novel approach. The conclusions are that VBG and VBM can provide great benefits, such 
as USD 1 billion/year cost reductions and 6.7 million tons CO2e/year emissions avoided by replacing fossil oil by 
biogas in power generation in Brazil and 3.2 million tons CO2e/year avoided with biomethane replacing natural 
gas in the state of São Paulo, which, with specific programs and policies, could be achieved.   

1. Introduction 

Brazil is the second largest ethanol producer in the world, with 27.8 
billion liters in 2018 [1]. Each liter of ethanol produces an average of 
11.5 L of vinasse, a liquid with high pollution potential [2–5]. When 
submitted to anaerobic digestion, vinasse generates biogas, which is 
composed of methane (CH4), carbon dioxide (CO2) and hydrogen sulfide 
(H2S), and can account for a substantial increase in energy output from 
sugarcane crops. After the removal of H2S, this gas can be used to 
generate electricity, and by removing H2S, CO2 and water it acquires 
similar characteristics to natural gas (NG) [6] and can be injected in NG 
pipelines or replace diesel in sugarcane agricultural operations. In most 
Brazilian mills, the vinasse is applied in the crop fields (process called 
fertirrigation), with the objective of recycling the nutrients contained in 
the vinasse (Nitrogen, Phosphorous and Potassium). After anaerobic 
digestion, vinasse can be also used for fertirrigation, maintaining its 
original properties as fertilizer [7]. 

Considered as an ethanol byproduct, vinasse biogas (VBG) can 
improve energy and greenhouse gases (GHG) emissions balances of 

ethanol itself, result of better transformation of sugarcane biomass into 
renewable energy [8]. Considered as an “independent” biofuel (disso-
ciated from the ethanol that originated the vinasse from which it was 
produced), it would produce energy with a carbon footprint up to 96% 
lower than the fossil counterpart [9]. 

Although there are 355 ethanol distilleries in Brazil [10], only ten 
projects using vinasse to produce biogas have been developed in the past 
38 years, and most of them are no longer in operation [5]. 

Biogas is produced worldwide. Europe leads the biogas industry with 
10.4 GW of installed capacity, followed by the United States with 2.4 
GW. In Europe, Germany leads in number of plants and energy pro-
duction, followed by the UK and Italy in energy production [11]. Since 
the Renewable Energy Sources Act in 2000, Germany has experienced 
exponential growth; in 2016 it had 8300 biogas plants with 4.5 GW of 
installed capacity and 196 biomethane plants, although recent changes 
in incentive schemes have slowed down this expansion [12]. Thailand 
leads among developing countries with 500 MW of biogas installed ca-
pacity [13]. 

Possible explanations for the timid adoption of vinasse biogas as an 
energy source in Brazil may be the competition against cheaper, better 
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established electricity sources (e.g. photovoltaic, wind, and hydro), lack 
of incentive policies, restricted technical information and perceived 
risks of this new activity [14–16]. 

Most of the electricity in Brazil is generated by renewable sources 
[17], but, due to the strong dependency on hydro power plants, unfa-
vorable rain regimes lead to the dispatch of fossil oil and gas power 
plants, as happened in the past years. VBG power could help to reduce 
the dispatch of fossil oil plants in Brazil if adequate conditions are 
created. 

NG is responsible for 12.9% of internal energy supply in Brazil [17], 
but unlike other fuels, such as gasoline and diesel, which are mixed with 
ethanol and biodiesel respectively, it does not have a renewable 
blending mandate. The state of São Paulo is the largest NG consumer and 
ethanol producer in Brazil, where would be possible to partially sub-
stitute NG by purified vinasse biogas (vinasse biomethane - VBM), if a 
mandate is established and incentives are created to this new biofuel. 

The Brazilian Energy Research Office (EPE) forecasts up to 83% in-
crease in ethanol production for next ten years in the country [18]. Total 
energy output from sugarcane could be amplified if vinasse biogas is also 
considered, resulting in further substitution of fossil fuels and improved 
sustainability of the ethanol. 

This article presents costs and GHG emissions of the fossil oil elec-
tricity generation nationwide, as well the consumption of NG in the state 
of São Paulo and compares this information with the potential of VBG 
and VBM in the same regions, showing potential reductions in cost and 
GHG emissions that could result from the substitution of fossil fuels by 
renewable VBG and VBM. By making these comparisons direct and 
objectively, this article presents valuable information in a novel 
approach which may serve as a tool for policymakers, who may have not 
realized practical possibilities of VBG and VBM and the benefits these 
renewable fuels can bring to energy sector in Brazil. 

The objective of this article is to present and discuss a program to 
replace fossil oil power plants by VBG in Brazil, considering potential 
power replacement, indicative prices for VBG electricity and the pro-
gram’s economic and emissions reduction benefits. Indicative prices and 
premium to be paid for VBM will be also be presented, evaluating the 
effects on the cost of NG in the state of São Paulo and benefits in terms of 
emissions with the replacement of NG by renewable VBM. The article 
also shows the additional energy that can be obtained from VBG 
considering the expected ethanol production expansion in the country in 
the coming years. 

2. Potential benefits of vinasse biogas 

2.1. Electricity production 

Biogas is not a common energy source in Brazil. Only 38 biogas 
projects are registered in the ANEEL database (April 2019), with a total 
capacity of 156 MW. Among them, 90% are landfill sites and none have 
sold energy in national electricity auctions [14,19]. Among biogas 
projects in Brazil from other sources, only one was contracted through a 
national electricity auction, a large VBG project (20.9 MW) by a major 
ethanol producer [19,20]. Investments required to VBG production and 
desulfurization are high, so in competition against other sources of en-
ergy in auctions, which together with restricted technical information 
about biogas, VBG is in disadvantage. 

The Brazilian Energy Operation Plan for 2018/2022 recognizes that 
the increasing volume of electricity from solar and wind power gener-
ation and the falling reserve capacity of hydro power in Brazil, alongside 
recurring unfavorable climatic conditions, leads to the increased 
dispatch of fossil power plants. 

Most fossil power plants in Brazil are powered by diesel, fuel oil and 
NG, dispatched when the rainfall regime is unfavorable, which occurred 
frequently in the past five years, especially in 2014 and 2015 [21]. 

Fig. 1 shows the share of selected sources of the electricity sources in 
Brazil in last decade. 

