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Abstract 
  

Concerns about climate change have motivated the quest for less carbon intensive technologies. In the energy sector, this 

explains the increasing use of renewable energy sources, especially solar and wind, and natural gas. However, sources 

like solar and wind are variable, causing challenges in supply-demand grid balance. Consequently, measures to increase 

grid flexibility are required, including the use of energy storage technologies. Power-to-gas is a promising one, providing 
seasonal storage as well as converting electricity into a different energy carrier that can be used outside the electricity 

sector, as in transportation applications, contributing to the energy convergence of electricity, gas and transportation 

sectors. This work aims to study the potential for biomethane generation and CO2 emission mitigation in Brazil 

considering the application of power-to-gas in the sugarcane ethanol industry. The goal is to integrate renewable 

electricity surplus, transformed into hydrogen, which is used to convert biogenic CO2 from ethanol production facilities 

into biomethane. This renewable energy carrier can displace fossil fuels in either transport applications or electricity 

generation, mitigating CO2 emissions. The assessment of this potential starts with the evaluation of possible sources of 

biogenic CO2. After analyzing the gross total of biogenic CO2 for mitigation, it is estimated the renewable electricity 

surplus that can be valued via power-to-gas by converting CO2 into biomethane. The potential mitigation is then compared 

to the gross total of biogenic CO2 available and a comparison is made with Brazil’s total emissions. Our results have point 

out that in 2013, the production of 27.5 billion liters of ethanol had a gross potential of 20.7 Mt of biogenic CO2 for 
mitigation. Considering the hydroelectric surplus of the Brazilian electrical system in 2013, that reached 76 TWh, the 

integration of the power-to-gas to the sugarcane industry would allow the production of 5005 Mm3 of biomethane, which 

corresponds to approximately 50 days of natural gas supply in Brazil in the same period. For the power-to-gas process 

were utilized 8.6 Mt of biogenic CO2, or 41.5% gross potential biogenic CO2 from fermentation process in sugarcane 

industry. In 2013, Brazil’s total emissions totaled 1940 MtCO2eq and those associated to energy use accounted reached 

454 MtCO2eq. Therefore, the assessed mitigation potential of 9.2 MtCO2 is about 0.5% of total emissions or 2% of 

emissions related to the energy sector. 

 

 

1. Introduction 
 

 There are growing concerns about climate change and greenhouse gas (GHG) emissions by many researchers, 

especially those from human activities. As some reports indicate, these emissions have grown about 10 GtCO2eq during 

the last decade (2000-2010) (IPCC, 2014) and, consequently, CO2 atmospheric concentration levels have increased by 2 

ppm per year in the same period, having already exceeding 400 ppm in 2016 (Dlugokencky and Tans, 2017). According 

to some researchers, if the CO2 concentration keeps the current trend, global temperature can rise as much as 5°C or 6°C 

until the end of the century, but limiting CO2 concentration increase up to 450 ppm, global warming over 2°C would be 

likely avoided (IPCC, 2014). To curb down GHG emissions growth rate, governments are negotiating more commitments 
on renewable energy, energy efficiency and emissions reduction, being the Paris Agreement an important step already 

signed by 143 countries (European Commission, 2013; UNFCCC, 2017). Regardless of all discussions, renewable energy 
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sources (RES) have shown a significant deployment in the past years. Global wind power installed capacity has reached 
432 GW in 2015, out of which 63 GW has been added only in that year, and is estimated to reach 792 GW by 2020 

(GWEC, 2016). Global solar photovoltaic installed capacity has increased by 50 GW only in 2015, reaching 227 GW 

(REN21, 2016), with some studies pointing out that it can reach approximately 400 GW by 2020 (GlobalData, 2014; IEA, 

2014).  Nevertheless, primary energy demand will increase within the next years (IEA, 2013), reinforcing the need for 

low or zero-carbon sources like RES in the energy transition to a sustainable energy system. 

