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Abstract

This study compares the carbon footprint of clean versus fossil fuels using the ~Well-To-Wheels”(WTW) methodology, which
considers all stages from production to consumption in vehicles. We evaluate fossil fuels like diesel, gasoline, LPG, and electric-
ity. The results show that electric cars emit less CO2 during use, but it is essential to consider emissions from electricity produc-
tion for a full assessment. Transitioning to clean fuels reduces emissions, but improving technologies is critical to maximizing
environmental benefits. The study shows that battery and fuel cell electric vehicles are the most respectful to the environment
when generating electricity in renewable energy plants. The analysis shows that fossil fuel engine cars and hybrid and plug-in
hybrid electric vehicles have similar carbon footprints because of the high fossil fuel dependence, the high fraction of the driving
range, and carbon dioxide emissions in thermal power plants during electricity generation for battery charge in plug-in electric
vehicles. This situation reverses producing electricity in renewable energy systems. The study applies to any condition, world
area, or country development despite the system development for specific driving conditions and world geographical area since

the study develops a comparative analysis between engine types, regardless of driving mode or reference consumption rate.
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1. Introduction

This work focuses on the environmental impact of green fuels
compared with fossil fuels, including all production and distribution
processes. The study analyzes the most used fossil fuels: gasoline,
diesel, or petrol liquid gas, biofuels like biodiesel or bioethanol, and
the electric energy generation for electric vehicle battery charge.
The study develops an analysis of the fuels powering cars, aiming to
evaluate the benefits derived from the replacement of conventional
fossil fuels by green ones. The process follows the "Well to
Wheel" methodology, meaning we should consider all production
and distribution steps from the extraction of natural resources to
their use in vehicles, moving through refining and distribution.
In this work, we applied the "Well to Tank" (WTT) and "Tank to
Wheel" (TTW) methodologies, covering all steps that generate
carbon emissions. This procedure is widely used by researchers,
professionals, and environmental agencies to develop projects and
research [1]. The "Well to Wheel" (WTW) methodology includes
a complete evaluation of vehicle environmental impact, starting
with the natural resource extraction and ending in the final use
for powering internal combustion engines or electric motors. The
WTW methodology is a Life Cycle Assessment (LCA) technique

simplification since it focuses on the carbon emissions generated
by fossil and green fuels for powering vehicles transformation,
transportation, and consumption [2]. The increasing worry about
climatic change and the need for GHG emissions reduction leads
to a deeper analysis of the vehicle's lifespan carbon footprint,
independent of the type and characteristics of the analyzed car.
Previous work demonstrates that the WTW method is a practical
tool to evaluate the global carbon emissions of any fuel that powers
a vehicle [1-3].

2. Fossil and Green Fuels
Fossil fuels used for the automobile industry derive from crude oil
refining (Figure 1).

The most important process in the crude oil refining are the
fractioned distillation, the cracking, the hydro-treatment, the
reforming, the hydrocracking reforming, the isomerization,
and the mixing [4-14]. Any of the above-mentioned processes
requires specific chemical treatment and energy supply to obtain
the final product. Among the many products we obtain from the
crude oil refining, we focus on fuels for powering cars: gasoline,
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diesel, and liquid petrol gas (LPG). Green fuels like biodiesel or
bioethanol derive from organic matter and vegetable materials;
an alternative classification is first- or second-generation biofuels
[15]. First generation biofuels are produced from food crops such
as corn, wheat, sugar cane, rapeseed, sunflower seeds and palm
oil. Bioethanol derive from primary matter enriched in sugar and
starch while biodiesel is produced from oil and grass vegetables.
In USA the primary matter for bioethanol production is corn while
in Brazil is sugar cane; biodiesel, a fuel largely produced in the
European Union, mainly derives from rapeseed oil. First-generation
biofuels show an energy-close behavior with primary matters used
to produce fossil fuels, resulting in high compatibility with these
latter fuels so we can mix them for vehicle powering. On the other
hand, they have drawbacks since they compete with the food crops
industry, reducing the availability of primary matter; besides, they
impact biodiversity, water, and soil and increase carbon emissions
due to a landfall change of use [16].