Among all sources of electricity in Brazil, fossil oil is the most 
expensive [23] and, although responsible for less than 5.3% of power 

Abbreviationsand nomenclature 

ANEEL Brazilian Electricity Agency 
ANP National Agency of Oil, Natural Gas and Biofuels 
Biomethane Biogas purified to achieve ANP Resolution August 2015 

specifications 
CBIO Decarbonization credits created by Renovabio, equivalent 

to one metric ton of CO2e emissions avoided 
CCEE Brazilian Electric Energy Commercialization Chamber 
CI Carbon Intensity of fuels 
CO2e Carbon Dioxide Equivalent 
COD Chemical Oxygen Demand: amount of oxygen required for 

the complete oxidization of organic matter in wastewater, 
an indirect measure of potential methane production by 
anaerobic digestion 

EPE Energy Research Office 
GHG Greenhouse Gases 

LHV Lower Heating Value 
MCF Methane Conversion Factor: volume of methane produced 

per kg of COD of vinasse submitted to anaerobic digestion 
MME Brazilian Ministry of Mines and Energy 
NG Natural Gas 
ONS National Electrical System Operator 
Renovabio National Biofuels Policy Act 
t Metric ton; equivalent to 1,000 kg 
tCO2e One metric ton of carbon dioxide equivalent 
UNICA Brazilian Sugarcane Industry Association 
VBG Vinasse Biogas: biogas obtained from anaerobic digestion 

of vinasse 
VBM Vinasse Biomethane: biomethane produced from vinasse 

biogas (VBG) 
VUC Variable Unit Cost: Cost of electricity dispatched in USD/ 

MWh  

Fig. 1. Share of selected sources of electricity generation in Brazil in the last 
decade. Sources: EPE (2017), EPE (2018) [17,22]. 
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generation in the country between 2014 and 2018, it is responsible for as 
much as 23.4% of greenhouse gases emissions associated to electrical 
sector of the country [24]. 

Oil power plants in Brazil were mostly contracted in auctions be-
tween 2005 and 2008, predicted to start operating 3–5 years after the 
auction and usually with a contract term of 15 years, which means that 
most of these contracts are approaching their expiration. 

VBG electricity is a non-intermittent source, which can be produced 
night and day during the sugarcane crop season (April to November in 
Brazil Center-South region), which is the low rainfall period of the year 
for most of the hydro power plants in the country. 

VBG electricity could be used in a preventive fashion, balancing the 
gaps of intermittency of wind and solar and preserving water in the 
reservoirs of hydro power, thus, instead of dispatch oil power plants 
when critical situations are forecasted, VBG could be dispatched as 
baseload of the electrical system to avoid future critical situations. VBG 
electricity may be an alternative to replace fossil oil power plants, 
bringing economic and emissions benefits to Brazil. Fossil oil power 
plants dispatch could be avoided if a program focusing on their 
replacement by VBG power plants were put in place. 

2.2. VBM replacing NG 

In 2015 the National Agency of Oil, Natural Gas and Biofuels (ANP) 
issued Resolution August 2015 establishing specifications, sources and 
uses of biomethane as a substitute for NG. According to this regulation, 
purified biogas that achieves the specifications can be blended with NG 
in any proportion. Since then, 8 biomethane projects have been 
commissioned in Brazil, and only one has had the gas injected in the 
pipeline, which shows the early development stage of this market. 

São Paulo State Decree 58659/2012 created the Biogas Program to 
establish a blending mandate of biomethane in NG in the state [25]. 
Although the program is not yet in force, indicative values of bio-
methane percentage to be mixed into NG have been unofficially 
announced [26]. São Paulo has three NG distribution concession areas, 
each one with different sales volumes and different VBG production 
potential. According to this unofficial announcement, each NG distri-
bution company in the state will have a different blending mandate and 
the distribution company with larger volume of NG sales does not have 
significant VBG potential. 

São Paulo is the largest consumer of NG and the largest producer of 
ethanol in the country. In addition, most of its landfill gas is committed 
to electricity generation [19,27], and therefore VBG represents the 
biggest potential for biomethane production in the state. 

VBM is a new biofuel in Brazil. The knowledge, engineering capa-
bilities, operating experience and equipment supply required for its full 
establishment are still being developed, which implies higher costs of 
VBM projects. As it is a new biofuel, higher risks are perceived by op-
erators, project developers and mill owners, and thus increased rates of 
return are demanded from VBM projects. It is natural that some sort of 
price benefit may be required for its production on a large scale. As an 
example, after 13 years of blending mandate with fossil diesel and a 10% 
share of the diesel volume, biodiesel in Brazil is still more expensive than 
fossil diesel [17,28]. 

The RenovaBio program [29] establishes Brazil’s decarbonization 
goals for the fuel energy mix and creates decarbonization credits 
(CBIOS) to be issued by biofuel producers proportionally to their effi-
ciency and production and acquired by fuel distribution companies ac-
cording to their individual targets [30]. Theoretically, NG distribution 
companies should also have decarbonization targets, since they are fuel 
distribution companies. 

CBIO has the merit of allowing more credits for more efficient bio-
fuels in terms of avoided emissions, which is the case of VBM. On the 
other hand, CBIO value fluctuations in face of international oil prices 
[30] may bring satisfactory results for well-established biofuels but have 
arguable benefits to new products entering the market, such as VBM. 

Alternative incentive schemes could be adopted. For example, the 
state of São Paulo encourages NG distribution companies to extend their 
area of operation by allowing regions that are not yet served by the NG 
feeding pipeline to receive compressed gas transported by trucks, which 
then feed a low-pressure distribution network inside the cities. The state 
regulator allows the costs associated with gas compression and trans-
portation to be paid by all consumers in the concession area rather than 
only the consumers in the region served by the compressed, road 
transported gas. This arrangement allows the development of new 
consumers without an excessive increase in fuel price, since it is limited 
to a small fraction of the distribution companies’ costs [31]. 

A similar concept could be adopted to allow NG distribution com-
panies to buy VBM at a premium price over fossil NG, limited to a pre- 
established value and term, in order to make these projects viable in the 
dawn of this new market. 

2.3. Vinasse biogas implications in face of increased ethanol production 

The increase in ethanol demand forecasted to 2030 would require 
the additional production of 24.6 billion liters of ethanol. In this 
increased production forecast, vinasse biogas could account for addi-
tional energy, which could contribute even further to the reduction of 
fossil fuel consumption. Alternatively, if VBM is capable of providing the 
same energy service as ethanol (e.g., light Otto cycle vehicles fuel), less 
area would be required to meet the estimated increase in energy de-
mand, since more energy could be obtained from the same amount of 
biomass when vinasse is anaerobically digested. 

In any case, higher efficiency in energy transformation of sugarcane 
biomass would be achieved, resulting in a higher renewable to fossil 
energy ratio and greater emission reductions of the whole sugarcane 
industry [8]. 

3. Methodology 

3.1. Electricity from vinasse biogas 

The top-level approach of the methodology of this work can be 
summarized as follows: 

1 – Calculate, based on Brazilian ethanol production, vinasse quanti-
tative and qualitative aspects and transformation coefficients (from 
vinasse COD to methane and from methane to electricity), the po-
tential electricity that can be produced from VBG.  

2 – Calculate, based on average operating hours per year of ethanol 
plants, the average power of VBG plants.  

3 – Calculate, based on actual electricity production between 2014 and 
2018 and on installed power, the average capacity factor of fossil oil 
power plants in Brazil.  

4 – Calculate, based on average power of oil fossil plants and average 
power of VBG plants, how much of the capacity of fossil oil plants can 
be replaced by VBG plants.  

5 – Based on the calculated fossil oil plants substitution by VBG plants 
and on GHG emissions factor and generation costs of the two kinds of 
plants, benefits of VBG can be calculated. 

