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A B S T R A C T   

Life cycle assessment (LCA) was used to evaluate the greenhouse gas emissions (GHG) of traditional internal 
combustion engine vehicles (ICEV), hybrid vehicles (non-plug-in or plug-in), and battery electric vehicles (BEV), 
fueled with biofuels or recharged with electricity from Brazilian or European matrix, including recharging losses. 
The study shows that calculated GHG emissions for hybrid vehicles using biofuels are lower than observed for 
BEVs even in Brazil, where the carbon intensity of the electricity matrix is low compared to most countries. In 
addition, we show that the emissions of a non-hybrid traditional internal combustion vehicle using biomethane is 
lower than a BEV. It was also observed that combining Brazilian biofuels with hybrid vehicles results in a higher 
traveled distance for each kilogram of GHG emitted compared to a BEV. 

The carbon footprint reduction for metallic batteries in future scenarios was considered in the sensitivity 
analysis, which shows that biofuels still remain a better option. We hope these results can be useful for guiding 
public policies for transport decarbonization, considering hybrid vehicles fueled with biofuels as an economical 
and more effective alternative than battery electric vehicles to reach the sustainable goal of carbon net zero 
emissions by 2050.   

Introduction 

Climate change requires decarbonization actions in many economic 
sectors in the world. The transition to renewable energies is the main 
way to achieve net zero carbon emissions (International Energy Agency, 
2021; IRENA, 2021). In the transport sector, an increasing fossil fuels 
substitution is expected on the energy matrix, with variable technolog
ical routes applied. The utilization of electric vehicles has been 
appointed as a major plan to reduce carbon emissions in the next de
cades. The 2021 Outlook of International Renewable Energy Agency 
(IRENA) related that 67 % of emission reduction in the transport sector 
will come from electrification and hydrogen use and only 6 % from 
biofuels consumption (IRENA, 2021). 

Notably, there is a strong move toward battery electric vehicles 
(BEVs), which have been frequently presented as “zero emission vehi
cles” and, therefore, the most effective route to decarbonize the fleet. 
This perception is incorrect because it does not consider the vehicle 
lifecycle emissions, but promotes public policies incentivizing battery 
electric vehicle production and adoption in order to replace internal 
combustion engine vehicles. (Andersson & Börjesson, 2021; IEA, 2021; 
Joubert, 2022). When life cycle emission is considered, the environ
mental performance of electric vehicles greatly varies due to several 
factors, such as the emissions of the electricity mix being used for the 
battery production and recharge, battery mass, lifespan, among others 
(Cox et al., 2020; Elgowainy et al., 2018; Ellingsen et al., 2017; Esd, 
2014; Knobloch et al., 2020; Wu et al., 2019). 
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Hybrid Electric Vehicles; WLTP, Worldwide harmonized Light-duty vehicles Test Procedure. 
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Although BEVs do not have direct exhaust emissions, many studies 
show that the production of their metallic batteries is intensive in GHG 
emissions (Ellingsen et al., 2014; Hao et al., 2017; Kallitsis et al., 2020; 
Kelly et al., 2020; Kim et al., 2016; Qiao et al., 2017), impacting the 
electric vehicles (EV's) life cycle. The electric power generation for 
battery recharging is another source of indirect GHG emissions, espe
cially when electric losses on the grid, recharger, and battery system are 
considered (ANEEL, 2015; CEER, 2020) (Apostolaki-Iosifidou et al., 
2017; Kostopoulos et al., 2020; Sears et al., 2014). Thus, although many 
countries have defined policies to ban the production of combustion 
engines as early as the next decade for the adoption of BEVs instead, this 
decision needs to be evaluated based on more in-depth analysis, 
considering local scenarios. 

Brazil has a very successful case in reducing emissions in the trans
port sector and is well positioned contributing to ambitious climate 
goals following a different path than BEVs through biofuels. In 1975, the 
country created the National Alcohol Program (ProAlcool) by a federal 
government decree, in response to the first oil crisis (Brito et al., 2019). 
The program started with the production of anhydrous ethanol to be 
blended with gasoline in Otto cycle car engines (Bajay, 2004). At the 
same time, the program incentivized the development of 100 % ethanol 
fueled engines (E100), which were launched in 1979. In 2003, the “flex 
(ible)-fuel” technology started, where the user has the flexibility to mix 
different volumes of gasoline and ethanol, in any proportion. Ultimately, 
this flex-fuel technological configuration ended-up dominating the light 
vehicle's Brazilian market and, consequently, increasing the demand for 
ethanol as fuel (Gonçalves et al., 2022). 

It has been demonstrated that sugarcane ethanol can reduce up to 80 
% of the GHG emissions when compared to gasoline (Macedo et al., 
2008; Seabra et al., 2011). The same performance can be achieved with 
biomethane (Bordelanne et al., 2011). Furthermore, the biofuel pro
duction chain generates jobs, with multiple social and economic benefits 
(Formann et al., 2020; Goldemberg et al., 2008; Machado et al., 2015; 
Moraes et al., 2015; Ribeiro, 2013; Souza et al., 2018; Souza et al., 
2022). Additionally, as new sugarcane farms can be implemented in 
areas of degraded pasture, the development of new biorefineries might 
lead to the restructuring of native forests, increasing environmental 
sustainability (Bordonal et al., 2018). 

