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Abstract

The aviation sector has grown significantly in recent years. This growth has made aviation one of the
sectors responsible for the significant increase in pollutants emitted into the atmosphere in recent years.
In order to reduce pollutant emissions in this sector, alternatives that are viable from an environmental
and financial point of view have been sought. One of the alternatives explored in this work is the
use of biofuels based on biomass. The use of the biofuel produced using the HEFA process, based on
jatropha, has been shown to have less environmental impacts in relation to fossil fuel, more precisely
due to the less significant use of resources for its production. On the other hand, the use of biofuel has
shown concerns regarding human health, mainly due to the particulate matter emissions. Another field
explored in this work is the change in the propulsion system, where a design methodology based on
the conventional methodology was used to obtain hybrid-electric aircraft, since the electric propulsion
system is not yet viable for aviation, due to the reduced energy capacity of battery cells. Batteries and
fuels were subjected to life cycle assessment in order to quantify their emissions taking into account the
stages of production, use and end of life.

Keywords: biofuels, propulsion system, lithium-sulfur (Li-S) batteries, lithium-air (Li-O2) batteries,
life cycle assessment

1. Introduction

The commercial aviation sector is one of the sectors
that has grown the most over the years. In 2019 the
growth in the number of flights worldwide was 63 %
compared to 2004, and an average annual growth of
4.3 % is expected between the years 2019 and 2038
[1, 2]..

On the one hand, this explosive growth in the
aviation sector causes the economy to grow, but on
the other hand, public health and the well-being
of society are profoundly affected due to the in-
crease: (1) in noise near the airport; (2) of particu-
late matter emissions that can enter the airways; (3)
air pollution by toxic substances and emissions of
gases into the atmosphere, mainly greenhouse gases,
which would result in the warming of the planet. In
2009, international negotiations on climate change
were held in Copenhagen with the aim at finding so-
lutions to reduce the speed of global warming. The
goal is to keep the planet warming with growth be-
low 2 ◦ C, compared to the pre-industrial era, be-
cause if the warming is not stopped it will have
implications that include food and water shortages,
melting of polar caps of the north pole, changes
in climatic patterns and even extinction of some

species of animals among other catastrophic effects
[3, 4, 5, 6].

Climate change is caused by greenhouse gases,
the main one being carbon dioxide (CO2). Accord-
ing to the IPCC (Intergovernmental Panel of Cli-
mate Change), annual anthropogenic emissions of
greenhouse gases grew by around 81% in the period
from 1970 to 2010, with carbon dioxide represent-
ing around 77% of all man-made greenhouse gases
in the above range [7, 8].

What was found by the IPCC is directly reflected
in aviation, and during the flight path, among
the pollutants emitted, carbon dioxide stands out
again, with around 71% [9]. Efforts have been made
to reduce the use of energy sources that produce a
high amount of polluting gases into the atmosphere.
Some alternatives have been proposed and are be-
ing developed to reduce dependence on fossil fuel
for aviation. Among them are biofuels, fuel cells,
liquid hydrogen and electric propulsion. For this
work, biofuels and electric propulsion alternatives
will be studied.

The International Energy Agency (IEA) esti-
mates that in 2050 biofuels will account for 27% of
the fuel used in aviation compared to the 2% used
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in 2011 [10].
The use of electric propulsion is limited to the

specific low energy of the battery cells, but the
combination of electricity and fuels can guarantee
results that help to meet goals imposed by com-
petent entities such as NASA, to reduce noise by
55dB, 75% of NOx emissions and 70% in fuel con-
sumption in 2030 compared to 2006 [11].

2. Background
2.1. Biofuels
Biofuels are certified by ASTM (American Society
for Testing and Materials) according to two regu-
latory standards: ASTM D4054 (Standard practice
for evaluating new fuels for aviation turbines and
fuel additives) and ASTM D7566 (Standard spec-
ification for fuel aviation turbine containing syn-
thesized hydrocarbons) [12]. Biofuels can be pro-
duced from coal, natural gas and biomass, with
only the last raw material considered a renewable
source. Renewable sources have advantages over
non-renewable sources due to their sustainability,
increased local economy due to less dependence on
foreign oil, carbon recycling, in addition to envi-
ronmental benefits at the expense of using non-
renewable sources [13, 14].