It is worth noting that, although VBG power is here calculated as an 
overall sum, there should be one VBG plant annex to each of the 355 
ethanol plants – if all potential is used, so the totality of power produced 
would be divided in 355 small scale and short construction cycle VBG 
plants distributed over the country. Total VBG power potential is calcu-
lated based on Brazilian ethanol production, the average of Brazilian 
vinasse yield and Chemical Oxygen Demand (COD), Methane Conversion 
Factor (MCF) found in literature, methane Lower Heating Value (LHV), 
electrical efficiency of biogas gensets of major suppliers in the market 
[32–34] and estimated operating hours per year of ethanol distilleries in 
Brazil, according to Equation (1), with the result given in kW: 
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Where: 
Productionetoh-BR: Ethanol produced per year [m3

etoh]. 
Yieldvinasse: Liters of vinasse produced by liter of ethanol [m3/m3]. 
CODvinasse: Chemical Oxygen Demand of vinasse [kgO2/m3]. 
MCF: Methane Conversion Factor, i.e.: amount of methane that is 

produced per kg of COD of vinasse submitted to anaerobic digestion 
[Nm3CH4/kgCOD]. 

LHVmethane: Lower Heating Value of methane [kJ/Nm3CH4]. 
EEgenset: Electrical Efficiency of gensets, i.e.: Percentage of biogas 

energy, measured by its lower heating value (LHV), that is converted 
into electricity in Otto cycle biogas gensets [%] 

Operating Hoursyear – Number of operating hours of a typical distillery 
per year in Brazil [hours/year]. 

3600 – Conversion factor from kJ/h to kW. 
Otto cycle biogas gensets were chosen for calculation since they 

present higher electrical efficiency compared to gas or steam turbines 
[35] and because they are standard power generation equipment used in 
biogas plants [12,36]. 

The VBG power plant annual capacity factor is the result of the di-
vision of Brazilian distilleries’ operating hours per year by total hours in 
a year (Equation (2)). 

Capacity FactorVBG =
Operating Hoursyear

8, 760
(2)  

Where: 
Operating Hoursyear: Number of operating hours of a typical distillery 

per year in Brazil [h]. 
8760: Number of hours per year. 
The average VBG plant power is calculated by multiplying VBG 

power plant capacity by the capacity factor (Equation (3)): 

Average PowerVBG = E.PowerVBG X Capacity FactorVBG (3) 

The average power dispatched in kW by fossil oil power plants is 
calculated based on the actual electricity generated by each individual 
power plant “j” in each month “i” [21], divided by the number of hours 
of each month divided by the number of months in the period of January 
2014 to December 2018 (Equation (4)): 

Average Poweroil plant j (2014− 2018) =

∑60
i=1

(
Electricity Generatedmonth i,oil plantj

Month Hoursi

)

60
(4)  

Where: 
60: Number of months in the period of January 2014 to December 

2018. 
Electricity Generated month i, oil plant j: Electricity generated by oil power 

plant “j” in the month “i” [kWh]. 
Month Hours i: Number of hours in month “i” [h]. 
The average power dispatched by fossil oil power plants between 

January 2014 and December 2018 is the sum of the average power of 
each individual fossil oil power plant in the period (Equation (5)). 

Average Poweroil plants (2014− 2018) =
∑n

j=1
Average Poweroil plant j (2014− 2018) (5) 

The capacity factor of fossil oil power plants is calculated as an 
average for all oil fossil plants by dividing the average fossil oil power 
between 2014 and 2018 by the total installed capacity [21] (Equation 
(6)). 

Capacity Factoroil plants (2014− 2018) =
Average Poweroil plants (2014− 2018)

Installed Poweroil plants
(6)  

Where. 
Installed Power oil plants: Total installed power of oil plants considered 

in the study [kW]. 
The installed capacity of fossil oil power plants that can be replaced 

by VBG power plants is calculated based on the theoretical power of VBG 
plants and their estimated capacity factor and on the installed capacity 
of fossil oil plants and their average capacity factor (Equation (7)): 

Installed Capacityoil plants replaced =
E.PowerVBG X Capacity FactorVBG

Capacity Factoroil plants (2014− 2018)
(7) 

The cost of fossil oil dispatch is the sum of the variable costs plus the 
fixed costs per year of each plant. The variable cost for each plant is the 
product of the energy generated by each individual power plant in MWh 
[21] multiplied by its VUC in USD/MWh. VUC is presented by ONS 
(2019). The yearly fixed cost is calculated by multiplying the installed 
capacity of oil power plants by the average yearly fixed costs declared by 
oil plant operators in auctions, according to Ref. [38], and adjusted for 
inflation by the IPCA index between 2015 and 2019, corresponding to 
USD195,370/MWinstalled/year. 

The replacement of fossil oil power plants by VBG power plants is 
suggested to happen in stages. In each year a block of fossil oil plants is 
replaced by a block of vinasse plants. That way, in a 5-year program, all 
energy generated by VBG plants will replace fossil oil plant energy. 

For each year under the program, new fixed and variable costs of 
fossil oil plants are calculated, based on the remaining oil plant power 
and projected electricity generated by remaining plants, assuming the 
average capacity factor of these plants in the past 5 years is maintained 
during the course of projections. 

The variable cost of each block of fossil oil plants is calculated by the 
weighted average power of individual plants and their VUC. Only oil 
power plants with VUC above USD135/MWh were considered to be 
replaced. 

The variable cost of VBG plants is assumed as the maximum refer-
ence value for biogas electricity in distributed generation as per Ministry 
of Mines and Energy Ordinance n. 65/2018 [39] of USD108/MWh and is 
considered to be high enough to make these projects viable. 

GHG emission from fossil oil dispatch is considered as 781 tCO2e per 
GWh generated [40]. GHG emission from VBG electricity is calculated 
based on VBG Carbon Intensity (CI) 3.7gCO2e/MJ [9] and 40% electrical 
efficiency as 33.3tCO2e/GWh. Main parameters of VBG and oil elec-
tricity are shown in Table 1. 

3.2. Vinasse biomethane 

To evaluate the volume of NG that could be replaced by VBM in the 

Table 1 
Comparison of the basic economic assumptions for VBG and oil plants.   

VBG Electricity Fossil Oil Electricity Unit 

Unit Cost 108 (a) 135–288 (b) USD/MWh 
Fixed Cost 0 195,370 (c) USD/MWinstalled/ 

Year 
Emission Factor 33.3 781 (d) tCO2e/GWh 

Sources: (a): MME (2018) [39]; (b): ONS (2019) [37]; (c): Murcia Neto (2016) 
[38]; (d): Vahl FP, Filho NC. (2015) [40]. 

E.PowerVBG =

(
Productionetoh− BR X Yieldvinasse X CODvinasse X MCF X LHVmethane X EEgenset

)

(
3, 600 X Operating Hoursyear

) (1)   
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state of São Paulo, the study considered the NG sales of each distribution 
company (excluding thermoelectricity consumption) published in the 
Ministry of Mines and Energy (MME) NG Industry Monthly Bulletin 
[41]. 