Brazil, although considered one of the major global GHG emitters, 
largely due to forest fires (SEEG, 2022), contributes with only 2.3 % of 
global emissions (World Bank, 2022). Nevertheless, the country has 
proposed an ambitious transport decarbonization program, to 
contribute to reducing the sector's emissions. This effort is in line with 
the Paris Agreement, where Brazil has set ambitious goals: its Nationally 
Determined Contributions (NDC) aims at cutting 37 % of its GHG 
emissions by 2025 and 43 % by 2030 compared to 2005 levels (Gon
çalves et al., 2020). To achieve these goals, the transport sector, 
responsible for 45 % of Brazilian anthropic emissions (EPE, 2022), 
should be one of the main contributors to the GHG abatements. To 
support this achievement, in 2017 Brazil launched the National Biofuel 
Policy (Renovabio), a robust methodology to allocate the negative ex
ternality from fossil fuel use and contribute to the goals bound by Paris 
Agreement (Brasil, 2017). This policy includes the Life Cycle Assessment 
(LCA) tool to measure biofuel's carbon emissions produced in Brazil, 
rewarding the energetic-environmental efficiency. 

In the Renovabio Program, each CO2 ton results in one carbon credit, 
called CBIO, to the biofuel producer, which can be traded on the Bra
zilian Stock Exchange (B3). In this program, the more efficient (less 
carbon intensive) biofuel production is, more CBIOs will be generated by 
the biofuel producer. In addition, the program rewards the producers 
achieving negative net emissions by adding a 20 % bonus in the effi
ciency note, fostering the adoption of additional carbon capture (and 
storage) related to the biofuel production (Brasil, 2017). Therefore, a 
virtuous cycle is created, incentivizing the continuous efficiency 
improvement of biofuels, the higher investment in bioenergy technolo
gies, and the biofuel growth production (Grangeia et al., 2022; Grassi & 

Pereira, 2019). 
The Net Zero scenarios indicate that there will be fossil fuel con

sumption in 2050, at some level (International Energy Agency (IEA), 
2021; BP, 2023). Furthermore, when we compare the decarbonization 
plans shown by the Paris Agreement signatory countries with the carbon 
emission reductions needed (estimated by IPCC), there is a significant 
gap (Jarraud & Steiner, 2019). This way, the energy transition effort will 
require technologies that provide net negative emissions. The sustain
able biofuels production associated with carbon capture through 
Biomass Energy Carbon Capture and Storage (BECCS) can offer negative 
carbon emissions (Moioli & Schildhauer, 2022), with low environmental 
impact (Cooper et al., 2022). Thus, in the future, biofuels can offer more 
than only carbon net zero, they can be an effective and economic way to 
reduce the carbon in the atmosphere. 

In the energy transition, biofuels can be even better if combined with 
fleet electrification. To target the carbon net zero goals, efficiency 
growth is an imperative need. According to IRENA, a quarter of emission 
reduction will come from increasing efficiency (IRENA, 2021). Electric 
engines have more than 90 % efficiency (Campanari et al., 2009; Hayes 
et al., 2011; Smith, 2010), and internal combustion engines had an ef
ficiency between 14 and 42 %, depending on the fuel and technology 
adopted (Athanasopoulou et al., 2018; Singh et al., 2015; Travesset-Baro 
et al., 2015). Hence, the association of low carbon footprint biofuels 
with electric engine efficiency generates a potential synergy, which can 
surpass the carbon emission reduction expected by BEVs, pointing to a 
strategically better path for the energy transition. 

There are important studies available in the literature linking GHG 
emissions of biofuels and electric vehicles use (Boureima et al., 2012; 
Tessum et al., 2014; Meier et al., 2015; de Souza et al., 2018; Pero et al., 
2018; Glensor et al., 2019; Cox et al., 2020; Andersson & Börjesson, 
2021). However, there are few studies comparing the life cycle GHG 
emissions of vehicles with biofuels produced in Brazil and electric ve
hicles recharged in the Brazilian electricity matrix, such as the study by 
Vargas et al. (2022). In a complementary way and contributing to 
innovation, our study: has a greater number of vehicles in the compar
ison; considers the plug-in hybrid in the analysis; brings biomethane, in 
addition to sugarcane ethanol; considers emissions associated with the 
construction of electric vehicle charging infrastructure; makes a com
parison of the electric vehicle in Brazil and in Europe; and highlights the 
losses occurred in the transmission, distribution, and charger sets 
(charger, control module, and battery). 

In addition, a sensitivity analysis is performed considering variations 
on the electric drive share in plug-in hybrid vehicles, and we also discuss 
future scenarios and the roles of batteries and biofuels in the transport 
sector decarbonization. In short, this research intends to provide 
comprehensive data to guide the development of new, sustainable 
public policies for the transport sector. 