RES introduce numerous challenges to the conventional electrical generation system because some of them 

cannot be stockpiled, having a variable output with an uncontrollable availability (Pickard et al, 2009; Denholm and Hand, 

2011; Evans et al., 2012). RES like reservoir hydropower, biomass and geothermal can operate in a similar way as 

traditional power plants, but the most important RES exponents, wind and solar sources are variable and less predictable, 

being usually called as variable renewable energy sources (VRES) (IEA, 2008, 2011). Studies have shown that the power 

grid can absorb variation and uncertainty from direct integration of VRES generation up to 10% of the system installed 

capacity without major technical problems without substantial additional costs (Milborrow, 2004; Doherty and O’Malley, 
2005). However, large-scale VRES integration is expected in near future on the path to the energy transition, causing 

more and frequent mismatches between supply and demand, making urgent the need to aggregate more flexibility to the 

power grid (Ela and Kirby, 2008; Lund et al., 2015; Kondziella and Bruckner, 2016). 

There are many different possible solutions to increase flexibility: improving and strengthening the grid through 

upgrade, expansion and integration (Lipman et al., 2005; Steinke and Wolfrum, 2006; Schaber et al., 2012); increasing 

traditional dispatchable back-up power (Denholm, 2006); improving VRES forecasting (Louka et al., 2008; Ulbricht et 

al., 2013); demand side management (DSM) measures (Finn and Fitzpatrick, 2014); integration of energy storage 

technologies (Dell and Hand, 2001; Hall and Bain, 2008; Chen et al., 2009; Hadjipaschalis et al., 2009; Beaudin et al., 

2010; Díaz-González et al., 2012; Evans et al., 2012; Ferreira et al., 2013; Ibrahim and Ilinca, 2013; Lund et al., 2015; 

Martinez-Duart et al, 2015; Zakeri and Syri, 2015); systemic innovations (multiple energy markets integration and smart 

solutions) (Lund et al., 2012; Østergaard, 2012; Mathiesen et al., 2015). Meanwhile, these solutions have their own 
drawbacks: grid improvements are often delayed due to public resistance, among other aspects (The Economist, 2012); 

traditional dispatchable back-up power are hydrocarbon-based, emitting large quantities of GHG (Maddaloni et al., 2008); 

improved forecast diminishes uncertainty but not the variability of VRES output and consumer decision-making and 

behavioral aspects limit DSM feasible potential (Kim and Shcherbakova, 2011). ES is promising because it can decouple 

supply-demand, time-shifting power delivery and then allowing temporary mismatches between supply and demand of 

electricity, which makes it a system tool with high valuable potential (Lund et al., 2015). This ES feature enables untapped 

VRES surplus, that otherwise are valueless, to be harnessed, reducing curtailment and increasing renewables share in 

global generation (Denholm and Hand, 2011; Zafirakis et al., 2013; Gallo et al., 2016). 

In a holistic view of the energy sector, a group of ES technologies can be generalized to PtX, power-to-anything, 

where X can be H, denoting heat, in cases where electricity is stored for heating and/or cooling purposes; X can be G, 

denoting gas, in cases where electricity is stored by conversion into hydrogen or synthetic natural gas; X can be L, 

denoting liquid, in cases where electricity is stored by conversion into synthetic liquid fuels; X can be also C, denoting 
chemicals, in cases where electricity is stored by conversion into other chemicals, like ammonia. PtX are technologies 

that integrate transversely multiple energy uses and, associated to intelligent grid solutions (smart-grid and/or micro-grid), 

can operate in smart-energy system, in which energy resources would be used in a more efficient and lower-cost way 

compared to the individual sectors approach (Østergaard, 2012; Gallo et al., 2016; Vanhoudt et al., 2016). 