The number of ethanol mills in the state of São Paulo is considered 
according to ANP (2019a). Ethanol production in the state of São Paulo 
is considered according to UNICA (2019) and the volume of ethanol of 
each mill is considered as the average value between ethanol production 
and the number of ethanol mills in each area of concession and in the 
entire state. 

Potential VBM production in Nm3 (Equation (8)). 

BiomethaneSP =
(Productionetoh− SP × Yieldvinasse × CODvinasse × MCF)

0.965
(8)  

Where: 
Productionetoh-SP: Ethanol produced per year in state of São Paulo 

[m3]. 
0.965: assumed molar fraction of methane in VBM. 
The average VBM production per day is calculated considering the 

sugarcane season of 210 days per year with continuous VBM production 
over this period. 

The volume in m3 of NG replaced by VBM is calculated based on the 
Higher Heating Value (HHV) ratios at 20 ◦C, 1 Atm, reference condition 
for NG billing in São Paulo [42] (Equation (9)). 

NGreplaced =
Biomethane × HHVVBM

HHVNG
(9)  

Where: 
HHVNG: Higher Heating Value of natural gas at 20 ◦C and 1 atm [kJ/ 

m3]. 
HHVVBM: Higher Heating Value of vinasse biomethane at 20 ◦C and 1 

atm [kJ/m3]. 
To investigate the price of VBM, the NG acquisition and transport 

costs of distribution companies were taken as reference, based on his-
torical data of the MME NG Industry Monthly Bulletins between August 
2011 and January 2019 for domestic and imported gas, converted from 
USD/MMBTU to R$/m3 assuming 26.81 m3 of NG per MMBTU and 
exchange rates presented in the same bulletins; the values were adjusted 
for inflation by the IGP-M index [41] and then converted back to US 
Dollar at the present exchange rate of R$3.7/USD. 

To investigate possible price incentives for VBM, the NG costs 
(acquisition and transport) of distribution companies were obtained 
from ARSESP Resolution n. 793/2018 [43] and the CBIO value was 
adopted from Renovabio Explanatory Note [30]. 

VBM carbon intensity was calculated with RenovaCalc, assuming the 
electricity needed for its production obtained from biogas at 40% elec-
trical efficiency, biomethane transported by pipelines and no additional 
transport of vinasse. 

GHG emissions avoided in tons of CO2e (tCOe2) by VBM under the 
Renovabio framework are calculated with equation (10): 

Emissions AvoidedVBM =

(
CIref − CIVBM

)
× LHVVBM × VolVBM

106 (10)  

Where: 
CIref: Carbon Intensity of reference fossil fuel, considered an average 

of gasoline, diesel and NG [gCO₂e/MJ]. 
CIVBM: Carbon Intensity of VBM [gCO₂e/MJ]. 
LHVVBM: Lower Heating Value of VBM at 0 ◦C and 1 atm [kJ/Nm3]. 
VOLVBM: Volume of VBM produced at 0 ◦C and 1 atm [kJ/Nm3]. 

3.3. Vinasse biogas and increased sugarcane planted area and ethanol 
production 

The gross energy produced from vinasse biogas based on ethanol 
production is calculated with the aid of equation (11): 

Gross EnergyVBG =Productionetoh X Yieldvinasse X CODvinasse X MCF X LHVmethane

(11) 

The gross energy produced from ethanol can be calculated with the 
aid of equation (12): 

Gross EnergyEthanol =Productionetoh X LHVEthanol (12)  

Where: 
LHVEthanol: Lower Heating Value of ethanol - average of anhydrous 

and hydrated [MJ/m3]. 
The main parameters used in the calculations are shown in Table 2: 

4. Results & discussion 

4.1. Vinasse biogas replacing fossil oil in power generation 

From 2014 to 2018 the variable operating costs of fossil oil power 
plants accounted for USD12BI, calculated at the present unit and fixed 
costs of each plant [21,37]. Total electricity generated from oil power 
plants was more than 69  TWh in this period, produced by an installed 
capacity of 5.32 GW with average power of 1.58 GW [21], a capacity 
factor of 29.7% (Equation (6)). 

The potential power that could be produced if all vinasse were 
anaerobically digested is 1.79 GW (Equation (1)). VBG power plants are 
considered to operate at a capacity factor of 57.5% (Equation (2)), 
considering the sugarcane crop season, resulting in an average VBG 
potential power of 1.03 GW. Considering the oil power plants with a 
VUC higher than USD135/MWh, their capacity factor is equal to 29.3%, 
thus VBG power would be able to displace 1.03 GW of the average ca-
pacity of oil power plants (Equation (7)) or 3.51 GW of installed ca-
pacity. Dividing the oil power plants into 5 blocks with approximately 
200 MW (average power) each, the weighted average VUC of each block 
is shown in Table 3 and Fig. 2. 

A five-year program for contracting approximately 20% of potential 
VBG plants per year, with the VBG electricity selling price at USD108/ 
MWh, (maximum reference value for biogas electricity in distributed 

Table 2 
Main parameters used in calculations.  

Parameter Value Unit Symbol Reference 

Vinasse Yield 11.5 m3
vinasse/m3

ethanol YieldVinasse [2–5] 
Vinasse COD 31.5 kgO2/m3

vinasse CODvinasse 

Methane Conversion Factor 0.225 Nm3CH4/kgCOD MCF [8], 
Methane Lower Heating Value 35,818 (at 0 ◦C, 1Atm) kJ/Nm3CH4 LHVmethane [44] 
Biomethane Lower Heating Value 34,564 (at 0 ◦C, 1 Atm). kJ/Nm3 LHVVBM 

Biomethane Higher Heating Value 35,747 (at 20 ◦C, 1 Atm) kJ/m3 HHVVBM 

NG Higher Heating Value 39,348 (at 20 ◦C, 1 Atm) kJ/m3 HHVNG [42] 
Biomethane CI 3.7 gCO2e/MJ CIVBM [9] 
Fossil of Reference CI (mix of gasoline, diesel, and NG) 86.7 gCO2e/MJ CIref 
Ethanol Lower Heating Value (average of anhydrous and hydrated) 21,832 MJ/m3 LHVethanol [45]  
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Table 3 
Heavy fuel and diesel oil power plants with VUC higher than USD135/MWh with VUC of plants and block of plants.  