Methodology 

For this study, the Life Cycle Assessment (LCA) was used to compare 
the GHG emissions between electric vehicles (pure and hybrid) and in
ternal combustion engines fueled by gasoline, sugarcane ethanol, and 
biomethane, in Brazil. The analysis considered the current state of the 
art available to produce the vehicle and lithium-ion batteries present in 
electric vehicles. The used LCA approach was attributional, and the 
functional unit considered in this comparison is the amount, in grams, of 
carbon dioxide equivalent emitted per kilometer (CO2e/km). The in
ventory of GHG emissions associated with the fuel life cycle, from well- 
to-wheels, and the emissions associated with vehicle manufacturing, 
electricity generation, and recharging infrastructure, was obtained from 
data available in specific literature. Aiming at full transparency 
regarding the choices made, life cycle inventory data is described in 
detail. A summary of the study scope is presented in Fig. 1. 
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Vehicles and specifications 

For this study, vehicles from similar categories were chosen for 
comparison. The vehicles specifications were collected on the manu
facturer's website or in the literature. Kia Niro LX, Toyota Prius A Pre
mium, and Hyundai Ioniq were the non-plug-in Hybrid Electric Vehicles 
(HEV) considered. For the Plug-in Hybrid Electric Vehicles (PHEV), Kia 
Niro LXS, Toyota Prius A Premium, and Hyundai Ioniq were chosen. For 
the Internal Combustion Engine Vehicle (ICEV), Toyota Corolla Flex 
Fuel was chosen, available in Brazil to use with gasoline and hydrated 
ethanol at any ratio. For the Battery Electric Vehicle (BEV), Kia Niro EX, 
Nissan Leaf S Plus, and Hyundai Ioniq were chosen. Table 1 brings the 
specifications of all listed vehicles. It is important to note that the WLTP 

(World Harmonized Light-Duty Vehicles) was adopted for plug-in hybrid 
vehicle consumption. This standard test considers vehicle roading 65 % 
of the time in electric mode and 35 % with the internal combustion 
engine. Also, only the Toyota Corolla (ICEV) has flex technology, which 
is already available in the Brazilian market. Therefore, for comparison 
purposes, regarding the calorific power of fuels, hybrid vehicles' fuel 
yield using hydrated ethanol was considered to be 30 % less compared to 
the available manufacturer's information for gasoline A and 15 % more 
with biomethane. 

Carbon intensity of fuels 

The carbon intensity associated with the well-to-wheel life cycle 

Fig. 1. Summary of the study scope for GHG emissions.  

Table 1 
Technical specifications of the vehicle models.  

Vehicle Engine Li-ion Battery energy 
(kWh) 

Battery weight 
(kg) 

Vehicle gross 
weight 
(kg) 

Fuel yield 
(km/L of 
Gasoline) 

Electric 
range 
(km/ 
kWh) 

Source 

Corolla 
ICEV 

2.0 L – –  1405 12.6 – (TOYOTA, 2022) 

Niro HEV 1.6 L 1.6 38.5  1406 21.3 – (KIA, 2021) 
Prius HEV 1.8 L 1.3 40  1375 30,4 – (TOYOTA, 2021) 
Ioniq HEV 1.6 L 1.56 38.5  1375 29.4 – (HYUNDAI, 2021b) 
Niro PHEV 1.6 L 8.9 117  1535 19.6 4.7 (KIA, 2021) 
Prius PHEV 1.8 L 8.8 115  1530 30.0 4.5 (TOYOTA, 2021) 
Ioniq PHEV 1.6 L 8.9 110  1495 22.1 5.3 (HYUNDAI, 2021c) 
Leaf 1 BEV 110 kW 40 303  1594 – 6.2 (Nissan, 2020; NISSAN USA, 2021a, 

2021b) 
Leaf 2 BEV 110 kW 62 439.7  1749 – 6.2 (Nissan, 2020; NISSAN USA, 2021a, 

2021b) 
Niro BEV 150 kW 64 457  1748 – 6.0 (KIA, 2021) 
Ioniq BEV 100 kW 38.3 340  1527 – 6.5 (HYUNDAI, 2020, 2021a, 2021b, 2021c)  
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(that includes emissions of production, transport, refining, distribution, 
and use) of gasoline A, hydrous ethanol (E1G route), and biomethane 
was prospected from national average values in the 2022 year, based on 
the Renovabio certifications. The annual average intensity emissions 
data associated with the electricity production in the Brazilian and Eu
ropean Electric Matrix are described in Brazilian National Energy Bal
ance for the 2018 year. The values considered are described in Table 2. 

Average mileage 

The average life of a medium-sized Brazilian fleet is ten years (SIN
DIPEÇAS, 2021), while the average annual mileage is 12,900 km (km) 
(KBB, 2021). Therefore, in 10 years, the vehicle will travel approxi
mately 130,000 km. There is evidence that electric vehicle owners travel 
630 km more, per year, than those who own internal combustion engine 
vehicles (Cesar, 2021), reaching an average mileage of 13,530 km/year. 
Nissan offers an eight-year battery warranty or 160,000 km for the 
Nissan Leaf (NISSAN USA, 2021b). These are the same conditions that 
Tesla offers for Standard Model 3 in the US and Canada (Tesla Motors 
Inc., 2022). Considering this information, we adopted the number usu
ally considered for electric vehicles in most of studies, a total of 160,000 
km, to calculate the emissions for all vehicles listed in this study. It is 
assumed that the battery supports such mileage. 