Second-generation biofuel production derives from non-food
crops like dedicated energy crops (perennial grasses, short-rotation
willows, and other lignocellulosic plants) and waste biomass
(agricultural, forestry, and urban solid waste). The second-
generation biofuel industry prefers biomass residues to dedicated
energy crops because they avoid landfall and water waste and reduce
onsite carbon emissions. The principal second-generation biofuels
are bioethanol and biodiesel, although recent developments include
bio-hydrogen, bio-methanol, bio-DMF, bio DME, and Fischer-
Tropsch biodiesel among alternative biofuels [16].The production
follows two ways: thermochemical and biochemical processes.
Thermochemical production includes liquefaction, gasification,
and pyrolysis to generate liquid fuels and synthetic gas (syngas).
Biochemical processes include anaerobic digestion and chemical
and biological conversion to obtain biodiesel and ethanol.
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Figure 1: Crude Oil Refining Process [1]
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Hydrogen is not a fuel but an energy vector because there is no
free hydrogen in nature; it appears linked to another element.
Therefore, hydrogen generation requires a transformation process
to free the hydrogen so we can use it in a fuel cell [17]. The two
methods to produce free hydrogen are reforming and electrolysis
[18, 19].

CH,(g)+H,0(v) = CO(g)+3H,(g)

In the SMR process, the methane reacts with water vapor at high
temperatures to produce carbon monoxide and hydrogen, as shown
in Equation 1. The chemical reaction requires the presence of a
catalyzer, currently nickel and heat supply [18].

CO(g)+H,0(v) > CO,(g)+H,(g)

The carbon dioxide is captured and stored to reduce carbon
emissions and environmental impact [20].

The electrolysis requires distilled water or brine [19]. In this
latter case (alkaline electrolysis), we use an alkaline solution
(KOH, NaOH, NaCl) at 60-80° C. The technique is simple and
cheap, has a long lifespan, and operates in large production plants.
Nevertheless, the current density is low, and the maintenance costs
are high. The efficiency is in the range of 43-69% [19]. The distilled
water electrolysis uses a polymeric proton exchange membrane
(PEM), currently Nafion, as an electrolyte. The water dissociation
requires noble metals like platinum or iridium and operates at 50-
80° C. The process may work at higher pressures than alkaline
electrolysis, up to 80 bars. The efficiency is similar to the alkaline
electrolysis, 40-69%, but the process is more expensive due to the
presence of noble metals. On the other hand, the current density is
higher, the process runs faster, and the elements do not suffer from
corrosion. However, the lifespan is shorter.

2.1 Electricity Generation

Electricity for powering vehicles is not a traditional fuel but an
energy source generated from fossil or green fuels like coal, gas,
oil, nuclear, hydropower, solar, or wind. Electricity generation in
coal power plants uses a combustion process to produce water
vapor to move a turbine linked to an electric generator [21]. In
gas power plants, the combustion process generates reheated
gas to rotate the turbine; the enthalpy excess is driven to a vapor
turbine to generate an extra electric current in a combined cycle

Steam Methane Reforming (SMR) uses methane as a primary
matter to generate free hydrogen in a process like shown in
Equation 1.

(M

The hydrogen passes through a chemical absorber, storing the gas
in a specific container. The carbon monoxide reacts with water
producing carbon dioxide and hydrogen (Equation 2).