Oil Power Plants VUC > USD135/MWh 
(a) 

Average Power 
2014–2018 (MWavg) 
(a) 

VUC (USD/MWh) 
(b) 

Accumulated Average 
Power 
2014-2018 (MWavg) 

Block Average VUC (USDMWh) 

PERNAMBUCO_III 52.4 135 52 USD151 USD155 USD157 USD166 USD180 
MARACANAUI 51.5 154 104 
MAUA_4 3.3 155 107 
TERMOCABO 22.4 157 130 
TERMONORDESTE 79.5 159 209 
TERMOPARAIBA 78.9 159 288  
GERAMAR_I 60.5 159 348 
GERAMAR_II 59.9 159 408 
VIANA 72.5 159 481  
CAMPINA_GRANDE 51.2 159 532 
SUAPE_II 167.9 160 700 
SANTANA_I 1.2 173 701  
GLOBAL_I 49.1 181 750 
GLOBA_LII 51.8 181 802 
MAUA_5 1.0 192 803 
ALTOS 0.8 207 804 
ARACATI 0.6 207 805 
BATURITE 0.7 207 805 
CAMPO_MAIOR 0.7 207 806 
CAUCAIA 1.0 207 807 
CRATO 0.5 207 807 
ENGUIA_PECEM 0.9 207 808 
IGUATU 0.8 207 809 
JUAZEIRO_DO_NORTE 1.1 207 810 
MARAMBAIA 0.5 207 811 
NAZARIA 0.6 207 811 
SÃO_JOSE 9.7 225 821 
IRANDUBA 12.4 231 833 
FLORES 15.8 235 853 
FLORES 20.0 235 873 
ELECTRON 0.1 236 873 
DAIA 5.2 239 879 
SANTANAII 0.7 243 879 
APARECIDA 0.1 245 879 
TERMONORTE_II 70.3 246 950  
GOIANIA_II 13.9 249 964 
IGARAPE 22.3 254 986 
BAHIA_I 13.8 268 1000 
ARAGUAIA 5.4 278 1005 
PALMEIRAS_DE_GOIAS 27.4 288 1033 

Sources: (a) Brazilian Electric Energy Commercialization Chamber - CCEE (2018) [21]; (b) ONS (2019) [37]. 

Fig. 2. Oil power plants VUC - per block and individual. For plants with VUC > USD 135/MWh. Based on dispatch from 2014 to 2018 Source: ONS (2019) [37].  
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generation as per Ministry of Mines and Energy Ordinance n. 65/2018 
[39]), could result in total savings of USD7.6 billion in ten years, as 
Table 4 shows, assuming the oil plants’ capacity factor of 29% is 
maintained over the projection period. These savings include oil plant 
fixed costs avoided after the contracts have expired. The values for 
power, electricity and costs are shown in Table 4. The actual order of 
replacement of oil plants by VBG shall be according to contract expi-
ration but using the VUC as a ranking parameter is a good approxima-
tion and favors conservativeness. 

The suggested price of USD108/MWh for VBG electricity should be 
sufficiently high to motivate ethanol mill owners and also possibly in-
vestors in BOT1 schemes to participate in such auctions, which would 
generate firm energy for the Brazilian interconnected electrical system 
during the period of low rainfall. 

The proposed program could reduce CO2 emissions from fossil oil 
combustion. The emission factor from VBG electricity was calculated, 
based on VBG CI, as 33.3tonCO2e/GWh of electricity generated, which, 
compared to 781 tonCO2e/GWh of oil power plants, would avoid the 
emission of 6.7 MI ton of CO2e per year after the program is fully 
operational, which accounts for 16.1% of emissions associated with 
power generation in Brazil in the period analyzed [24]. The yearly CO2e 
emissions avoided are shown in Table 5. Total emissions avoided would 
reach 48MI ton CO2e in ten years. Fig. 3 shows the projected results. 

It is worth noting that the Brazilian Association of Thermo Power 
Generators had suggested that oil power plants should be replaced by 
NG plants in the Northeast region of Brazil [46] and the Brazilian As-
sociation of Electricity Distribution Companies had suggested the early 
termination of oil power plant contracts to reduce costs [47]. The 
characteristics of VBG plants such as proximity to points of 

consumption, firm (not intermittent) energy generation in the low 
rainfall season, potential GHG emissions avoidance and better use of 
sugarcane biomass (thus better competitiveness of this industry) favor 
the adoption of VBG plants over other energy sources. 

Balancing Period: Until recently in Brazil, wind power auctions 
allowed projects based on this source to calculate generation balances 
on annual and quadrennial basis, with eventual deficits paid back to 
energy buyers in monthly instalments after the balancing period. This 
could be applied to VBG electricity auctions, so that the possible 
underperformance of VBG plants could be overcome by technical ad-
justments or additional investments in subsequent periods, reducing 
investor exposure to perceived risks and enabling lower hurdle rates, 
thus increasing the possibility of developing VBG projects. This feature 
would be especially important for biogas power plants, which could 
improve their performance as experience is gained in individual plants 
[48]. 

Table 4 
Suggested oil plant substitution schedule, depicting power, energy and costs in each stage.   

Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 -> 10 

Installed Power Oil (MW) 3506 2665 1831 1106 603 – 
Average Power Oil (MWmed) 1028 819 620 329 153 – 
Installed Power VBG (MW) – 363 710 1217 1521 1788 
Average Power VBG (MWmed) – 209 408 700 875 1028  

Oil Generation (MWh/year) 9,009,559 7,177,781 5,432,835 2,878,112 1,342,512 – 
VBG Generation (MWh/year) – 1,831,778 3,576,724 6,131,447 7,667,048 9,009,559  

Fixed Cost Oil (1000 USD/MW/year) (a) 195 
VUC Oil (USD/MWh) (b) 151 155 157 166 180 180 
Fixed Cost VBG (1000 USD/MW/year) – 
VUC VBG (USD/MWh) (c) 108  

Fixed Cost Oil (USD million) 685 521 358 216 118 – 
Variable Cost Oil (USD million) 1365 1114 853 477 241 – 
Total Cost Oil (USD million) 2050 1635 1211 694 359 – 
Total VBG Cost (USD million) – 198 387 663 829 974  

Total Generation Costs of Proposed Program (USD million) 2050 1833 1598 1356 1188 974 
Total Generation Cost keeping 

Current Condition (USD million) 
2050 2050 2050 2050 2050 2050 

Savings (USD million) – 217 452 693 862 1076 
Savings in 10 years (USD million) 7604 
(a) Murcia Neto E. (2016) [38], (b) ONS (2019) [37], (C) MME (2018) [39]  

Table 5 
Emissions Avoided by VBG replacing oil in power generation.   

Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 -> 10 

Emissions Reduction (tonCO2e) – 1,369,620 2,674,316 4,584,483 5,732,651 6,736,447  

Fig. 3. Vinasse Biogas replacing oil power plants: Program projected results.  

1 BOT is a business arrangement where a third-party company invests in a 
plant associated with an existing facility,operates it and transfers the asset to 
the host company after an established contract term. 

J.V. Silva Neto and W.L.R. Gallo                                                                                                                                                                                                           



Renewable and Sustainable Energy Reviews 135 (2021) 110281

8

Achieving the target: To achieve the target substitution of fossil oil 
power plants by VBG plants, policymakers could create a program of a 
series of specific auctions for VBG. Each auction in the program should 
be designed and prepared to substitute the fossil oil power plants whose 
contracts are closer to expiration, until the sum of 200 MW average 
capacity of these plants in each auction. After results of the first auction 
and by accompanying the construction schedule of the contracted 
plants, the following auctions could be adjusted in terms ceiling energy 
price to be bought, schedule for entering in operation and fossil oil 
power to be substitute. The short construction schedule of VBG plants, 
most of them in scale smaller than 5 MW, will help the implementation 
of the program. The existence of a program of auctions will create a 
perspective of market expansion, based on what VBG’s projects partic-
ipants (engineering design and consultancy companies, equipment 
suppliers, financing agents, ethanol mill owners and operators, energy 
investors) can develop themselves to participate of this new market, 
which may lead to lower the costs of VBG plants. 