Vehicle production emissions 

The GHG emissions data related to vehicle production were obtained 
from Bieker (2021), and are shown in Table 3. The data consider the 
production and recycling of the glider and powertrain of compact and 
medium-sized cars in European Union and the United Kingdom, in 2019. 
No peer-reviewed Brazilian data were found for GHG emissions from 
vehicle production (glider and powertrain). It was considered that the 
European data are robust and reliable, although they should be higher 
than what would be observed in Brazil, which has a less carbon-intensive 
energy matrix. Anyway, even if the values are different in Brazil, with a 
probable reduction in emissions for all vehicles considered in the study, 
the relative comparison would lead us to similar conclusions. It is also 
important to point out that the emissions factor considered for ethanol- 
fueled ICEV was the same as the one considered for the gasoline-fueled 
ICEV. 

Batteries production emissions 

Lithium-ion batteries are primarily used in the composition of elec
tric and hybrid cars, with China being the world's largest producer and 
holding a broad domain of the entire production chain. China is 
responsible for refining more than 50 % of the lithium, graphite, and 
cobalt used in batteries, as well as for manufacturing more than 70 % of 
battery cell components by 2022 (IEA, 2021). 

As indicated in the introduction, several studies report the GHG 
emissions associated with the production of lithium-ion batteries. The 
indicated values vary significantly, depending on the scope assumptions 

of the study. Table 4 presents NCM lithium-ion battery manufacturing 
emissions reported in the literature, in kilograms of carbon dioxide 
equivalent (kg CO2e), for three major battery-supplying countries 
worldwide. China, Japan, and South Korea accounted for just over three- 
quarters of the world's electric vehicle battery manufacturing from 2014 
to 2021 (Mann et al., 2018). 

Considering that Brazil does not produce batteries locally and China 
is the largest producer, emissions of 114.5 kg CO2e/kWh of battery ca
pacity were considered, a value obtained through the average of the 
numbers presented in Table 3. 

We did not consider the emissions associated with the transport to 
Brazil, recycling, or disposal of batteries at the end of their life. There is 
still not enough data on recycling, second life use or even the conse
quences of disposal. This is a very recent innovation, and most batteries 
are still in their first life (Reid, 2022). It is also not known what per
centage of replacement would be associated with battery failures, which 
would generate a high impact on life cycle emissions. In August 2021, 
GM recalled the Bolt model on a large scale due to a battery problem 
(Kane, 2021). This is estimated to cause a significant increase in emis
sions associated with these vehicles, but the numbers are uncertain. It is 
not known which destination was given to the replaced batteries. Due to 
the mentioned reasons, end-of-life GHG emissions were disregarded. 

Land use change 

Emissions attributed to changes in land use were not considered. The 
premises adopted by Renovabio were that to be eligible for the pro
gram's carbon credits (CBIOs), the biofuel produced could not have 
come from a deforested area, as of 2018 (Brasil, 2018). In addition, 
biomass production must comply with Rural Environmental Registry 
(CAR), as provided in the Brazilian Forest Code (Moreira et al., 2018). 
Namely, the CAR is a national electronic public record, mandatory for all 
rural properties, to integrate environmental information from rural 
properties and possessions in order to create a database for control, 
monitoring, environmental and economic planning, and combat against 
deforestation (Brasil, 2022; MAPA, 2022). More than 90 % of the vol
ume of ethanol sold in Brazil meets the requirements set out in Reno
vabio (Unica, 2022). Additionally, the congregation of biofuels with 

Table 2 
Carbon intensity of fuels and electricity production.  

Fuel/Electricity (year) g CO2e/ 
MJ 

g CO2e/ 
L 

g CO2e/ 
kWh 

Source 

Gasoline A (2022) 87.4 2817.8 – (Brasil, 2018) 
Hydrous ethanol 

(2022) 
28.2 602.1 – (Unicadata, 

2022) 
Biomethane (2022) 10.0 0.367 – (Unicadata, 

2022) 
Brazil Electric grid 

(2018) 
– – 99.6 (EPE, 2022) 

Europe Electric grid 
(2018) 

– – 322.8 (EPE, 2022)  

Table 3 
GHG emissions for glider and powertrains without battery.  

Vehicle tCO2e/t vehicle Source 

Ethanol/Gasoline ICEV  5.2 (Bieker, 2021) 
CNG or BioCNG ICEV  5.5 
PHEV (without battery)  5.7 
BEV (without battery)  4.7  

Table 4 
Emissions from Li-ion battery manufacturing at leading global suppliers.  

Country battery 
production 

Battery 
mass (kg) 

Battery 
capacity 
(kWh) 

Emissions 
(kgCO2e/ 
kWh) 

Source 

South Korea  253  26.6  172 (Ellingsen 
et al., 2014) 

South Korea  303  24  140 (Kim et al., 
2016) 

China  170  28  104 (Hao et al., 
2017) 

China  188.7  27  117 (Qiao et al., 
2017) 

China  253  26.6  140 (Kallitsis 
et al., 2020) 

China  188.7  27  100 (Kelly et al., 
2020) 

Japan  188.7  27  98 (Kelly et al., 
2020) 

Average  220.7  26.6  114.5 –  
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livestock production can maintain the output for food and increase the 
biofuels at the same time, with a reduction for necessary areas (Souza 
et al., 2022). Considering the assumptions set out here, it is expected 
that the expansion of the biofuel supply in Brazil will not cause negative 
effects on land use in the coming years. Rather, this can be a factor of 
production rationalization, which may be beneficial for the reduction of 
carbon intensity of the culture. New technologies have been adopted to 
increase production and yield, as it will be discussed in Section 3.4. 

