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Preface

Bio-aviation fuel (also known as biojet fuel, renewable jet fuel, or aviation biofuel
in some literature), a type of biofuel for the air transport sector, is recognized as a
short- to medium-term solution toward an overall reduction of the sector’s GHG
emissions. There are very few reports on biojet fuel production from different types
of substrates. The present biojet fuel scenario demands improved low-cost tech-
nologies that can pay dividends in the long run. In lieu of these needs and demands,
the present book seeks to explore the present status and future prospect of biojet fuel
production. This book is divided into 12 chapters. The first and second chapters
provide an overview of the aviation industry, feedstock, supply chain, and a basic
introduction to biojet fuel. The production of biojet fuel from various substrates is
compared in the third and fourth chapters. The fifth chapter discusses biojet fuel
characteristics. The production of biojet fuel using catalytic cracking and hydro-
deoxygenation is covered in the sixth and seventh chapters. The technoeconomic
evaluation of producing biojet fuel is covered in the eighth chapter. The sustainabil-
ity of biojet fuel and its many uses are covered in the ninth and tenth chapters. The
last two chapters cover the life cycle evaluation, prospects for the future, and current
state of biojet fuel production. Prominent scientists and researchers who have
worked significantly in this field and have been actively involved for a number of
years have contributed chapters to the book. We also thank the authors for their
remarkable work and for accepting our invitation to participate to the book.

The book will be useful for students and researchers in the areas of various
branches of life sciences like environmental biotechnology, bioprocess engineering,
renewable energy, chemical engineering, nanotechnology, biotechnology, microbi-
ology etc.

We are grateful to Springer Nature Publishing, especially Aishwarya Thyagarajan
and Rhea Dadra for their complete cooperation and assistance in the timely publish-
ing of this book. We would like to express our gratitude to the writers and the pub-
lication staff for their efforts for publishing this book.

Newai, Rajasthan, India Arindam Kuila
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Chapter 1
General Background and Introduction
of Biojet Fuel

Satyajit Saurabh

Abstract Biojet fuel, sometimes referred to as aviation biofuel, is a substitute fuel
produced mostly from plant-based renewable resources. It is made specifically to be
used in aviation, primarily in jet engines, as a replacement for conventional jet fuel.
In order to reduce greenhouse gas emissions and the aviation industry’s reliance on
fossil fuels, the idea of biojet fuel was developed. A variety of feedstocks, biomass,
and algae are being used to make biojet fuel. The carbon footprint of biojet fuel is
smaller than that of conventional jet fuel. In addition, biojet fuel has a higher energy
density, which could lead to superior fuel economy and longer flight distances. The
use of biojet fuel does not necessitate material modifications to aircraft engines
because it can be blended seamlessly with regular jet fuel. As a result, airlines can
use the fuel without experiencing any changes to their current infrastructure. In
order to move toward a more environmentally friendly and sustainable aviation sec-
tor, the aviation industry, as well as governments and environmental organizations,
continue to fund research, development, and implementation efforts to advance the
production and use of biojet fuel.

Keywords Biojet fuel - Aviation turbine fuel - Avtur - AVGAS - Aviation -
Feedstock - Lignocellulosic biomass - Algae - Pathways for biojet fuel production