4.2. Vinasse biomethane in the state of São Paulo 

Table 6 shows NG sales, number of ethanol mills and potential VBM 
in each NG distribution company area in the state of São Paulo 
(excluding power plants). The potential for VBM production in the 
Gasbrasiliano area is 3.5 times the company’s NG sales volume. On the 
other hand, in the Comgas area, all VBM could replace only 5.3% of NG 
sales. Gas Natural SP Sul has more similar indicators to state averages. 
The total VBM potential is equal to 21.5% of the total NG consumed in 
the state of São Paulo. 

The indicative targets for the replacement of NG by biomethane used 
as reference are shown in Table 7, based on HHV of both NG and VBM. 
To achieve the blending mandate with VBM in the first period of 
commitment, 17.91% of vinasse generated in the Comgas concession 
area should be anaerobically digested. In the opposite direction, in the 
Gasbrasiliano area, only 0.32% of the vinasse generated in the area 
would produce enough VBM to meet the blending target. In the second 
period of commitment, the renewable blending percentage is doubled. If 
the ratio between ethanol and NG production remains the same, in the 
Comgas area more than 35% of vinasse would be needed to produce the 
required volume of VBM to meet the blending targets. 

The indicative blending mandate of biomethane in NG in São Paulo is 
timid: only 1.13% of NG replaced by biomethane in volume, compared 
to other blending mandates in Brazil (27.5% of ethanol in gasoline, 10% 

of biodiesel in diesel). VBM potential is sufficient to meet blending 
targets in the state, although there is a strong imbalance between po-
tential VBM supply and demand in each concession area. Also, if all VBM 
is used to replace NG in the state of São Paulo, GHG emissions avoided 
can be calculated as 3.2 million tCO2e/year. With the full application of 
this hypothetical blending mandate, by the end of the second 

Table 6 
VBM potential in each area of NG distribution in São Paulo.  

Area NG Sales (power plants 
excl.) 
(2018) 
(MM m3/day) (a) 

Number of ethanol 
mills(b) 

Ethanol Production (1.000 
m3)© 

VBM Potential – Average Year (MMm3/ 
day) 

VBM potential x NG 
Sales 

Comgas 12.45 19 1653 0.38 3.1% 
Gasbrasiliano 0.71 123 10,700 2.48 347.3% 
Gas Natural SP 

Sul 
1.10 10 870 0.20 18.3% 

Total SP 14.26 152 13,223 3.06 21.5% 
(a) MME (2019) [41]; (b) ANP (2019) [10]; (c) UNICA (2019) [49].  

Table 7 
Indicative Decree 58659/2012 biomethane blending mandate.  

Area First period (years 1–4) Second period (years 5–8) 

Mandate % of NG in 
volume 

VBM to meet mandate 
MMm3/day 

VBM Mandate x 
potential 

Mandate % of NG in 
volume 

VBM to meet mandate 
MMm3/day 

VBM Mandate x 
potential 

Comgas 0.5% 0.069 17.91% 1.0% 0.137 35.82% 
Gasbrasiliano 1.0% 0.008 0.32% 2.0% 0.016 0.63% 
Gas Natural SP 

Sul 
1.0% 0.012 6.03% 2.0% 0.024 12.06% 

Average SP 0.56% 0.088 2.89% 1.13% 0.177 5.78%  

Fig. 4. (A) NG Demand by Concession Area in the state of São Paulo (excluding 
thermo power), (B) Ethanol Mills in each NG Concession Area in the state of São 
Paulo. Sources: NG Demand: MME (2019) [41]; Ethanol Mills: ANP 
(2019) [10]. 

Fig. 5. NG Prices for Distribution Companies, Brazil Center-South Market, 
Values excluding taxes. Brent Spot Prices, converted to USD at date exchange 
rate, adjusted by inflation and reconverted to USD at present exchange rate. 
Sources: NG costs: MME (2019) [41]; Brent Spot Price: DOE-IEA (2019) [51]. 

J.V. Silva Neto and W.L.R. Gallo                                                                                                                                                                                                           



Renewable and Sustainable Energy Reviews 135 (2021) 110281

9

commitment period, with 1.13% of NG replaced by VBM, emissions 
avoided would total only 185,271 tCO2e/year. 

Fig. 4 depicts the imbalance between potential VBM production (as a 
proportion of ethanol mills) and NG sales in each area of NG concession 
in the state of São Paulo. 

To avoid the imbalance shown in Fig. 4, it would be interesting to 
allow each company to receive in its pipeline the VBM produced in its 
area of concession. Renewable fuel certificates could be traded among 
companies to compensate possible deficits of their biomethane blending 
targets. This suggestion would relieve the pressure of producing the 
renewable gas where potential is lower and demand is higher, allowing 
the production of VBM in areas where potential is higher and costs are 
possibly lower. 

The São Paulo biogas program, if well-coordinated with Renovabio, 
could set specific concession mandates and rely on the decarbonization 
credits market to allow each NG distribution company to fulfill their 
quota. 

Pricing VBM: In principle, the price of VBM could be linked to NG 
prices, but even though NG in Brazil is expensive compared to other 
parts of the world, it is unlikely that VBM projects could be viable at NG 
prices, especially in smaller scale projects. NG acquisition and transport 
costs of distribution companies are shown in Fig. 5. The volatility of NG 
prices poses risks that may be unacceptable for investors in VBM pro-
jects. Also, assuming VBM price fluctuations according to NG prices 
seems to overlook important merits of VBM and biofuels in general, 
which are their relatively constant prices over time and the minimized 
exposure to fossil fuel price volatility [50]. 

Comparing the average NG cost of distribution companies of 
USD0.2926/Nm3 to the VBM selling price presented by Leme and Seabra 
(2017) [52], which is USD0.3005/Nm3 for an autonomous distillery 
with a 2 million tons sugarcane crushing capacity, and USD0.4185/Nm3 

for an autonomous distillery with a 1 million ton sugarcane crushing 
capacity, it is clear that setting the VBM price at the average historical 
price of NG does not seem to be high enough to motivate the widespread 
adoption of VBM. At first glance, the VBM produced at larger mills seems 
competitive, if sold at NG historical average prices. Possibly the 
perceived risks of new activity may require higher returns and, in this 
case, the historical value of NG as reference for purchasing value for 

VBM may not be high enough. In the other hand, if VBM is sold at spot 
NG price, volatility may bring uncertainties to investors’ returns that 
won’t pay-off the risk. An incentive scheme could improve returns of 
VBM projects and promote attractiveness. 