The PtG storage pathway starts with renewable energy surplus harnessing, which is used in electrolysers to 

produce either pure hydrogen or a mixture of hydrogen and carbon monoxide (aka, syngas) from water or a mixture of 

water and carbon dioxide, respectively, as feed reactants, depending on the electrolyser technology. A second process 

called methanation is then pursued, which can follow a chemical/catalytic or a biological route, to convert a mixture of 

hydrogen and carbon dioxide into synthetic natural gas (SNG). The interest in producing SNG instead of hydrogen, despite 

the increase in costs and reduction in overall efficiency, is that SNG is fully compatible with all natural gas infrastructures 

and therefore, it can replace the use of fossil origin methane while conserving existing infrastructures (like pipelines) and 
being directly used in current end-user appliances (like gas-fueled boilers). Another advantage is that methanation requires 

carbon dioxide, which makes possible to integrate PtG to biogas and/or sewage plants, upgrading biogas to biomethane, 

as well as to bioethanol and other bio-industrial plants having an exhaust gas rich in CO2 (Sterner, 2009; Lehner et al., 

2014; Gotz et al., 2016). PtG has been drawing attention in the last years, fostering research and development as well as 

the deployment of demonstrators and pilot plants in several countries. Germany is a particular case in which numerous 

experiences of PtG are taking place, but also in the United Kingdom researchers have shown great interest to couple 

electricity and gas sectors (Qadrdan et al., 2015; Gahleitner, 2013; Varone and Ferrari, 2015; Scholz et al., 2014; 

Schiebahn et al., 2015; Budny et al., 2015). 

Brazilian power sector is mostly based on hydroelectricity and sugarcane biomass, wind and solar sources still 

have a long and promising way to traverse. In 2015, 40% of the installed capacity added in Brazil came from wind and 

solar sources, which had the two highest expansion rates between 2014 and 2015, 56% and 42% respectively (EPE, 2016). 

Even though the penetration level of these sources is still low, around 5% of the installed capacity, the Brazilian power 
sector already faces moments of renewable generation surplus due to its hydroelectric power plants. Regarding the 

transportation sector, Brazil is known for its sugarcane ethanol industry and its flex fuel vehicle fleet, being the world 

second largest ethanol producer, supplying 19% of national transportation sector energy demand with ethanol (ANP, 
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2017). Considering that the sugarcane ethanol industry has sources of biogenic CO2 available to be harvested, there are 
significant synergies that can be explored by integration of PtG technology. 

The purpose of this paper is to present how the PtG technology can be integrated to the sugarcane ethanol 

industry and the associated gross potential for biomethane generation and CO2 emissions mitigation in Brazil. This work 

is structured as follows. Evaluation methodology is defined in Section 2. The results obtained are presented and discussed 

in Section 3. Conclusions are drawn in the Section 4, as well as recommendations for further studies. 

 

 

2. Evaluation Methodology 
 

 In this section will be presented the methodology for evaluating the gross biomethane generation potential and 

the CO2 emission mitigation potential in Brazil through the integration of PtG in sugarcane ethanol industry. The first step 

is to define the desired objective of this ES technology integration. At this moment, it will also be defined the mathematical 

logic steps and the adopted PtG parameters. 

 Subsequently will be presented the synergies between PtG requirements, the Brazilian power sector and the 

sugarcane ethanol industry in Brazil, defining the parameters used for the calculation of the gross biomethane generation 

potential, the CO2 emission mitigation potential, as well as indicating references for the comparative evaluations of the 

obtained results. 

 

2.1. PtG as a renewable energy integration technology 

 

 The PtG is considered in this paper as a renewable energy integration technology. Particularly, the purpose of 

its integration in the context of the sugarcane ethanol industry is to harness electricity from RES that, without this 

utilization, would be wasted. In other words, the intention is to harness renewable electricity surplus. For the present 

evaluation will be considered the most common PtG process flow, represented in Figure 1 block diagram below.   

 

 
 

Figure 1 – PtG process flow block diagram 

 

 In order to estimate the SNG generation potential, as observed in the diagram above, it is necessary to identify 

and evaluate the availability of process inputs, namely, electricity and water for electrolysis and CO2 for methanation. In 

a first analysis, electricity will be considered the limiting input and the obtained results will be compared to the availability 

of other inputs to check the evaluation consistency. The electricity availability will be defined in subsection 2.2 and the 

CO2 sources availability in subsection 2.3. 