1.1 Introduction

Global rise in fossil fuel prices and excessive greenhouse gas emission has drawn
the attention of researchers from the aviation sector and biofuel firms for the devel-
opment of alternative jet fuels, which must be environmentally sustainable and
commercially suitable (Doliente et al. 2020; Faaij and van Dijk 2012). Jet fuel is a
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form of aviation turbine fuel (ATF), also spelled as avtur, and is used in aircraft with
turbine or gas engines. Biofuel is one of the most promising choices for commer-
cially viable and sustainable fuel because of its renewable nature, reduced depen-
dence on fossil fuel, and minimal greenhouse gas emission (Kubickova and Kubicka
2010). It can offer a more long-term and short-term environment-friendly solution
to aviation sector than petroleum fuels. According to the International Air Transport
Association’s 2017 annual review, application of sustainable aviation fuel has the
capacity to cut down CO, emission by 80% during their life cycle. However, some
authors opined that they must possess characteristics like good thermostablility,
cold flow properties, low freezing point, and low carbon output across their life-
times (Mohammad et al. 2013 and Agusdinata et al. 2011). According to some
workers, biojet fuel offers better properties like low tailpipe emissions and sulfur
content, good cold flow property, and thermal stability, making them a suitable sub-
stitute for conventional fuel (Lokesh et al. 2015; Shankar and Khandelwal 2013;
Timko et al. 2010). Also, biojet fuel has an advantage over other alternative fuels in
that they are compatible with standard engine and fuel system and can be utilized
without modifying the engine (Mofijur et al. 2015). The cooperation between
national and international organizations, states, and nations can have an impact on
the promising future of alternative jet fuel. The International Air Transport
Association (IATA) anticipates that biojet fuel will contribute 30% of the jet fuel
industry by 2030. Alternative biofuels have a number of benefits over traditional jet
fuel, including lower costs and greater availability, in addition to having reduced
greenhouse gas emissions. Cost fluctuations are the key factor affecting fossil fuels
(Pandey 2011). A competent production process can lower the overall cost of fuel
even while low-cost renewable sources are employed to produce biojet fuel.

Still there are concerns like the crops employed as a source of biojet fuel produc-
tion should not affect food security, reforestation efforts, or environmental safety
(Baljet 2010). Use of nonfood crops and useless land for the production of biojet
fuel will be profitable and can support the supply chain process, particularly in
developing nations. Although technologies for producing liquid fuel from biomass
have advanced significantly, there is still much room for improvement (Tan et al.
2014; Elia et al. 2013; Jones et al. 2010). However, a trillion dollars would need to
be spent to upgrade all of the flying engines so that they can run on a new kind of
fuel, which is a major issue (Hileman and Stratton 2014).

1.2 Developments and Genesis of Biojet Fuel

Aviation simply cannot function without jet fuel as it is the sole power source for
aircraft engines and the key to efficient air travel. This fuel has been vital since the
earliest days of flight, especially after the introduction of jet engines in the 1930s.
The importance of specialized fuel cannot be overstated as the use of AVGAS was
initially attempted but quickly proved insufficient for the demands of jet engines.
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Avtur, also known as aviation turbine fuel, is a petroleum-based fuel that is pri-
marily utilized in aircraft turbine engines. This type of fuel is similar to AVGAS,
which is specifically designed for use in piston engines. The distinction is that avtur
serves to fuel aircraft powered by external combustion or turbine engines. Due to its
widespread use in houses and small enterprises, this fuel type is very well known.
Avtur is a type of aviation fuel designed for aircraft powered by gas turbine engines.
It appears colorless and ranges in size from 8 to 16 carbon atoms (Balogun et al.
2022). It has an initial and final boiling point of approximately 125 °C and 290 °C,
respectively, at atmospheric pressure.