The certification of biofuels does not depend on
the characteristics of the fuel itself, but on the pro-
duction process used. According to the Commer-
cial Aviation Alternatives Fuels Initiative (CAAFI)
there are 7 certified processes for the production
of biofuels [15]. Due to the difference in lubri-
cation and cetane number compared to fossil jet
fuel, biofuels must be mixed with conventional fuel
in order to solve the fuel ignition problem [16].
The processes certified by ASTM are the following:
Fischer-Tropsch Synthetic Paraffinic Kerosene (FT-
SPK), Hydroprocessed Fatty Acid Esters and Free
Fatty Acid Synthetic Paraffinic Kerosene (HEFA-
SPK), Hydroprocessing of Fermented Sugars - Syn-
thetic Iso-Paraffinic kerosene (HFS –SIP), Fischer-
Tropsch Synthetic Paraffinic Kerosene plus aromat-
ics (FT-SPK/A), Alcohol-to-Jet- Synthetic Paraf-
finic Kerosene (ATJ-SPK), Catalytic Hydrother-
molysis Synthesized Kerosene (CH-SK, or CHJ),
Hydroprocessed Hydrocarbons Esters and Fatty
Acids Synthetic Paraffinic Kerosene (HHC-SPK or
HC-HEFA-SPK).These processes maximum mixing
percentage and year of certification are listed in Ta-
ble 1.

In addition to these certified processes, there are
still others in the process of certification. Among
the certified processes, the one that currently dom-
inates the aviation biofuels market is the HEFA pro-
cess [12]. The HEFA process is less complex because
it uses the results of biosynthesis carried out by na-
ture, whereas for other processes, organic matter is
first destroyed and re-synthesized to meet the re-

Table 1: Certified processes for the production of
biofuels, data from: [12, 17, 18, 15, 18]

Process
certification

year
max %

of mixing
FT-SPK 2009 50

HEFA-SPK 2011 50
HFS–SIP 2014 10

FT-SPK/A 2015 50
ATJ-SPK 2016 50

CH-SK, or CHJ 2020 50
HHC-SPK or

HC-HEFA-SPK
2020 10

quired standard. The raw materials for fuel pro-
duction via HEFA can be found and grown with-
out spending a lot of resources. The hydropro-
cessing process can be included in oil refineries,
which gives it even more advantages, in addition
to having greater maturity and yield compared to
other processes [19]. The maturity classification of
some of the processes mentioned above was pre-
sented by Prussi et al [12] in two categories: Tech-
nology Readiness Level (TRL) and Fuel Readiness
Level (FRL), see Table 2. The maximum value of
TRL and FRL is 9, which has only been reached by
HEFA process.

Table 2: Maturity levels, [12]
Process TRL FRL
FT-SPK 6 − 8 6 − 7

HEFA-SPK 9 9
HFS–SIP 7 − 8 5 − 7

FT-SPK/A 6 − 8 6 − 7
ATJ-SPK 7 − 8 7

2.2. Propulsive System
The propulsive system is responsible for providing
the aircraft with the necessary force to overcome
aerodynamic drag. In conventional aircraft, this
force is obtained from to the combustion of fossil
fuel inside the engine. The conventional propul-
sive system has a very low conversion efficiency, in
the range between 24 to 50% [20], in addition to
emitting a large amount of pollutants into the at-
mosphere, contributing to climate change.