2

power plant that increases global efficiency [22]. Nuclear power
plants operate in a similar way to coal power plants using nuclear
reactions instead of coal combustion to heat water and produce
water vapor. The great advantage of nuclear power plants is that
they do not emit carbon dioxide only water vapor [23]. Electricity
generation from renewable sources occur in solar thermal power
plants, photovoltaic arrays, wind farms, geothermal power
plants, or hydroelectric installations [24-28]. Solar thermal and
geothermal power plants operate on the same basis as coal, gas,
or nuclear, heating water to produce water vapor, which rotates
a turbine connected to the electric generator. Photovoltaic arrays
directly convert solar radiation into electricity using solar cells,
while wind farms use the wind kinetic energy to generate electric
current in a wind turbine. Finally, hydropower generation converts
gravitational into kinetic energy to rotate a turbine linked to an
electric generator to produce electricity.

2.2 Vehicle GHG Emissions

In this section, we develop a comparative analysis of GHG
emissions from various types of vehicles, internal combustion
engine (ICE) and electric in their different modalities, gasoline,
diesel, compressed natural gas (CNG), and liquefied petroleum gas
(LPG) for the internal combustion engines, and hybrid (HEV), plug-
in hybrid (PHEV), battery (BEV), and fuel cell (FCEV) electric
vehicles. We select cars of similar characteristics to develop a fair
and accurate GHG emissions analysis. Table 1 shows the vehicle
selection and its most relevant characteristics for the study.

Vehicle Fuel type Power (CV/KW) Consumption rate

Volkswagen Golf 1.5 TSI Gasoline 116/85 0.054 L/km
Audi A3 Sedan 30 TDI Diesel 116/85 0.054 L/km
Seat Ibiza 1.5 TSI CNG 115/84.3 0.033 kg/km
Citroén C-Elysée LPG 11584.3 0.064 L/km
Seat Leon 1.5 TSI HEV 115/84.3 0.055 L/km
DS 4 Hybrid Pallas PHEV 136/100 0.052 L/km
Fiat 500¢ BEV 118/86 169 Wh/km

Hyundai Nexo FCEV 136/100 0.0084 kg/km

Table 1: Vehicle Type and Characteristics
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Although battery and fuel cell electric vehicles do not produce GHG
emissions during driving, we include them in the analysis since
the electricity to charge the battery or to generate the hydrogen
proceeds from power plants that currently operate with fossil fuel,
emitting GHG to the atmosphere. Considering the carbon dioxide

emissions as the most relevant GHG, we focus the study on this
gas to evaluate carbon emissions to the environment. Retrieving
data from the literature on the CO2 emitted per unit of fuel used,
gasoline, diesel, CNG, or LPG, we determine the carbon emissions
rate for each selected vehicle (Table 2) [29].

Vehicle CO, emissions (kg/km)
Volkswagen Golf 1.5 TSI 0.127
Audi A3 Sedan 30 TDI 0.144
Seat Ibiza 1.5 TSI 0.091
Citroén C-Elysée 0.097
Seat Leon 1.5 TSI 0.129
DS 4 Hybrid Pallas 0.122
Fiat 500e 0
Hyundai Nexo 0

Table 2: Direct Carbon Dioxide Emissions Rate

The analysis of results in Table 2 shows that direct carbon dioxide
emissions from vehicles with similar engine power are close to
each other, with lower values, around 28%, for CNG and LPG
engines. The values shown in Table 2 depend on the driving mode
since the consumption rate equally depends on the driving mode;
therefore, we should expand the analysis to cover the most common

driving attitudes, conservative, moderate, and aggressive, also
known in the driving industry language as eco, normal and sport
mode. According to the literature, the conservative driving mode
consumes 30% less than the normal mode, while the aggressive
uses a 20 % more [30, 31]. Table 3 shows the carbon dioxide
corrected values for the three driving modes.

Vehicle engine type
Driving mode | Gasoline Diesel CNG LPG HEV (g) HEV (d) PHEV
Conservative | 0.098 0.111 0.070 0.075 0.099 0.112 0.094
Moderate 0.127 0.144 0.091 0.097 0.129 0.146 0.122
Aggressive 0.152 0.173 0.109 0.116 0.155 0.175 0.146

Table 3: Vehicle Carbon Dioxide Emissions for Different Driving Mode (Kg/Km)

We selected two types of hybrid electric vehicles: gasoline HEV
(g) and diesel HEV (d).