A biojet fuel, also known as bio-aviation fuel (BAF) or avtur, is a type of fuel that
is derived from renewable biomass sources, such as plants and algae, over a small
period of time instead of fossil fuels like crude oil, which requires several years for
its formation. The development of biojet fuel is driven by the need to reduce green-
house gas emissions and reliance on finite fossil fuel resources in the aviation indus-
try. The concept of biojet fuel has been researched and developed for several
decades, but it gained significant attention in the early 2000s when concerns about
climate change and energy security started to grow. The aviation industry is a major
contributor to greenhouse gas emissions, and using biojet fuel could help reduce the
carbon footprint of aircraft and mitigate climate change impacts. According to the
International Air Transport Association (IATA), biojet fuel is a key element that can
help reduce carbon footprint within the environmental impact of aviation
(“Developing Sustainable Aviation Fuel (SAF)”). According to Bauen et al. 2009,
biofuels can cut down CO, emissions by 20-98% compared to conventional jet fuel
depending on the feedstock used. Biojet fuel is made from renewable resources such
as vegetable oils, algae, or agricultural waste (Fig. 1.1). It holds immense potential
in significantly reducing greenhouse gas emissions and dependence on fossil fuels.
It serves as a sustainable alternative to traditional jet fuels. The production of biojet
fuel involves converting biomass feedstocks into liquid hydrocarbon fuels that are
similar to conventional jet fuels. These feedstocks can include various plant oils
(such as soybean, camelina, and palm), animal fats, waste cooking oils, and algae.
The conversion processes can include techniques such as transesterification,
hydrotreating, and thermochemical processes like pyrolysis or gasification.

One of the primary advantages of biojet fuel is its potential to significantly reduce
greenhouse gas emissions. While conventional jet fuels are derived from fossil
fuels, biojet fuel is produced from renewable sources, which means that the carbon
dioxide emitted during combustion is part of the natural carbon cycle. Also, biojet
fuels have a lower sulfur content, reducing sulfur oxide emissions and the formation
of particulate matter. Other advantages of biojet fuel are the availability of theoreti-
cally abundant feedstock, less risk in long-term use in case of fuel spoilage, and
used as a “drop-in” alternative for existing engines (Bosch et al. 2017; de Jong et al.
2017). Biojet fuel also has the potential to enhance energy security by reducing
dependence on volatile oil markets and geopolitical tensions associated with oil-
producing regions. It can be produced domestically, diversifying the fuel sources for
the aviation industry and reducing vulnerability to supply disruptions (Malode
et al. 2021).
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Fig. 1.1 Different renewable resources and routes for biojet fuel production

However, there are some challenges associated with the widespread adoption of
biojet fuel. The production of biojet fuel requires a significant amount of land and
resources, which could compete with food production if energy crops are more
profitable or may contribute to deforestation and eutrophication from fertilizer use
if not managed properly. Also, there may be cases of spatial or temporal boundaries,
for example, feedstock may not be grown all year round or at all in some cases if
specific conditions are required (Bosch et al. 2017; de Jong et al. 2017). Additionally,
the cost of production is currently higher compared to conventional jet fuels,
although technological advancements and economies of scale are expected to lower
the cost in the future.

Overall, biojet fuel represents a promising alternative to conventional jet fuels,
offering potential environmental benefits and reducing reliance on fossil fuels in the
aviation industry. Continued research, development, and investment are necessary
to overcome the challenges and enable the large-scale production and deployment
of biojet fuel.

In commercial aviation, biojet fuels have already undergone successful testing.
The first biofuel-powered test flight was conducted in 2008, and commercial flights
were allowed to use blended fuels containing 50% biofuels in 2011. In 2009, IATA
pledged to achieve carbon-neutral growth by 2020, while cutting down carbon
emission to its one half by 2050 in a press statement titled “Carbon-Neutral Growth
By 2020.” Boeing claims that by 2015, 1% of the fuel used by airlines will come
from biofuels (Bloomberg, July 22, 2010). In December 2011, the FAA awarded
US$7.7 million to eight companies as part of its CAAFI and CLEEN projects for the
development of drop-in sustainable fuels, primarily from biomass, alcohols, sugars,
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and organic matter. In 2015, production of fatty acid methyl esters and alkenones
from Isochrysis, an alga, was being investigated as a potential feedstock for aviation
biofuel (Reddy and O’Neil 2015). Thomas Brueck of Munich TU predicted that by
2050 algaculture might meet 3—5% of the world’s demand for aviation fuel (Reuters
2016). International Airlines Group (IAG) is investing $400 million for developing
sustainable biojet fuel in the coming 20 years. It is collaborating with Velocys and
Lanzalet, two companies that provide sustainable aviation fuel, and is going to
operate Europe’s first domestic garbage-to-jet fuel plant in the United Kingdom in
2025. Additionally, it has made the historic commitment to power 10% of its firms’
flights with sustainable aviation fuel by 2030, making it the first European airline
group to do so. According to Boeing CEO Dave Calhoun, drop-in sustainable avia-
tion fuels are “the only answer between now and 2050 to cut down carbon emis-
sions (Norris 2021).