In addition to the conventional propulsion sys-
tem, there is also: (1) the fully electric propulsion
system, which only uses batteries as a source of en-
ergy to power the electric motor; (2) the hybrid-
electric propulsion system that uses fuel and bat-
teries as a source of energy to power; and (3) the
turbo-electric propulsion system that makes use of
the electric motor powered by electricity from a gen-
erator, but the power source is the same as the con-
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ventional configuration.
Due to the low specific energy density of current

batteries, the use of a fully-electric system would
be carried out at the expense of loss of perfor-
mance, namely in terms of range, speed and pay-
load. The application of the fully-electric system is
currently applied to VLAs (Very Light Aeroplanes)
with MTOW (Maximum Take-Off Weight) not ex-
ceeding 750 kg, and UAVs (Unmanned Aerial Vehi-
cles) [21].

In order to reduce the loss of performance and al-
low the applicability of electric propulsion in larger
aircraft, the hybrid electric propulsion system is
used, making use of electric motors with high effi-
ciency, and fuels with high specific energy densities.

The electrification problem, in addition to hav-
ing the specific low energy density barrier, still has
other problems that delay its acceptance in the mar-
ket, namely the fast discharge time, long charging
time and thermal instability [20].

The propulsion system applied to the aircraft
used in this work will be the hybrid-electric. The
hybrid-electric propulsion can be divided into three
architectures: (1) hybrid-series; (2) hybrid-parallel;
and (3) hybrid series-parallel which is a combina-
tion of the previous two. Figures 1 and 2 show how
the hybrid series and parallel hybrid architectures
are formed.

Figure 1: Hybrid serie arquitecture, [11]

The hybrid-series architecture for having the ICE
(Internal Combustion Engine) motor mechanically
decoupled from the electric motor, its rotation
speed is independent of the electric motor, which
implies a more simplified control of the ICE motor,
which can work at its ideal speed, saving fuel. Me-
chanical decoupling makes this architecture more
flexible than the parallel hybrid. However because
of mechanical decoupling, the potential of combin-
ing electric and ICEs is not taken advantage of. The

Figure 2: Hybrid parallel arquitecture, [11]

system is equipped with three energy conversions,
which makes the loss of efficiency greater. And by
adding three devices for generating propulsion, the
weight of the propulsive system is higher when com-
pared [22, 23].

The hybrid-parallel architecture provides a
propulsive system and consequently the aircraft
weighs less than the series architecture, as it has
only two propulsion generation devices. The par-
allel architecture, having fewer conversions, had
greater efficiency than the series. The mechani-
cal coupling between the engines allows the propul-
sive potential to be harnessed, without the need for
highly powerful engines. Mechanical coupling, in
turn, will require complex control between them so
that they can work at their optimal speeds [22, 24].

2.3. Batteries

The battery is an energy storage device, also known
as an electrochemical device, which converts elec-
trical energy into chemical energy during the charg-
ing process, and subsequently transforms the stored
chemical energy into electrical energy for final use.

Currently, the most important rechargeable bat-
teries are: lead acid, lithium ions, nickel metal
hydride (NiMH) and nickel-cadmium (NiCd) [25].
Their respective specific energies can be found in
Figure 3.

Among the batteries mentioned above, those that
are in a process of greater technological maturity
are lithium-ion batteries, having their application in
several sectors, mainly in the electronics industry.

On the one hand lithium is not toxic, it is light
and electropositive, but on the other hand it is
highly reactive, which makes it difficult to build
battery cells. The solution found was to use com-
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Figure 3: Specific energy of current batteries.
Brown: lead-acid, Green: nickel-based batteries, or-
ange: lithium-ion, [26]

pounds that are capable of donating lithium ions
[25].

The state of the art of today’s batteries allows for
electrification of the aviation sector to happen, but
only for small aircraft. For civil aviation, the state
of the art is still insufficient to meet the fundamen-
tal requirements for commercial aviation [11].

Advances in materials for the cathode, anode and
electrolyte can double the specific energy of lithium
ions, thus reaching, in 15 and 30 years, a specific
energy of at most between 400 and 450 Wh/kg, re-
spectively [27].

Solutions have been studied and tested in labora-
tories in order to develop batteries with an energy
capacity similar to fossil fuels, and that are econom-
ically and ecologically viable. Some examples of
these batteries in development are: lithium-air (Li-
air), lithium-metal, lithium in solid state, lithium-
sulfur (Li-S), sodium ions (Na-ion), Aluminum-air
(Al – air), magnesium-air (Mg – air), Zinc-air (Zn
– air), and flow batteries [28, 29].