Emissions associated with charging infrastructure 

The need to expand existing infrastructure to generate electricity and 
recharge electric vehicles was taken into account in this study. A meta- 
analysis based on 11 scientific articles on the subject, conducted by FVV 
and Frontier Economics, showed that emissions associated with the 
creation of charging stations, expansion of the electricity grid, and en
ergy storage to deal with intermittent sources of generation, vary from 
0.09 to 1.97 tons, during the lifetime of an electric car (Both & Steinfort, 
2020). Based on this study, the medium value of 1.03 tons/life of 
additional CO2e was adopted for the lifespan of electric vehicles that 
make up this article. 

Energy losses 

The recharging of an electric vehicle involves losses related to the 
charger, car recharging module, and battery, in addition to electric grid 
transmission and distribution losses. These losses increase the need to 
generate electricity, which negatively impacts the emission of GHG 
associated with PHEVs and BEVs. This study considered, in the Brazilian 
scenario, 4.0 % of energy transmission losses and 7.5 % of technical 
distribution losses, according to data from National Electric Energy 
Agency (ANEEL, 2015). For the European scenario, 2.5 % of trans
mission losses and 4.0 % of distribution losses were considered (CEER, 
2020). Losses for the complete charging set (charger, control module, 
and battery) vary greatly depending on the type of charger, power, and 
charging time. Losses can be higher, up to 30 %, or lower, below 10 %, 
mainly depending on the recharge voltage used (low or high voltage). 
An average loss of 15 % was considered for the charging set, in line with 
data published for some studies (Sears et al., 2014, Apostolaki-Iosifidou 

et al., 2017, Kostopoulos et al., 2020). 

Results and discussions 

Comparative results 

The results of greenhouse gas emissions calculated for selected ve
hicles, based on the proposed LCA, are shown in Fig. 2, and detailed in 
Table 5. The lowest GHG emissions were detected for HEVs with bio
methane, an average of 59.5 gCO2e/km, while the highest emissions 
value was found for the ICEV with gasoline A, 269.3 gCO2e/km. The 
BEV in Brazil would have 61 % lower emissions than the ICEV fueled 
with gasoline A, but 42 % higher than ICEV fueled with biomethane. The 
ICEV roading with ethanol sugarcane presented estimated emissions 15 
% higher than the average of the BEV. However, it is an excellent result 
considering the comparison between a traditional ICEV, which is not 
optimized for ethanol, and a BEV. The HEV with ethanol sugarcane 
showed 26 % lower emissions than BEV in Brazil, and 71 % lower than 
ICEV with gasoline A in comparison. 

The results for GHG emissions in ICEV with gasoline A and ethanol 
sugarcane are similar to those found by de Souza et al. (2018). The 
emissions showed to BEV considering the European electric matrix are in 
line with Ricardo Energy and Environment (2020) and Andersson and 
Börjesson (2021). For BEV recharged in Brazil, we found values 15 % 
lower than Vargas et al. (2022), reflecting the normal differences in LCA 
inputs in relation to the vehicle model used, the carbon intensity of the 
electrical matrix and the size of the battery size. 

When fueled with biofuels, results showed that ICEVs in Brazil have 
lower GHG emissions than expected for a BEV in Europe. An incredible 
result is observed with biomethane, for even when used in a traditional 
ICEV their estimated emissions are 49 % lower than BEV in Europe and 
30 % lower than the BEV in Brazil. The simulation of biomethane used in 
HEV showed more significant results, with global carbon emissions 
reducing up to 78 % compared to an ICEV powered by gasoline A. The 
mentioned results of biomethane are in line with observed values by 
Ternel et al. (2021). 

According to data from the Brazilian Biogas Association (Abiogás), 
Brazil has the potential to produce 82.5 billion cubic meters of biogas 
per year, considering the sugarcane-based energy, sanitation, animal 

Fig. 2. Comparison of the average GHG emissions in the LCA for selected vehicles.  
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protein, and agricultural production sectors in the country (CIBIOGÁS, 
2021). On a conservative estimate, half of this biogas can be converted 
to biomethane (RCGI, 2017). Such production, together with ethanol, 
would be enough to supply the entire Brazilian fleet of light vehicles, 
even with low-efficiency ICEVs. Besides, it would also be enough to 
substitute two-thirds of Brazil's fossil diesel consumption, whose volume 
in 2021 was close to 55 billion liters (ANP, 2022). It is important to 
observe that great part of emissions associated with Brazilian sugarcane 
ethanol are related to the use of diesel in machines and tractors in the 
field. If biomethane is used to replace diesel in farms, the life cycle 
emissions of ethanol will also be reduced, in a positive cascade effect. 

The “Hybrid vigor” 

In the LCA approach, the data showed that non-plug-in hybrid ve
hicles (HEV) using biofuels have lower emissions than plug-in hybrids 
(PHEV) and purely electric vehicles (BEV). Similar behavior was 
observed by researchers in studies in France (Ternel et al., 2021) and 
Sweden (Andersson & Börjesson, 2021). 