They have the benefit of being drop-in fuels, which enables their use without
requiring large adjustments to current infrastructure or aircraft. They are thus a
potential choice for the shift to more environmentally friendly flying. The use of
biojet fuels is being investigated and promoted by a number of airlines, including
British Airways and Virgin Australia, as well as industry players (Table 1.1).
Initiatives for sustainable aviation fuel (SAF) have picked up steam globally, with
goals set to raise the proportion of biojet fuels in aviation fuel mixes.

1.3 Feedstock Selection

Feedstock for biofuels production is renewable, biodegradable, sulfur-free, and
nontoxic. An important factor in choosing a feedstock is its availability. For culti-
vated feedstocks, their availability and potential yield are interrelated (Doliente
et al. 2020). There are different sources of biofuel that can be categorized into vari-
ous generations, viz., first, second, third, and fourth generations (Ullah et al. 2018).
Table 1.2 presents some examples of BAF production in each category (Doliente
et al. 2020; Alalwan et al. 2019; Staples et al. 2018; Rodl 2018; Roth et al. 2018;
Chiaramonti Horta and Nogueira 2017; Kandaramath Hari et al. 2015). Feedstock
for first-generation biofuel are starch-, sugar-, or oil-based edible food crops such as
sugarcane, maize, canola, sunflower. First, these biofuels appeared to have the
potential to reduce the use of conventional fossil fuels and greenhouse gas emis-
sions caused by their burning (Rodionova et al. 2017). But in reality it raised other
global issues like food scarcity and the need for arable land, along with greenhouse
gas emissions (Moodley 2021; Healey et al. 2015). Nonfood crops (jatropha and
camelina), lignocellulose biomasss, and other biowastes make up the second gen-
eration of feedstock for aviation biofuels (Aguilar et al. 2018; Andree et al. 2017).
These feedstocks have a high fatty acid content and can be hydroprocessed by ester-
ification and isomorphism to produce biofuels (Azad et al. 2014). Some industrial
co-products, such as crude tall oil from the paper industry, soapstocks, oil sedi-
ments, and acid oils from the edible oil refinery, can also be used as the feedstock to
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Table 1.1 Compilation of biojet fuel production and aviation market (Wang et al. 2016)

US or
international Airline companies/
Category | Pathways Companies agencies manufacturers
Alcohol- | Ethanol-to-jet Terrabon/MixAlco; | Defense Boeing, Virgin Atlantic
to-jet Lanza Tech/ Advanced
(ATJ) Swedish Biofuels: | Research
Coskata Projects
Agency, FAA
Butanol-to-jet Gevo; Byogy; US Navy/ Continental Airlines,
Albemarle/Cobalt; | NAWCWD, United Airlines
Solazyme AFRL, DLA,
USAF
Oil-to-jet | Hydroprocessed UOP; SG Biofuels; | US Navy, Boeing, Lufthansa,
(OT)) renewable jet (HRJ) | AltAir Fuels; USAF, Virgin Atlantic, Virgin
Agrisoma Netherland Air | Blue, GE Aviation, Air
Biosciences; Neste | Force, NASA, | New Zealand,
Oil; PetroChina; Dutch Military, | Rolls-Royce,
Sapphire Energy, EADs Continental, CFM,
Syntroleum/Tyson JAL, Airbus, KLM,
Food; PEMEX: Pratt & Whitney, Air
ASA China, TAM Airlines,
Jet Blue Airways, IAE,
United Airlines, Air
France, Finnair, Air
Mexico, Thomson
Airways, Porter
Airlines, Alaska
Airlines, Horizon Air,
Etihad Airways,
Romanian Air,
Bombardier
Catalytic Applied Research | FAA CLEEN, | Rolls-Royce, Pratt &
hydrothermolysis | Assoc., Aemetis/ NRC Canada, | Whitney
(CH) Chevron Lummus | AFRL
Global
Hydrotreated Kior/Hunt FAA N/A
depolymerized Refining/Petrotech
cellulosic jet Envergent, GTI,
(pyrolysis or Dynamotive
HDCJ)
Gas to jet | FT synthesis Syntroleum; US DOE, US | Qatar Airways, United
(GT)) SynFuels; Rentech; | DOD, USAF, Airlines, Airbus, British
Shell; Solena Ontario Airways
government
Gas fermentation Coskata; INEOS N/A Virgin Atlantic
Bio/Lanza Tech;
Swedish Biofuels