2.3 Electricity Generation Carbon Emissions

Since fossil fuel production derives from different oil refining and
distillation processes, we analyzed every fuel production path to
determine the carbon emissions due to the corresponding process.
The fractioned distillation consumes 392.16 kJ/kg of processed
oil, producing 0.5-3% of LPG, 13.5-26% of gasoline, and 21.5-
27.5% of diesel [32, 33]. For the calculation, we consider the
average value of the above ranges, 1.75% for LPG, 19.75% for
gasoline, and 24.50% for diesel. Considering that an oil barrel
equals 159 liters and retrieving the oil density, 814.5 kg/m3, the
barrel oil mass is 129.51 kg. On the other hand, the average carbon
emissions for electricity generation is 120 kg/MWh, equal to 0.033
kg/MJ [34-36]. The next step is determining the carbon emissions
associated with every fuel production; therefore, we analyze the
different fuels used in the automobile industry.

* Gasoline: The gasoline production process requires additional
steps other than fractioned distillation like the catalytic reforming,
which consumes 495.31 kJ/kg; therefore, to produce a liter of

gasoline, the process consumes 6.85 kl/kg and emits 0.226
kilograms of carbon dioxide [33].

e Diesel: Diesel production requires hydro-cracking as an
additional step to the fractioned distillation, adding 263.30 kJ/
kg [33]. Considering the diesel fraction from the crude oil, the
diesel production energy consumption is 5.06 kJ/kg, representing
a carbon dioxide emission of 0.167 kg per liter of diesel.

* LPG: The liquefied petroleum gas production requires a
recovering process that adds 69.56 kJ/kg to the fractioned
distillation, meaning an energy consumption of 3.56 kJ/kg, with
carbon dioxide emissions of 0.118 kg per kilogram of LPG.

* CNG: Because the natural gas precedence is variable, we
evaluate the environmental impact of the CNG depending on the
geographical extraction point and transportation distance. For
instance, in dealing with the European Union, three situations
arise natural gas produced inside the European Union, natural gas
extracted in the Middle East and carried from a distance of 4000
km, and natural gas from Siberia or the USA, transported for a
distance of 7000 km. The geographical distance is relevant since
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the ship transportation consumes energy. According to reports from the EU, the carbon emissions due to
compressed natural gas are (Table 4) [37].

Precedence CO, emissions (kg/MJ)
EU 0.0084

Middle East 0.0140

Siberia/USA 0.0217

Table 4: Carbon Emissions Due to Compressed Natural Gas

We notice that the carbon emissions increase with distance in  Applying the CNG heat power, 47.1 MJ/kg, we may convert the
a non-linear way; therefore, the longer the distance from the carbon emission data in Table 4 into carbon emission values per
extraction point, the higher the carbon emissions increase rate. CNG mass unit (Table 5) [38].

Precedence CO, emissions (kg/kg CNG)
EU 0.40

Middle East 0.66

Siberia/USA 1.02

Table 5: Carbon Dioxide Emissions Per Gnc Mass Unit

For a mix of 42.5% EU, 16% Middle East, and 41.5% Siberia/USA, the average CO2 emissions are 0.697 kg per kilogram of CNG [39].

Summarizing yields (Table 6):

Gasoline Diesel LPG CNG
0.226 0.167 0.118 0.697

Table 6: Carbon Dioxide Emissions, In Kg, Per Fuel Mass Unit

2.4 Global Carbon Emissions
Adding the carbon emissions due to the vehicle fuel consumption and electricity generation, we obtain:
* Gasoline: Gasoline production generates 0.23 kilograms of carbon dioxide emissions per mass unit or 0.17 kilograms per volume

unit [40]. Considering the gasoline vehicle average consumption rate of 0.054 L/km (Table 1), we obtain the carbon dioxide emissions
associated with the gasoline production per traveled distance unit:

Mo, = (0.054 ﬁj{o. 17%} - 0.009%’ 3)

Since the carbon dioxide emissions associated with driving are 0.127 kg/km in moderate driving mode (Table 3), the global carbon
dioxide emissions in a gasoline vehicle is 0.136 kg/km.