Value of Incentives: The NG compression and transportation costs 
for feeding remote local grids presented by ARSESP are assumed as an 
acceptable value reference for incentives in the São Paulo NG industry. 
The impact of an incentive scheme can be estimated by using the 
average price of NG (Fig. 5), the blending mandates of Decree 58659/ 
2012 and the costs of NG acquisition and transport for distribution 
companies [43], and defining a premium of 20% above the average NG 
price. A 20% premium paid to VBM, after the full application of the 
blending mandate program, would account for only 0.39% of the total 
cost of acquisition and transport of NG in the state of São Paulo and 
should not have a significant impact on NG demand (Table 8). This 
premium could motivate larger mills to produce VBM, but even so it is 
not high enough to make smaller VBM plants viable. An increased pre-
mium paid to VBM of 39.2% would make a 1MI ton sugarcane auton-
omous distillery viable to produce VBM (USD0.4185/Nm3) and cause an 
increase in NG cost of 0.83% after the full application of the blending 
mandate program. An additional future blending mandate of 5% of NG 
sales in São Paulo with VBM sold with a premium of 20% would increase 
the cost of NG by 1.71%. In this situation, 25.6% of vinasse in the state of 
São Paulo should be used to produce VBM. 

Value of CBIO for Vinasse Biomethane: Using VBM and NG CI in 
Equation (9), a total of 348.7Nm3 of VBM is required to avoid one ton of 
CO2e emissions (one CBIO). Considering the projected values for CBIO as 
a function of the petroleum price and the decarbonization target of the 
fuel matrix (MME 2017), the contribution of CBIO to the VBM price is 
shown in Table 9, assuming an exchange rate of R$3.70/USD: 

It is worth mentioning that in case of the oil prices are kept low (e.g. 
USD60/bbl in this study), the CBIO price can represent more than 10% 
price increase for VBM, which would be a significant income to pro-
ducers. In the other hand, if oil prices go higher than USD 80/bbl, the 
value of CBIO for VBM producer would be zero. 

Fixed Price for CBIO: For well-established biofuels such as ethanol 
and biodiesel, this fluctuating value of CBIO is acceptable, for if inter-
national oil prices increase, the biofuel price can increase as well, and 

Table 8 
Impact of possible VBM incentive scheme in overall cost of NG in São Paulo.   

first period blending 
period 

second period blending 
period 

second period - higher 
premium 

future blending 
target 

Unit 

Blending Mandate - São Paulo % of NG sales in 
volume 

0.56% 1.13% 1.13% 5.00% % 

VBM volume to achieve mandate 0.088 0.177 0.177 0.785 MM Nm3/ 
day 

90 months Average NG Price 0.2926 USD/Nm3 

Premium paid to VBM above historical NG price in 
USD 

0.0585 0.0585 0.1141 0.0585 USD/Nm3 

Premium paid to VBM above historical NG price in 
% 

(20%) (20%) (39%) (20%) % 

Annual cost of VBM premium (USD/year) 1,890,212 3,780,425 8,137,428 16,767,407 USD/year 
Total NG acquisition and transport cost - São Paulo 

(2018) 
981,765,019 USD/year 

VBM Premium as % of total NG acquisition and 
transport cost 

0.19% 0.39% 0.83% 1.71% %  

Table 9 
Contribution of CBIO to VBM price.   

CBIO Value (USD) (a) Contribution to VBM Price 

Decarbonization Target 10%, 
Petroleum USD60/bbl 

USD11.00/CBIO USD0.0324/Nm3 

Decarbonization Target 10%, 
Petroleum USD80/bbl 

USD0.00/CBIO USD0.00/Nm3 

(a) MME (2017) [30]  
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even if the CBIO value is lower, the return on investment of the biofuel 
producer is protected. 

For a new entrant on the market, however, especially when dealing 
with new technologies, predictability of return on investment helps 
mitigate risk. VBM is likely to be sold in long term contracts in local 
currency, adjusted by a national inflation index. This would ensure 
predictable returns on VBM projects for investors and ethanol mill op-
erators, who already perceive too many risks in biogas projects other 
than product price risk. Having VBM contracted in local currency could 
be an advantage for NG distribution companies when dealing with po-
tential clients that are risk-averse to energy costs, especially in the face 
of recent fuel price fluctuations in Brazil. If CBIO of VBM projects has a 
fixed price for carbon emissions avoided, this would greatly contribute 
to mitigating risk and leveraging VBM projects. 

To accommodate this condition VBM projects should be allowed to 
emit certificates at fixed prices, proportional to the actual emissions 
avoided, that could be exchanged to CBIOs (being convertible to cer-
tificates to other fuel distribution companies), giving this new certificate 
a liquid market at fixed value. VBM projects certificate prices could be 
established when each project is contracted, reflecting current NG prices 
conditions, i.e.: if VBM price is high, the certificate has a lower value. 
This emission scheme could be valid for a predefined term, after which 
VBM projects should emit CBIOs as any other biofuel. 

A fixed price of CBIO for VBM projects helps achieve the Renovabio 
objective of promoting the expansion of renewable fuels. This proposi-
tion is similar to a feed-in tariff, widely used as a renewable energy 
incentive in various countries [53]. It creates a fuel with predictable 
future costs which may increase renewable fuel consumption, providing 
GHG emission reductions. The proposed pricing for CBIO could be 
combined with state mandates, in a more elaborate construction, and 
the CBIO value could trigger the payment of a premium to VBM if the 
former falls below a certain value. In any case, the costs associated with 
the introduction of VBM in the market can be known beforehand, as-
suring cost predictability for end users. 

Developing VBM market: Policymakers in São Paulo could estab-
lish a blending mandate of biomethane to NG relying on VBM potential. 
A program of “call for projects” to buy VBM could be promoted, allowing 
a premium price for the renewable fuel. In each stage of the program, a 
determined amount of VBM should be contracted to meet blending 
targets. Blending target should increase as the program evolves. The sell 
price of VBM could be set at the average historical cost of NG (acquisi-
tion + transport) to distribution companies, added of a premium set as a 
percentage of the sell price. Resources for paying this premium could be 
financed with a slight increase in NG cost for all consumers in the state, 
defined by specific rules. These rules should include maximum price 
increase to NG users due to premium paid to VBM and period for pre-
mium payment. Blending target could be set individually for each dis-
tribution company, but projects could be implemented outside of the 
distribution company area of concession to take advantage of different 
VBM potential in each area. VBM volume contracted, project’s schedule 
and volume of production in the initial stages of the program will be 
essential tools for price and quantity discovery [54] to further adjust-
ments of the program. 

4.3. Contribution of vinasse biogas in future energy scenarios 

The Brazilian Ethanol Supply Scenarios and Otto Cycle Demand for 
2018–2030 [18] forecasts an increase in ethanol demand from 29.4 
billion liters in 2017 to 54.0 billion liters in 2030 in the high growth 
scenario. This increase in ethanol production will come with an increase 
in sugarcane cultivation area of 1.7 million hectares (18.9% more area), 
together with a 25% increase in sugarcane productivity (adding 309 
million tons of sugarcane to Brazilian production) and combined with a 
30% increase in ethanol production per ton of cane (from changes in 
ethanol/sugar mix). This increase in ethanol production represents gross 
energy of 537 TJ. Energy from vinasse could add 157 TJ or 29.4% more 
energy to the Brazilian energy mix compared to the estimated ethanol 
energy increase (Table 10). 