To illustrate more clearly the advantage of using biofuels in hybrid 
vehicles, Fig. 3 shows how many kilometers would be driven until one 
kilogram of GHG is emitted into the atmosphere for each vehicle. This 
data illustrates how much a vehicle can run to achieve the same 
comparative emission. An HEV with biomethane is the best case, as it 

would run 16.8 km to emit 1 kg of CO2e, while a BEV in Brazil would run 
9.5 km to produce the same emission, on average. The worst case is the 
internal combustion engine vehicle ICEV with gasoline A, which emits 1 
kgCO2e after roading only 3.7 km. 

The results make clear that hybrid vehicles with biofuels would run 
higher mileage than electric vehicles before emitting the first kilogram 
of GHG. The results suggest that biofuels, such as sugarcane ethanol and 
biomethane, combined with hybrid vehicles seem to be a more effective 
alternative for decarbonizing light fleet vehicles, in comparison to BEVs, 
even in a clean electrical matrix like Brazil. We elusively call this com
bination “hybrid vigor”, a phenomenon observed in biology where the 
hybrid organism has higher quality for desired phenotypes when 
compared to its parents (Harrison, 1948; Tiwari, 2022), drawing an 
analogy with ICEVs and BEVs as parents. 

There are many reasons for the observed reduction in carbon emis
sions when biofuels are used with hybrid vehicles. First, hybrids require 
smaller batteries, which can represent from 25 % to only 8 % of a BEV 
(Table 1), reducing the environmental stress caused by mining, such as 
reported by Liu et al. (2019), Luckeneder et al. (2021) and Canelas and 
Carvalho (2023). Second, smaller batteries reduce the carbon footprint 
of each vehicle's production. Third, hybrid vehicles are quite efficient if 
compared to traditional vehicles, as it can be seen in the fuel yield 
presented in Table 2. Finally, the sustainable biofuels have a low carbon 
intensity (Table 2) that naturally generates lower emissions. 

Table 5 
average GHG emissions (gCO2e/km) of selected vehicles by category, fuel, and components.   

ICEV HEV PHEV BEV 

Gasoline A E100 Biomethane E100 Biomethane E100 Biomethane Brazil Europe 

Car 45.7 45.7 48.3  43.8  46.3  50.1  52.7 37.3 37.3 
Battery – – –  1.06  1.06  6.35  6.35 36.5 36.5 
Fossil fuel 223.6 0 0  0  0  0  0 – – 
Biofuel 0 75.2 25.4  32.6  12.1  13.0  4.83 – – 
Electricity – – –  0  0  17.7  17.7 24.6 65.0 
Infrastructure – – –  0  0  4.18  4.18 6.44 6.44 
TOTAL 269.3 120.9 73.7  77.5  59.5  91.4  85.8 104.8 145.3  

Fig. 3. Kilometers driven for each category of vehicles to emit 1 kg of CO2e.  
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Electric share in Plug-in Electric Vehicle (PHEV) 

Since a PHEV can be operated in either electric drive mode (charged 
using the electricity grid) or internal combustion engine mode (fuel- 
powered), it is interesting to assess how the electric drive share (EDS) 
affects the vehicle's GHG emissions. The EDS denotes the percentage of 
total distance accomplished in electric drive mode. The GHG emissions 
for PHEV shown in Fig. 2 are based on the standard test, which considers 
vehicles working 65 % in electric mode and 35 % in fuel mode. The EDS 
of a PHEV in real life would be different. Fig. 4 illustrates the GHG 
emission profile of PHEV at different percentages of electric mode. 

The three sloping lines of Fig. 4 represent PHEV GHG emissions when 
fueling the ICE with gasoline A (orange line), sugarcane ethanol (light 
green line), and biomethane (dark green line). The purple and blue 
horizontal dashed lines reference BEV emissions in Europe and Brazil, 
respectively. In EDS 0 %, the PHEV consumes exclusively fuel (gasoline, 
ethanol, or biomethane). In EDS 100 %, the PHEV is only in electric 
mode. The emissions are associated with car and battery manufacturing, 
fuel or electricity use, and the associated infrastructure emissions with 
electric cars. 

It can be observed in Fig. 4 that a higher electric mode use reduces 
emissions in PHEV, in comparison with gasoline or ethanol fuel mode. 
However, whatever the EDS, the PHEV with biofuels has lower emis
sions than the BEV. E100 PHEV emissions are below the BEV level in all 
driving modes. The ascending curve of PHEV with biomethane indicates 
that the more the vehicle runs on electricity, the associated emissions are 
greater. It reinforces the idea that biomethane is an alternative with 
lower associated carbon intensity than the European and Brazilian 
electricity matrix. Moreover, it represents an incentive for investing in 
biofuel-powered combustion engines in PHEVs. 

Another interesting observation worth mentioning is the fact that 
PHEV shows lower emissions than BEV. Minor batteries present in PHEV 
justify this observation and reinforce that synergies occur between 
biofuels and small batteries use. As an additional advantage to PHEV, 
the use of electric mode allows to reduce the noise and possible local 
combustion emissions, which may be suitable for the center of large 
cities; on the other hand, biofuels can be refueled quickly and increase 
the range and the vehicle autonomy. The future biofuels and batteries 
decarbonization, in their life cycle, should boost this synergy, keeping 

the PHEV with lower emissions than the BEV. 