(continued)
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Table 1.1 (continued)

US or
international Airline companies/
Category | Pathways Companies agencies manufacturers
Sugar to | Catalytic upgrading | Virent/Shell, Virdia | AFRL, US N/A
jet (STJ) | of sugar to jet DOE
Direct sugar Amyris/Total, US Navy, FAA | Boeing; Embraer; Azul
biological to Solazyme, LS9 Airlines; GE; Trip
hydrocarbons Airlines

Table 1.2 Feedstocks for bio-aviation fuel production (Doliente et al. 2020; Alalwan et al. 2019;
Staples et al. 2018; Rodl 2018; Roth et al. 2018; Chiaramonti and Horta 2017; Suresh 2016;
Kandaramath Hari et al. 2015)

Third

First generation Second generation generation | Fourth generation

Oil-seed crops: Oil-seed energy crops: jatropha, | Algae: Genetically modified

camelina, oil palm, castor bean Microalgae | organisms

rapeseed, soybean,

sunflower,

salicornia Grass energy crops: switch Nonbiological

grass, miscanthus, Napier grass feedstocks: CO,,

renewable electricity,
water

Sugar and starchy Wood energy crops: poplar,

crops: corn, wheat, willow, eucalyptus

sugarcane, sugar beets

Agricultural and forestry
residues: corn stover, sugarcane
bagasse, wood harvesting/
processing residues

Food and municipal waste:
used cooking oil, animal fats,
biogenic fraction of municipal
solid waste

be hydrogenated into jet fuel (Cvetkovic et al. 2016; Zhu et al. 2016). However, the
need for expensive pretreatments and subsequent effluent treatment is a significant
barrier to second-generation biofuel (Moodley 2021). Microalgae are used to make
third-generation biofuels, which have gained a lot of attention due to their large-
scale production, process optimization for high yield, ability to absorb CO,, and
ease of refinement (Moodley 2021). Fourth-generation biofuels are intended to use
cyanobacteria that have been genetically modified to improve carbon dioxide cap-
ture (Sharma et al. 2020; Adeniyi et al. 2018). Fourth-generation biofuels are
intended to use nonbiological resources and microbes that have been genetically
modified to improve carbon dioxide capture (Sharma et al. 2020; Alalwan et al.
2019; Adeniyi et al. 2018). Genetically engineered organisms, most of which are
still in the early stages of study, have been artificially engineered with increased
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sugar and oil yield and negative carbon capabilities (Alalwan et al. 2019). Such
organism includes cyanobacteria, microalgae, yeast, and fungus. Despite the fact
that their potential for biofuel production is quite promising, further research is
required with respect to health and environmental concerns that these organisms
might cause, as well as on containment and/or mitigation techniques that can be
used when they are introduced into global supply chains (Abdullah et al. 2019).