2.3.1 Lithium-sulfur (Li-S) batteries

Sulfur has a high specific capacity, 1625 mAh/g,
which allows it to have a high theoretical specific
energy, ranging from 2000 to 2600 Wh/kg [29, 30].
Because of the additional weight of the battery com-
ponents, this theoretical energy is not achieved, and
only a small part of this theoretical value can be
used.

Sulfur for being a non-toxic chemical component,
because it exists in large quantities in nature and
has an affordable price, presents itself as one of the
battery technologies to be promising in the not too
distant future.

During the chemical reaction between lithium
and sulfur, in addition to the formation of Li2S,
substances such as Li2S8, Li2S6, Li2S4 are also
formed, which are soluble in most organic elec-
trolyte solutions. This phenomenon can lead to the
loss of sulfur from the electrode, which leads to a

loss of capacity after each cycle [30].
With the improvement of the battery compo-

nents, it is possible to achieve specific energies vary-
ing between 500 to 600 Wh/kg and 800 to 950
Wh/kg in 2030 and 2050, respectively [27].

2.3.2 Lithium-air batteries

Lithium-air batteries are also known as lithium-
oxygen batteries (Li-air / O2). It is one of the
batteries to be designed for the not too distant fu-
ture. The high capacity of the battery cells, 3861.3
mAh/g [31], allows it to have a specific theoretical
energy ranging from 3000 to 3500 Wh/kg [29, 32].

Currently the technology is limited by the num-
ber of life cycles, since the battery capacity de-
creases after 50 cycles of charge and discharge [31].

According to NASA if the development of (Li −
air/O2) cell technology happens as expected, fore-
casts for 10 and 25 years from now point to specific
energies ranging from 600 to 700 Wh/kg and 1200
to 1400 Wh/kg respectively [27].

Both Li-S and (Li−air/O2) batteries will be em-
ployed in this work to provide part of the energy
to be used in the hybrid-electric propulsive system,
with specific energies of 500 and 1200 Wh/kg re-
spectively for the 2030 and 2050 forecasts respec-
tively.

3. Implementation
3.1. Hybrid-eletric propulsive system
The hybrid electric propulsion system, which is a
different concept from the conventional one, is ob-
tained based on the conventional propulsion system.
From the conventional methodology, it is possible to
obtain some parameters that will serve as the basis
for the new concept. With the application of the
conventional propulsive system, it is possible to es-
timate the weight of the aircraft before take-off, and
through the design point, it is possible to determine
the power/thrust of the engine, and the wing area
of the aircraft. These parameters may not be the
same for the new conceptual design, but these val-
ues serve as a reference. For the case of this project,
the weight of the aircraft and its geometry will be
kept constant.

The methodology developed and applied in this
work is described in Figure 4, where Wto is the
weight of the aircraft before take-off, Wfuel is the
total weight of the fuel needed for the flight, Wbat

the weight of the batteries, AEW is the available
empty weight, REW is the required empty weight,
P and T the power and thrust of the engine re-
spectively, E and e the specific energy and energy
respectively, φ the degree of energy hybridization,
and R the range.

When the conventional methodology is applied,
values are obtained for some variables that are im-
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Figure 4: Methodology for the design of an aircraft

portant for the implementation of the new method-
ology, such as the cases of Wto and WAEW that re-
main constant in the new methodology. The weight
of the propulsion system is distributed between fuels
and batteries. The weight of the batteries is related
to the weight of the propulsion system (Wenergy),
taking into account the degree of energy hybridiza-
tion (φ) and the specific energies of the power gener-
ation sources. Knowing the weight of the batteries,
we automatically know the weight of the fuels, and
based on these two variables it is possible to deter-
mine the energy spent in each of the phases of the
flight, and consequently the power or the strength of
the engine. Based on the masses and energies spent
during the trip and the applied hybridization, the
aircraft’s range is determined.