End-of-life batteries: second life and recycling 

The second life and recycling batteries are two important discussions 
in an electrification future. Continuous wear is part of the chemical 
battery nature. After a certain number of charge and discharge cycles, 
the battery no longer meets the needs of an electric vehicle, reducing its 
range to a critical level for many users. The estimated lifespan for 
electric vehicle batteries is 5 to 8 years (Haram et al., 2021) when its 
recharge does not reach more than 80 % of the nominal capacity. 
However, this battery is still used for other applications, such as the 
“second life” applications. 

The most traditional usage for batteries' second life is to store energy 
from the grid, serving as large “no breaks”, releasing energy when 
necessary. Secondary applications extend battery lifespan by 7 to 10 
years on average (Haram et al., 2021). Therefore, average lifespan 
would reach around 15 years. After this period, it is necessary to give 
them a destination. 

The main problem with usual batteries is the substantial number of 
metals needed for their production (lithium, copper, cobalt, aluminum, 
or rare earth). Mining these elements generates many environmental 
impacts, such as high carbon emissions. Recycling reduces the need to 
mine critical raw materials, reducing the overall environmental impact 
of batteries. 

Carbon emissions can be 7 to 31 % lower with recycled batteries 
today (Cusenza et al., 2019; Koroma et al., 2022; Qiao et al., 2019). 
However, the recycling process is quite complex since the batteries are 
produced with a resistant casing, which is difficult to separate later 
(Blankemeyer et al., 2021). In addition, different types of batteries and 
even batteries of the same chemical composition will have different 
physical arrangements, depending on the structural model adopted by 
the manufacturer, imposing additional difficulties for recycling (Zhao 
et al., 2021). 

There are many questions about the actual scale of battery recycling, 
although it is understood that it is necessary to make hybrid and pure 
electric vehicles viable as a sustainable solution in the energy transition. 
In all scenarios, recycling batteries is essential. 

Fig. 4. EDS variation and its correlation with PHEV GHG emissions.  
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Evolution of carbon intensity for metallic batteries and biofuels 

Nowadays, around three-quarters of the batteries are produced in 
Asia (Mann et al., 2018), with high emissions associated to this pro
duction. However, the Asian energy matrix is expected to experience 
reduced carbon intensity in the coming decades, which will substantially 
reduce the carbon footprint of batteries (IRENA, 2021). Today, the 
lowest value of battery manufacturing emissions is associated with the 
European supply chain, with values close to 60 kgCO2e/kWh of battery 
capacity (Emilsson & Dahllöf, 2019), at least 52 % lower than when 
manufactured in Asia. 

Furthermore, batteries with a higher production scale and energy 
density are expected to have carbon footprint reduction, in a (wide) 
range of 25 to 70 % by 2040 in comparison to 2017 GHG emissions 
levels (Cox et al., 2020). This means that, in the future, batteries could 
have a carbon footprint of less than a third of that observed in 
manufacturing them in Asia from 2015 to 2020, reducing almost pro
portionally the BEVs emissions associated. 

Likewise, carbon emissions associated with biofuels are expected to 
decline over the next decade too, as producers seek to decarbonize their 
production process. The low carbon policies will be an incentive for 
biofuels producers. In Brazil, the carbon emission reduction in biofuel 
production generates more carbon credits (CBIOs), within the Reno
vabio certification (Grassi & Pereira, 2019). This question has led pro
ducers to implement continuous improvements to reduce the carbon 
intensity of their processes. The ongoing actions in this regard are as 
follows: 

i) Biodigestion of filter cake, vinasse, and straw for the production of 
biomethane, which can be used to replace 100 % of the diesel used in the 
cultivation, harvesting, and transport of sugarcane (Zang et al., 2018). 
Also, the surplus produced can be sold, generating extra revenues for the 
producer; the biodigestion of these residues has the potential to increase 
energy output per hectare by 20 %, approximately (Parsaee et al., 2019); 

ii) Replacement of fertilizers and chemical pesticides by the solids 
that remained of the biodigestion and biological alternatives, such as 
nutrient-fixing microorganisms, use of algae, biological pest control, and 
better use of available residues, with local applications (Formann et al., 
2020); 

iii) Development of new and more productivity biomass sources, as 
Energy Cane (Grassi & Pereira, 2019), and corn ethanol, with corn being 
produced as second crop in association with soybean, and biomass being 
utilized to run the mills (Brief, 2018); 

iv) Investments in technology and precision agriculture, seeking a 
more efficient application of agricultural inputs and varietal manage
ment, leading to an increase in the longevity and yield of the crops 
(Almeida et al., 2021; Carrer et al., 2022; Santoro et al., 2017); 

v) Adoption of new technologies such as bioenergy carbon capture 
and storage (BECCS), which in the sector has the potential to achieve a 
negative carbon footprint at an economically viable capture cost, less 
than USD 30/ton of buried CO2 (Moreira et al., 2016). 

It is worth mentioning that Brazil already has the production of 
second-generation ethanol (2G ethanol), which has a carbon footprint 
average estimated at 13.6 gCO2e/MJ using current technology (Agro
icone, 2021; KPMG, 2020). The value is 52 % minor than the average 
registered actually in Dynamic Renovabio Panel (ANP, 2021). There is a 
plant certified with 8.2 gCO2e/MJ in operation (71 % minor than the 
number usage to calculate the GHG emissions in the present article), 
producing 2G ethanol from sugarcane bagasse in Brazil (RSB, 2022), a 
demonstration of the power of biofuels to reduce GHG emissions now. 