Solar energy, CO2, water, and renewable power are examples of nonbiological
feedstocks. When industrial plant flue gases are used, they may end up being the
most ecologically friendly choice (Richter et al. 2018). In one method known as
power-to-liquid (PtL), water is split into hydrogen and oxygen using an electrolyzer
driven by renewable energy, and the hydrogen is then mixed with CO, and CO to
generate BAF (Schmidt et al. 2018). The short-term costs of PtL fuels are higher
than CJF, according to a recent techno-economic and environmental analysis by
Schmidt et al. (2018), which was mostly driven by the cost of renewable energy.
Another method is to split water and CO, using concentrated solar energy to create
syngas, which is then used as a precursor for the manufacture of BAF (Richter et al.
2018). They found two European programs, Sunfire and SOLAR-JET, that proved
the generation of jet fuel with CO,, water, and solar energy even if both pathways
are still in the early phases of study.

1.4 Conversion Technologies

The main technical approaches for biofuel production are represented by biochemi-
cal route and thermochemical pathway (Table 1.3). Enzymes and other microorgan-
isms are often utilized in the biochemical approach to manufacture biofuel. The
synthesis gas produced by pyrolysis or gasification technologies may be converted
into biofuel via the thermochemical approach (Sims et al. 2010). The Fischer—
Tropsch process, alcohol-to-jet, sugar-to-jet, and oil-to-jet are common examples
(Wang and Ling 2016). Meanwhile, other researchers are concentrating on the syn-
thesis of platform compounds generated from lignocellulose for the production of
jet fuel range hydrocarbons (Wang et al. 2015; Sacia et al. 2015; Xia et al. 2014).

1.4.1 Conversion Process of Oil Feedstock

Depending on the type of oil feedstock used, hydrogenated esters and fatty acids
(HEFA) and catalytic hydrothermolysis (CH) are two prevalent routes to convert oil
feedstock into jet fuel. Vegetable oil, discarded cooking oil, and animal fats are the
feedstocks for the former process, while oil plants or algal oils are the feedstocks for
the latter. HEFA is a technique that hydrotreats triglycerides, saturated and/or unsat-
urated fatty acids, vegetable oils, discarded cooking oils, and animal fats. Typically,
there are two steps in the procedure. First, unsaturated fatty acids and triglycerides
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Table 1.3 Key conversion and catalysts of different jet fuel production pathways (Wei et al. 2019)

Pathway Key conversion step Catalyst

Hydrogenated esters and Catalytic hydrogenation | Noble metals, transition metals Pt, Ni,

fatty acids (HEFA) Cracking and or other precious metals
isomerization

Catalytic hydrothermolysis | Catalytic Zinc acetate

(CH) hydrothermolysis Nickel
Decarboxylation/
hydrotreating

Hydroprocessed Hydrodeoxygenation MoC/C, Pd—-Mo

depolymerized cellulosic jet

(HDCJ)

Fischer-Tropsch (FT) FT process Fe, Co, Ni, and Ru

Lignin to jet Hydrodeoxygenation Transition metals, metal sulfides, metal
Hydrogenation phosphides, metal nitrides, carbides, and

metal oxides Ru/C

Aqueous phase reforming | Acid condensation Acid catalysts Ru/C

(APR) Hydrodeoxygenation

Alcohol-to-jet (ATJ) Ethanol dehydration Al,O;, transition metal oxides, zeolite
Isobutanol dehydration | catalyst, and heteropolyacid catalysts
Butanol dehydration Inorganic acids, metal oxides, zeolites,

acidic resins

Zeolite, zircornia, solid acid catalysts,
HPW (H;PW ,0,), and mesoporous
silica group