3.2. Life Cycle assessment

Life cycle assessment (LCA) is a tool used to assess
the effects and environmental impact of a product
or service. This evaluation includes the phases that
go from the extraction of the raw material to the
end of the product or service’s life. The application

of this methodology is mainly governed by the ISO
14040 (2006) and ISO 14044 (2006) standards. Its
application aims at the development and improve-
ment of a product or service, strategic planning,
formulation of public policies, marketing and oth-
ers.

Life cycle assessment is divided into 4 phases [ISO
14040 (2006)]:

• definition of objective and scope;

• analysis of inventories;

• impact assessment;

• interpretation.

3.2.1 Goal and scope definition

The application of the life cycle assessment tool
aims to study environmental impacts and quantify
the emissions caused by the production and use of
batteries, biofuels, and fossil fuels.

The application will be made taking into account
the steps from the cradle to the grave, and also from
the cradle to the end of production (cradle to gate),
see Figure 5.

Figure 5: Definition of system boundaries for prod-
ucts. Based on [33].

For the sake of uniformity and standardization, in
order to facilitate the understanding of the results
obtained from the application of the LCA tool, the
functional units will be as follows: kg for mass and
kW.h for energy.
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Table 3: Some Midpoints and Endpoints from
Recipe

Midpoints Endpoints
Ozone depletion Hh
Particulate matter formation
Acidification Eq
Eutrophication
Depletion of metals and minerals R
Depletion of fossil fuel
Climate Change Hh, Eq
Water scarity Hh, Eq, R

3.2.2 Invetory Analysis

The inventory analysis phase is characterized by the
collection and calculation of relevant data regarding
the inputs and outputs of each stage, as well as the
entire life cycle.

In this phase, the energy and mass spent during
the processes are counted, as well as the emissions
emitted to air, water and land.

3.2.3 Impact category

This is characterized by the classification and char-
acterization of the environmental impacts caused by
the product or service. In this phase, the inputs and
outputs listed in the previous phase are distributed
and quantified by impact categories.

The application of LCA is made using suitable
methods for this. The main difference between
these methods is related to the impact categories.
Examples of some of these methods are: Eco-
indicator 99, EPS 2000, IMPACT 2002+, EDIP
2003, ReCiPe, ILCD 2011 Midpoint, Product Envi-
ronmental Footprint, among others.

The method to be applied in this dissertation for
the assessment of impacts will be ReCiPe.

ReCiPe is a method that covers the environmen-
tal impacts of the midpoint and endpoint levels.
Midpoint levels encompass all the impact categories
in detail, while the endpoint levels regroups the im-
pacts listed in the midpoint levels in 3 impact cate-
gories: Human health (Hh), Ecosystem quality (Eq)
and Resources (Rs). Examples of some categories
at midipoint and endpoint level can be seen in Table
3.

There are three scenarios or perspectives within
the ReCiPe method. The first is the individualistic
perspective, which is based on short-term interests,
approximately 20 years; the second is the hierar-
chical perspective based on scientific consensus, the
evaluation is made considering a period of approx-
imately 100 years, and finally the egalitarian per-
spective, the interest in the result is over the long
term, approximately 1000 years [34]. For the appli-

cation and obtaining of the emission results caused
by the processes that are part of a product’s useful
life, the hierarchical perspective will be used.

3.2.4 Interpretation

The interpretation phase is used to analyze the re-
sults obtained in the previous phase, taking into
account the initial objective, in order to reach con-
clusions and determine the limitations and recom-
mendations regarding the application of the study
tool, the life cycle assessment.

4. Results

The 4 chapter is divided into two parts of the in-
come statement.

The results demonstration of the first part is re-
lated to the application of the methodology to ob-
tain hybrid-electric aircraft.

The second has to do with the life cycle analysis of
the components that provide energy to the aircraft.