* Diesel: Repeating the process for the diesel engine and considering the carbon dioxide emissions because of diesel production per
volume unit, we obtain [41].

Mo, = (0.054 i][o. 14%) = 0.008% (4)

Retrieving the CO, emissions associated with driving in moderate driving mode (Table 3), global carbon dioxide emissions in a diesel
vehicle is 0.152 kg/km.

* LPG: Developing the same calculation for LPG engines, retrieving the carbon dioxide emissions because of LPG production, we have
[41].
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Mo, = (0.064 %)[om kfgj = 0.004% (5)

Using data for moderate driving mode (Table 3), the global carbon dioxide emissions in LPG engines is 0.101 kg/km.

* CNG: Applying the same calculation procedure for the CNG fuel:

Mep, = (0.033 i)(0.0ZS kfgj = 0.000916%g (6)

Now, retrieving data from Table 3 for the moderate driving mode, the global CO2 emissions in CNG engines is 0.092 kg/km.
1.6 Electric vehicles

* HEV
The hybrid electric vehicle (HEV) charges the battery from the internal combustion engine (ICE) through an electric generator; therefore,

it does not generate carbon dioxide emissions from the electricity supply. The global CO2 emissions rate is, thus, associated with driving,
which for a HEV is:

a) For gasoline HEV
ey, = 00552 0.17%8 | = 0.000 & (7)
: km L km
b) For diesel HEV
L kg kg
c) mg, =|0.055— | 0.14—= |=0.008 = 8
) =05 (o148 comst

Now, retrieving the carbon dioxide emissions associated with driving (Table 3), we obtain the global carbon dioxide emissions associated
with gasoline and diesel hybrid electric vehicles.

a) For gasoline HEV
kg

Mo, =0.009+O.127=0.136% 9)

b) For diesel HEV
k;
Mg, =0.008+0.144 =0.152 -5 (10)
’ km

* PHEV

Plug-in hybrid electric vehicle (PHEV) charges the battery from the grid; therefore, we should account for three contributions to carbon
dioxide emissions: direct emissions from driving and indirect emissions associated with gasoline or diesel production and electricity
generation.

Since the electricity consumption depends on the battery energy capacity, we select an average value of 21.5 kWh able to supply energy
for a 107.5 km driving range at an electricity consumption rate of 200 Wh/km [42, 43].

Mathematically:

Mg, =0.122+(0.17)(0.052) +(0.033)(0.2)(3.6) = 0.155% (11)
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We use a gasoline PHEV because it is the current configuration.

* BEV
For battery electric vehicles, considering an average electricity consumption rate of 200 Wh/km [43].

k;
my, =(0.033)(0.2)(3.6) = 0.024 -£ (12)
: km
* FCEV
Finally, for FCEV, the energy to decompose water for hydrogen generation depends on the developed technique, electrolysis, or

reforming. In the former case, the consumption rate is 50 kWh/kg, while the second is 2 kWh/m3 or 1.512 kWh/kg.

Electrolysis requires more energy to produce the same hydrogen amount but is carbon dioxide emission-free; nevertheless, reforming
needs less energy but emits carbon dioxide into the atmosphere.

Using equations 1 and 2, we notice that 4 moles of hydrogen production release 1 mole of carbon dioxide; therefore:

mH2
Mo, :Mcozncoz :Mcoz Y r (13)
H,

r is the ratio of CO, to H, mole production, in our case r=1/4.