In the next years, the sum of the described actions can bring biofuel 
production to carbon net zero emissions and even negative emissions 
with carbon capture (BECCS). In this way, hybrid vehicles with biofuels 
will emit much less than BEVs, even in optimistic scenarios for reduction 
of carbon intensity of the electrical matrix and batteries production. 

Conclusions 

The analysis presented in this study was focused on carbon emis
sions, understood to be an urgent topic that needs further analysis and 
society's response. Other impacts, including local particulate matter 
emissions produced by combustion vehicles, and water pollution asso
ciated with the production and use of the vehicles, batteries, fuels, and 
electricity generation, among others, were not assessed. Therefore, 
complementary studies are needed to what has been presented here. 

The LCA demonstrated that hybrid vehicles (HEV and PHEV) with 
biofuels have lower GHG emissions than BEVs in Europe and Brazil, even 
though Brazil has a very clean electrical matrix. Brazilian biofuels are so 
competitive that a comparison of a traditional ICEV fueled with ethanol 
sugarcane or biomethane shows lower emissions than a BEV in Europe. 
This means that the usual combustion vehicles running today on these 
biofuels in Brazil have a smaller carbon footprint than pure electric 
vehicles running in Europe, considering the life cycle from well to 
wheels. 

The emissions of battery manufacture, recharging, and associated 
infrastructure presented in Table 5 are significant and impact BEVs' 
carbon footprint in their life cycle. Energy-related emissions can be quite 
high depending on the associated electrical matrix and the losses 
incurred. With all these factors taken into account, the total emissions of 
a BEV can exceed those of a combustion vehicle, as seen in this study, 
and in agreement with other papers. 

Uncertainties regarding the final disposal of batteries make difficult a 
complete assessment of the cradle-to-grave life cycle carbon emissions of 
electric vehicles. Most batteries are still in their first use, there are no 
clear numbers about the amount of these batteries that will be directed 
to “second life”, recycling or disposal. Recycling, which is the best-case 
scenario for BEVs, has major logistical and technological challenges and 
the associated carbon footprint is still unknown. 

Results indicate that hybrids have many relative advantages over 
pure electric vehicles. The lowest GHG emissions were observed for non- 
plug-in hybrid vehicles (HEV) using biofuels. Next was the plug-in 
hybrid model (PHEV), which gives flexibility to consumers, being able 
to be fueled with electricity or biofuels, although they emit slightly more 
carbon than the non-plug-in option. The EDS sensitivity analysis showed 
that, both with ethanol and with biomethane, GHG emissions from 
PHEV are lower than emissions from BEV in Brazil or Europe. Highlight 
is given to biomethane, which emits less carbon when in combustion 
mode than in electric mode. Biomethane even emits less carbon in an 
ICEV than in a PHEV, reinforcing the importance of this biofuel to 
mitigate carbon emissions into the atmosphere by using a consolidated 
and widely available technology. 

The synergy of sustainable biofuels with electrification in hybrid 
vehicles seems so fundamental in the decarbonization route that the use 
of hybrids may be not just a transitory alternative, an intermediate path, 
but the very end sought for the sustainable decarbonization of the 
vehicle fleet. This synergy is not exclusive to Brazilian biofuels, they are 
applicable to hybrid vehicles associated with sustainable bioenergy 
production in any country, especially in Asian countries like India. 
Banning the sale of internal combustion engine vehicles, as already 
advertised in Europe and California, could be a big mistake. The engine 
is not a problem. 

Sustainable biofuels associated with combustion engines can reduce 
carbon emissions just as efficiently or more efficiently than expected for 
BEVs. Furthermore, in some regions outside the major capitals, it will be 
challenging to provide charging infrastructure for BEVs, making biofuels 
an even more interesting option, taking advantage of the existing 
structure for liquid fuels. 

Due to the observed synergies between biofuels and electric vehicles, 
hybrid vehicles should not be considered as a temporary solution, a 
middle-ground for fleet decarbonization, but it should be analyzed as a 
major option, using current combustion engines (which can be 
improved), associated with electric engines, while vehicle fuel cells are 
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in development. In the future, fuel cells can even increase the efficiency 
of this combination by replacing combustion engines. In this case, we 
would have a full electric vehicle powered by biofuel. 

The “Hybrid Vigor” is an important indication to be considered by 
lawmakers and policymakers for reducing the fossil fuel utilization and 
GHG emissions on the fleet. Hybrids with biofuels are a viable and 
available technological route that can offer fewer GHG emissions and 
environmental stress in fleet decarbonization. Public policies need to 
consider this in energy transition planning before taking decisions in any 
direction. 

Finally, it is expected that scale gains, technological improvements, 
decarbonization of production processes, and recycling, will cause 
significative reduction in batteries' carbon footprint in the coming de
cades, reducing the total emissions associated with the life cycle of BEVs. 
Likewise, it is expected that biotechnological advances in cultivation, 
harvesting, transport, and decarbonization of production process, 
including carbon capture (BECCS), will reduce the carbon intensity of 
biofuels to lower, or even negative values. If so, the combination of 
sustainable biofuels with electrification must be the final solution for 
fleet vehicles decarbonization. 
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