 Three PtG parameters should be defined for the evaluation: electrolysis efficiency, methanation efficiency and 

SNG final composition. The first is a function of the adopted electrolyser technology ranging from 60-75% for Alkaline 
and/or PEM, potentially reaching 90% for SOEC applications under development. The second is a function of the adopted 

methanation technology, chemical/catalytic or biological, depending on several parameters such as temperature, pressure, 

type of catalyst or bacteria, ranging around 70-80% (Decourt et al., 2014). The overall PtG efficiency (based on LHVSNG) 

is, therefore, around 55-65% (Budny et at., 2015). Co-electrolysis and other processes that integrates both steps 

(electrolysis and methanation) are under evaluation, yielding a potentially higher overall efficiency around 80% (Giglio 

et al., 2015).  

 The SNG final composition depends on both electrolysis and methanation technologies as well as the further 

treatment after these processes, being CH4 the main component (92-96%). Non-reacted hydrogen can also be present, 

generally under gas specification standards from each country, lowering the gas gravity, which is usually compensated 

by a higher fraction of nitrogen. CO2 and CO are can also be present, but in ppm magnitude (Specht et al., 2010; De Saint 

Jean et al., 2014; Giglio et al., 2015). 
 The adopted PtG parameters for this paper evaluations are summarized in Table 1. 
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Table 1. PtG adopted parameters 
 

Parameter Value Unit 

Electrolysis efficiency 75 % 

Methanation efficiency 80 % 

PtG overall efficiency 60 % 

SNG composition (CH4; H2; N2) 96.0; 2.0; 2.0 % 

LHVSNG  32.8 MJ/m3 

 

2.2. Renewable electricity surplus from Brazilian power sector 

 As proposed in the previous section, the purpose of PtG integration in sugarcane ethanol industry is to harness 

renewable electricity surplus. Considering the Brazilian power sector, three sources of renewable electricity surplus can 

be highlighted: spilled turbinable energy, sugarcane bagasse surplus, and wind source surplus. These surpluses are 

associated respectively to hydro, biomass and wind power plants, which locations are shown in Figure 2. 

 

 
 

Figure 2 – Brazilian power sector (only wind, biomass and hydro power plants are shown above) (EPE, 2017) 

 

 The spilled turbinable energy (STE) is a renewable electricity surplus that occurs when the natural inflow energy 

arriving at a hydropower plant exceeds the generation needs, cannot be stockpiled and the power plant still have available 

generation capacity. STE harnessing to produce hydrogen, like PtG process, and other chemicals was already subject of 

several studies in Brazil (Espinola, 2008; Godoy, 2008). It is possible to estimate STE from hydropower plant operational 

data, following the methodology presented by Campanholo (2016), being also registered by the Brazilian Electric System 

National Operator (ONS, acronym in Portuguese) and published in ONS report called “Relevant data – National Integrated 
System Operation” (ONS, 2015). 

 The sugarcane bagasse surplus occurs when electricity prices are below the breakeven point for using sugarcane 

bagasse to produce electricity in a sugarcane ethanol plant. In this situation, due to the fast bagasse decomposition, 

producers prefer selling sugarcane bagasse, reaching the limit of, in some cases, not charging for it (buyer just must pay 

logistics and transportation costs). Therefore, this sugarcane bagasse surplus could be used to produce electricity locally 

and feed the PtG process, producing biomethane that can be stockpiled or injected in the gas grid, upon price levels, 

giving an option for producers instead of giving away the sugarcane bagasse surplus. 
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 The wind source surplus is closely to the European reality unlike the two previous cases. As previously 
mentioned, wind power installed capacity is growing significantly in Brazil, especially in Northeast. As this capacity 

keeps growing, due to interconnection restrictions with other regions, it is possible that soon the ONS will face situations 

in which wind power generation should be curtailed that could be avoided, or at least reduced, by using this renewable 

electricity surplus in PtG process. 