For a hydrogen mass unit production of 1 kg, using the molecular mass of H, and CO,, 1 g/mole and 44 g/mole, we obtain:

11
——=1lkg (14)

me, =(0.044) 0.0014

Summarizing, if we use electrolysis for hydrogen generation, the associated carbon dioxide emissions to the electric current supply is:
kg
e, = (0.084)(50)(0.120) = 0.504 - > (15)
m

If we use the reforming technique:

Mo, =11+(0.084)(1.512)(0.120) =11.015 % (16)

We notice that reforming method produces an excessive carbon dioxide emissions compared to electrolysis, around 22 times higher.

Gasoline Diesel LPG CNG HEV (g) HEV (d) PHEV BEV FCEV (e) |FCEV (r)
0.136 0.152 0.101 0.092 0.136 0.152 0.155 0.024 0.504 11.015

Table 7: Global Carbon Dioxide Emissions by Vehicle Type (Kg/Km)

FCEV (e) and FCEV (r) account for fuel cell electric vehicle with hydrogen generation by electrolysis and reforming.

We observe that battery electric vehicles (BEVs) are the friendliest with the environment, showing a reduced carbon dioxide emissions
rate. However, the fuel cell electric vehicle using a reforming technique for hydrogen production is the most pollutant. FCEV, where
hydrogen generation proceeds from electrolysis, is also a pollutant system, with a carbon emissions rate 3.8 times higher than the
average of ICE cars and EVs.

An alternative to reduce the environmental impact of electric vehicles is to generate electricity or hydrogen in renewable power plants
like solar, wind, geothermal, hydro, or any other. In such a case, the carbon dioxide emissions are null; therefore, we should reformulate
Table 7, yielding (Table 8):
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Gasoline Diesel LPG CNG HEV (g)

HEV (d) |PHEV BEV FCEV (e) |FCEV (1)

0.136 0.152 0.101 0.092 0.136

0.152 0.131 0 0 11.015

Table 8: Global Carbon Dioxide Emissions by Vehicle Type (Kg/Km) With Electricity and Hydrogen Generated In Renewable

Power Plants

The carbon dioxide emissions in the FCEV (r) case remain unchanged because renewable power plants cannot support the reforming
process due to the high operating temperature and the lower efficiency.

If we order the vehicle type from lowest to highest carbon emissions rate, we obtain (Figure 2):
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Figure 2: Carbon Emission Rate by Vehicle Type. Electricity Generation: Left Side: Thermal Power Plants; Right Side:

Renewable Power Plants

3. Conclusions

The present study develops a deep analysis of the environmental
impact caused by powering car fuels, including the carbon emissions
due to driving and fuel production, either fossil or electricity, using
conventional thermal power plants or renewable energy sources.
The analysis of the carbon footprint for automobile powering
fuels shows that battery electric vehicles are the most respectful
of the environment, having a low carbon dioxide emission rate.
On the other hand, fuel cell electric vehicles powered by hydrogen
generated by the reforming process are the most pollutant system
because of the carbon dioxide generation during the reforming
process. Hybrid electric vehicles (HEV) and plug-in hybrid
electric vehicles (PHEV) show a similar carbon footprint to cars
powered by conventional fossil fuels like gasoline, diesel, LPG,
and CNG because of the dependence on fossil fuels for running
a high fraction of the driving range, and the carbon footprint
produced in thermal power plants for the electricity generation
required to charge the battery in PHEVs. This dependence
vanishes when generating electricity in renewable energy plants.
Fuel cell electric vehicles powered by hydrogen generated by
electrolysis are the second most pollutant systems due to the
associated carbon dioxide emissions in the thermal power plants
when generating the electricity required for hydrogen production
in the electrolyzer. This situation reduces to a null carbon footprint
if the electricity is generated by renewable energy systems. The
study represents an automobile industry's environmental impact
faithful analysis because it applies to similar engine power for
the different engine types, validating the obtained results with

high reliability. The study applies to any condition, world area, or
country development despite the system development for specific
driving conditions and world geographical area since the study
develops a comparative analysis between engine types, regardless
of driving mode or reference consumption rate; therefore, if any of
these two parameters change the results are identical with the only
difference of the scale factor in the obtained values.
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