4.1. Hybrid-electric aircraft

Based on the results obtained from the application
of the conventional methodology, namely the max-
imum weight before take-off, the total mass of fu-
els during the route, and among others, the new
methodology was applied to design hybrid-electric
aircraft.

4.1.1 Cirrus SR22T hybrid-electric aircraft

Hybridization is a factor that is linked to loss of
performance in some of the parameters, and per-
formance gain in others. In the case of this air-
craft, hybridization was achieved at the expense of
reducing a passenger for both scenarios, 2030 and
205. This means that higher degrees of hybridiza-
tion can be achieved, and consequently a reduction
in greenhouse gas emissions ( See Figure 6, and 7).

Figure 6: Variation of GHG emissions in relation to
hybridization
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Figure 7: Variation of GHG emissions in relation to
hybridization

In order to have a better relationship between the
fuel saved, the range, and the number of passengers,
10 % and 25 % hybridization was chosen for the
years 2030 and 2050, respectively. This application
causes fuel reduction compared to the reference air-
craft to be 47 % and 55 % for the years 2030 and
2050, respectively.

4.1.2 A320neo hybrid-electric aircraft

The Airbus A320neo is a large, long-range aircraft.
Hybridization of this aircraft to an acceptable de-
gree is a difficult requirement to meet due to cur-
rent battery technologies and even those projected
30 years from now are still of low energy density to
meet the energy demand required for a large air-
craft.

The choice of the degree of hybridization to be
applied was made taking into account the losses in
the number of passengers, the range, and the fuel
savings. Figures 8 and 9, show the relationship be-
tween the variables in question, for the 2030 sce-
nario.

Figure 8: Range variation concerning the number
of passengers, taking hybridization into account

Figure 9: Variation of fuel-saving concerning the
number of passengers, taking hybridization into ac-
count

By analyzing the relationship between perfor-
mance, it was concluded that the best relationship
between the number of passengers, reach and fuel
savings are achieved with 5 % and 150 passengers
for the year 2030, and 10 % and 165 passengers for
the year 2050. This choice allows the fuel saved to
be in the proportion of 45 % and 47 % for the years
2030 and 2050, respectively.

4.2. Life Cycle assessment

The life cycle assessment was applied to batteries,
biofuel, and fossil fuel. They were subjected to
three analyzes, emphasizing comparisons with each
other in order to better study the ecological viabil-
ity of alternative systems that have been proposed
with the aim of reducing emissions caused by the
aviation sector.

The first analysis takes into account only fos-
sil fuel and biofuel in order to study which would
be the best option from an environmental point of
view.

The second analysis is done in order to study the
emission behavior of the battery cells. And finally,
the last analysis is a study of all components and
their quantification in terms of emissions.

The summary of emissions in proportions for the
2030 scenario year can be found in Table ref con-
clusion.

Table 4: Life cycle assessment. Proportional emis-
sions

A320neo - 2030
Bat 5093 kWh Q J

C-Ga (%) 0.73 62 37.27
C-Gr (%) 8.00 54.57 37.43

SR22T - 2030
Bat 74 kWh Q J

C-Ga (%) 1.53 61.45 37.02
C-Gr (%) 18.62 50.14 31.21
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Emissions from fossil fuel were more important,
mainly due to the impact category, resources, since
large amounts of resources are needed to be able to
extract fossil fuel from its habitat. On the other
hand, biofuels showed a higher proportion of emis-
sions in the human health category, mainly due to
the emissions of particulate materials being emit-
ted in more than double the proportion of biofuel
compared to fossil fuel.

5. Conclusions
The first part of the study showed that if battery
technologies evolve as expected, such that in 2030
and 2050 we have batteries with capacities identical
to the one used in this work, then civil aviation elec-
trification will be an alternative to be implemented
in the future not too far.

The results of the application of life cycle assess-
ment imply that batteries and biofuels generally
emit fewer pollutants than fossil fuel. But it must
be borne in mind that emissions from battery dis-
posal have not been accounted for and that there is
also a great need to adapt the propulsion system to
work with biofuels, in order to reduce particulate
matter emissions.
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