 Given these considerations on possible sources of renewable electricity surplus that can be considered, the 

evaluation of the gross biomethane generation potential will consider only STE. Some considerations about the sugarcane 

bagasse production surplus will be made in the discussion of the results. According to ONS (2015), in 2013, STE in Brazil 

totalled 76 TWh. 

 

2.3. Biogenic CO2 sources for PtG from Sugarcane Ethanol Industry 

 Another important input for PtG is the CO2 utilized for methanation process. The main interest in integrating 

PtG in sugarcane ethanol industry is the availability of biogenic CO2 sources. In that way, the SNG produced will be 
based on renewable sources for both electricity and CO2 that is why the SNG is being called in this paper as biomethane. 

 The sugarcane ethanol industry has a significant role in Brazil economy and energy sector. In 2015, around ¼ of 

sugar global production came from Brazil, representing 50% of world exports, reaching more than 100 countries around 

the world. As the second global ethanol producer, 19% of national transportation sector energy demand is fulfilled with 

ethanol, being sugarcane biomass source, by means of ethanol and electricity from sugarcane ethanol plants, responsible 

for 17% of national primary energy supply (EPE, 2016; ANP, 2017). The first-generation ethanol technology represents 

almost the entire sugarcane ethanol industry sector in Brazil, with some initial investments on second generation ethanol 

plants. The production of ethanol totalled 27.5 billion litters in 2013 (UNICA, 2017).  

 

  
 

Figure 3 – First generation sugarcane ethanol plant process flow (BNDES; CGEE, 2008) 

 

 From the process flow diagram from Figure 3, two main sources of biogenic CO2 can be pointed out: the exhaust 

stream from fermentation process and the exhaust gases from combined heat and power (CHP) generation that uses 

sugarcane bagasse and trash. Laude et al. (2011) also highlights these same capture points, however, in the present case 

both sources are biogenic since CHP fed by sugarcane biomass. Considering the production of 27.5 litters in 2013 and 

the stoichiometric relation between production of ethanol and CO2 from fermentation (1:1), the exhaust stream from 

fermentation represents a gross total of 20.7 Mt of biogenic CO2 available to be captured for methanation. In a first 

moment only the fermentation source will be considered in this paper evaluation, since it is a high CO2 content source 

requiring minor changes and energy consumption for capture. 

Comparing Figure 2 and 4, a synergy can be found between the availability of renewable electricity surplus and 

the location of sugarcane ethanol plants. In the Northeast coast where is located many sugarcane ethanol plants is also 
found a higher concentration of wind parks, while in Southeast region the high concentration of sugarcane ethanol plants 

has in its surrounding area many hydropower plants. 
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Figure 4 – Biofuel plants location in Brazil (CONAB, 2017) 

 

 

2.4. CO2 emission mitigation 

 The mitigation of CO2 emissions will be evaluated considering that the biomethane generated will displace the 

same amount of energy supplied by natural gas from fossil sources. Therefore, a first comparison must be made between 

the demand for natural gas in Brazil and the potential of biomethane generation due to the integration of PtG in sugarcane 

ethanol industry. According to MME (2016), the Brazilian natural gas domestic supply in 2013 was 95 Mm3/day, lower 

heating value for natural gas adopted is 35.6 MJ/m3 and the CO2 emission factor for natural gas adopted is 56.1 tCO2/TJLHV 

(IPCC, 1997). This mitigation potential will be compared with Brazil's greenhouse gas emissions to assess the impact on 

total emissions and those associated with energy use. In 2013, Brazilian greenhouse gas (GHG) emissions totalled 1940 
MtCO2eq of which 454 MtCO2eq (23.4%) are associated with energy use (SEEG, 2017). 

 

 

3. Results and discussion 
 

 Considering the presented data in the previous section, it is possible to estimate the gross biomethane generation 

potential using STE and biogenic CO2 from fermentation process. Results are shown in Figure 5. 
 