VBM could replace gasoline in CNG Otto cycle light vehicles or 
replace diesel in dual-fuel diesel-gas or heavy-duty Otto cycle vehicles in 
sugarcane operations or elsewhere, such as public transportation, which 
often receives subsidies. Vehicles to use VBM (and NG as well) should be 
adapted to gaseous fuels, which, together with VBM distribution, is a 
challenge to be overcome. When considering the use of VBM in Otto 
cycle heavy-duty applications, lower energy efficiency of this equipment 
should be accounted. 

In the strictly energetic sense, as a matter of comparison, future 
potential biogas production from vinasse can represent 33.8% of diesel 
oil estimated to be imported by the country in 2027. In commercial 
terms, this volume of diesel would represent USD1.9 billion in 2017 
values [55]. 

Today’s potential VBM production represents approximately 95% of 
Liquified NG imported in 2018 or USD 879 million FOB [41]. By 
replacing imported fossil fuels, VBG and VBM also reduce the exposure 
of end users to the volatility of international energy prices and exchange 
rates. 

Alternatively, in a scenario where expansion of sugarcane becomes 
an environmental concern and assuming methane and ethanol can 
provide the same energy service (e.g. light Otto cycles vehicle fuel), the 
energy from VBM can represent a decrease in the expansion of planted 
area of 1.23 million hectares, since 139 TJ out of 537 TJ expected to 
come from ethanol could come from VBM, which could account for 
USD2.4 billion savings [61]2 in new sugarcane plantations. In this case, 
a more detailed evaluation should be performed, since reducing the 
sugarcane planted area, the ethanol production and sales, with all the 
benefits associated to it, will be also reduced. The reallocation of in-
vestments from new sugarcane planted areas to VBG and/or VBM plants, 
in such a way that the gross energy output increase from sugarcane as a 
whole is maintained, should be compared in economic, environmental 
and energy terms. 

5. Conclusion 

VBG can represent a considerable source of energy in Brazil. VBG 
electricity can be produced in enough quantity to replace around 65% of 

Table 10 
Energy expected from VBG production.   

Reference Scenario without Biogas Scenario with Biogas 

Parameter 2017 2030 2030 
Sugarcane Harvested Area (ha) 8,772,414(a) 10,430,464(a) 10,430,464 
Ethanol Production (1.000 m3) 29,400(a) 54,000(a) 54,000 
Ethanol Energy (TJ) 642 1179 1179 
Methane Energy (TJ)   157 
Total Energy (Methane + Ethanol) 642 1179 1336 
(a) EPE (2018) [18]  

2 At the BNDES maximum financeable value of sugarcane plantation of 
USD1,986/ha (R$7,350/ha) [61] 
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fossil oil power plants in the country, resulting in lower energy prices 
and reduced GHG emissions. Electricity produced by VBG is seasonal, 
but during the sugarcane harvest season it is a non-intermittent energy 
source, produced night and day. Since the sugarcane harvest season is in 
the low rainfall period of the year, VBG electricity helps preserve water 
in hydropower reservoirs while avoiding the dispatch of fossil power 
plants. VBG electricity would be produced close to high electricity 
consumption areas, and should bring benefits of distributed generation, 
such as improved quality and reliability of electricity supply, reduced 
grid losses, postponed investments in distribution and transmission ca-
pacity [56], which should be valued accordingly when establishing 
prices for VBG electricity. 

VBM is an alternative to NG blending mandates in the state of São 
Paulo. Monetary benefits to facilitate the large scale adoption of VBM 
can come in the form of incentives paid by users, which would account 
for a small cost increase for NG users but could promote a fuel whose 
price is largely dissociated from external influences of fossil fuel prices 
or exchange rates. Additional energy costs arising from VBM incentive 
schemes should be compared to benefits such as job creation, collected 
taxes, avoided fuel imports and others. Since VBM is a biofuel that can be 
produced locally, with little connection to fossil fuel prices or exchange 
rates, decarbonization credits, as proposed by Renovabio, could be set at 
a fixed price, similar to feed-in tariffs around the world, but with a 
biofuel instead of renewable electricity. 

Considering the increased ethanol production for next years, gross 
energy produced from VBG or VBM could add 29.4% more energy than 
the ethanol alone to the Brazilian energy mix and could replace fossil 
fuels even further. 

In the GHG emissions perspective, VBG electricity replacing fossil oil 
can avoid 6.7MI tonCO2e/year, and if vinasse in the state of São Paulo 
State were used to replace NG, 3.2 million tonCO2e/year could be 
avoided. Other emissions would also be avoided from the anaerobically 
digested vinasse applied in sugarcane fields, which are lower than in 
natura vinasse [57]. 

The main objective of any program for contracting VBG or VBM 
production should be creating a clear perspective of market expansion, 
based on which engineering design and consultancy companies, equip-
ment suppliers, financing agents and ethanol mill owners and operators, 
as well as energy investors, can plan ahead, training people, creating the 
necessary skills and investing in innovation, building a virtuous system 
that tends to decrease costs with experience, as observed in the ethanol 
industry as a whole [58–60]. Incentive schemes for VBG or VBM could 
be a temporary development tool while this important experience is 
built. 
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Paulista de Biogás e dá providências correlatas 2012;1:2. 

[26] Abegas SP. Define percentual mínimo de biometano na rede de gás. https://www. 
abegas.org.br/arquivos/69270. [Accessed 20 April 2019]. 

[27] PNUD. Estudo sobre o Potential de Geração de Energia a partir de Resíduos de 
Saneamento. Arcadis Tetraplan 2010;56. 

[28] Anp. Summary of biodiesel auctions results - jan/mar 2019 2019. 
[29] BRASIL. Lei 13.576, de 26 de Dezembro de 2017 - política Nacional de 

Biocombustíveis (RenovaBio). 2017. p. 1–32. 
[30] Nota MME. Explicativa sobre a Proposta de Criação da Política Nacional de 

Biocombustíveis. 2017. p. 138. 
[31] ARSESP. Deliberação n. 2011;211. de 3 de Março de 2011. 
[32] Jenbacher Innio. Type 2019;3:2. 
[33] Caterpillar Energy Solutions GmbH. CHP reciprocating engine TCG 2020 

Datasheet, vol. 5; 2017. 
[34] Siemens Energy Inc. SGE-H series gas engines and gen-sets Biogas 1,200/1,500/ 

1,800 rpm 2018:4. 
[35] Energy and environmental analysis inc;, eastern research group (ERG). Biomass 

Combined Heat and Power Catalog of Technologies; 2007. p. 122. 
[36] Van Foreest F. Perspectives for biogas in Europe54. Oxford Inst Energy Stud; 2012. 

https://doi.org/3693691. 
[37] Sumário ONS. Do programa mensal de Operação - janeiro 2019. http://ons.org. 

br/AcervoDigitalDocumentosEPublicacoes/SUMARIOEXECUTIVO_PMO_20190 
1_RV3.pdf. [Accessed 7 February 2019]. 

[38] Murcia Neto E. Contratos por disponibilidade de usinas termelétricas: uma análise 
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