 
 

Figure 5 – PtG process flow block diagram with input data (in blue) and results (in red) 

 
 The comparison of the required CO2 to harness all available STE and the availability of biogenic CO2 from 

fermentation process validates the initial hypothesis that the renewable electricity surplus, in this case STE, is the limiting 

input for PtG. The gross biomethane generation potential in 2013 would be 5005 Mm3, equivalent to 13.3% of the 

Brazilian natural gas domestic supply. 
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 In order to evaluate the limitation imposed by the availability of renewable electricity surplus, some 
considerations about sugarcane bagasse surplus can be made. In 2013, the electricity injected into the Brazilian National 

Integrated System coming from sugarcane ethanol plants totalled 8.3 TWh (UNICA, 2014). Considering a hypothetical 

scenario in which the sugarcane bagasse surplus would represent 5% of this electricity generation, the available renewable 

electricity surplus would increase from 76 TWh to 76.4 TWh, around 0.5%. This result shows that the STE is currently 

the most important source of renewable energy surplus to be considered in a PtG application. 

 One input not discussed previously was the water required for electrolysis. In Figure 5 is highlighted that the 

required amount of water in 2013 would reach 7.2 Mm3. In order to make a qualitative evaluation of this requirement it 

is shown in Figure 6 the surface water availability in Brazil. Even though Brazil have a comfortable positon compared to 

other countries in this aspect, the Northeast region has a more critical situation and, eventually, the local authority would 

not authorise the water catchment. One possibility would be to produce the required water by desalinization of seawater, 

but this solution would reduce the overall PtG efficiency. 

Finally, the CO2 emission mitigation potential resulting from the displacement of natural gas from fossil sources 
by the biomethane that could be potentially generated would achieve 9.2 MtCO2, or 0.5% of Brazilian total GHG 

emissions, or 2% of Brazilian GHG emissions associated to energy uses. 

 

 
 

Figure 6 – Surface water availability in Brazil (ANA, 2017) 

 

 

4. Conclusions 
 

 Concerns about climate change have driven a growing interest in low or zero-carbon energy sources, resulting 

in an expressive expansion of VRES, like wind and solar, in recent years. Managing the variability is challenging and 

even though grid improvements can handle low VRES penetration levels, the current upward trend in renewable sources 

participation will demand even more flexibility. Responding to the increasing need for flexibility, ES is a promising 

solution and probably an imperative for the Energy Transition to a sustainable energy sector. 

 PtG is one ES technology that have a special attribute, the possibility to integrate multiple energy markets, since 

the storage is done by converting the electricity into other energy carrier as hydrogen or SNG. In this paper was evaluated 

the opportunity to integrate PtG to the sugarcane ethanol industry, where SNG could be produced harnessing renewable 
electricity surplus as well as a local source of biogenic CO2. Therefore, the SNG produced in this case is been called 

biomethane. 

 Looking to 2013 numbers, the available STE sums 76 TWh, enough energy to potentially generate 5005 Mm3     

of biomethane by PtG. The required amount of biogenic CO2 to keep up with this production level is 8.6 Mt, 41.5% of 

the available biogenic CO2 from fermentation exhaust stream in sugarcane industry. If this amount of biomethane displace 

natural gas from fossil sources, it would represent 13.3% of Brazilian natural gas domestic supply with a CO2 emission 

mitigation potential of 9.2 MtCO2, or 0.5% of Brazilian total GHG emissions, or 2% of Brazilian GHG emissions 

associated to energy uses. 

 This paper results show an opportunity to harness renewable electricity surplus, improve the integration of 
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renewables in Brazilian power sector, expand options for decision making in sugarcane ethanol industry as well as 
promote mitigations of GHG emissions in Brazil. These opportunities are aligned towards a cleaner, more efficient and 

sustainable energy sector. Further studies should be conducted considering a case study, a deeper process integration 

analysis and economic evaluations. 
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