are initially converted into saturated fatty acids by catalytic hydrogenation; through-
out the process, the triglycerides undergo a -hydrogen elimination reaction to gener-
ate a fatty acid. The saturated fatty acid is hydro-deoxygenated and decarboxylated
to produce C15-CI18 straight-chain alkanes. The deoxygenated straight-chain
alkanes are then further selectively hydrocracked and deep isomerized to produce
highly branched alkanes mixed liquid fuels. This is the second phase. As high-
energy biofuels, the biojet fuels made by HEFA can be used in aircraft engines
without mixing; this fuel has a high cetane number, good cold flow characteristics,
great thermal stability, and low tailpipe emissions despite having a low aromatic
content. CH, also known as hydrothermal liquefaction (HTL), is a different method
for turning algae or oil plants into jet fuel. The conversion occurs in the presence of
water at low pressures of 5-30 MPa and temperatures ranging from 250 to
380 °C. The moderate reaction conditions allow the method to use wet feedstock
and have high-energy efficiency.
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1.4.2 Conversion Process of Sugar Feedstock

Instead of first being converted into an ethanol intermediate, sugars can be fer-
mented anaerobically to produce alkane-type fuels. This process is known as direct
sugar to hydrocarbons (DSHC) or direct fermentation of sugar to jet (DF STJ). It
can also be converted into jet fuel via a thermochemical process called aqueous
phase reforming (APR), in addition to the biochemical approach.

1.4.3 Conversion Process of Alcohol Feedstock

Dehydration, oligomerization, hydroprocessing, and distillation are some of the
reactions that can be utilized to convert alcohol into biofuels (Chiaramonti et al.
2014). To convert biomass into jet fuel, commercial manufacturing always uses
ethanol, butanol, and isobutanol as the intermediary. There are several different
ways to create jet fuel based on alcohols. Alcohols can be produced directly from
sugars via yeast or microbial fermentation. Alcohols should be produced by fer-
menting starches after acidic or enzyme hydrolysis releases sugars. The conversion
process for lignocellulosic feedstocks is more involved and may involve fermenta-
tion after hydrolysis, thermochemical conversion, or gasification after fermentation
(Kennes et al. 2016). According to several studies, sugar can directly catalyze the
conversion of alcohol (Carter 2017).

1.4.4 Conversion Process of Lignocellulosic Biomass

Lignocellulosic biomass constitutes lignin, cellulose, and hemicellulose. It has
advantages over food supply technology in that it is less expensive, more readily
available, and does not compete with food supply (Isikgor and Becer 2015;
Somerville et al. 2010). Multiple processes, including Fischer—Tropsch process, lig-
nin to jet, and hydroprocessed depolymerized cellulosic jet (HDCJ), can turn ligno-
cellulose feedstock into fuel.

1.5 Limitations and Future Prospects

Although there is an overwhelming need for alternative biojet fuel, there are still a
number of obstacles (Rekoske 2010). Environmental effects are one of the main
drawbacks of producing biojet fuel. Major issues with the commercialization of
alternative jet fuels include the price difference between conventional and biojet
fuels, sustainability, and financial issues (Chiaramonti and Horta 2017; Nair and
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Paulose 2014). One of the major challenges of biojet fuel production is its impact on
the environment. Anthropogenic CO, emissions from the aviation industry were
estimated to be 2.5% in 2005 and are projected to increase to 4—4.7% by 2050 (Lee
et al. 2010). Additionally, as the demand for biojet fuels rises, the pattern of agricul-
tural land usage will change from growing food to fuel crops, resulting in a shortage
of food. Flexibility in terms of feedstock and process cost-effectiveness is another
issue (Toro 2010). The development of feedstock should use the least amount of
land, water, and nutrients, and the manufacturing method should be competent, con-
sistent, and highly effective. This will inevitably result in the widespread develop-
ment and use of sustainable alternative fuel (ICAO 2013). The production process
must be seamless, expert, and extremely effective. For instance, process optimiza-
tion, cost containment, property characterization, and certification are required for
the production of biojet fuel from an algal source (Carlson and Lee 2010). Albrecht
and Hallen (2011) claimed that the selection, production, and lipid extraction of
beneficial algae species is a perplexing process.

The cost difference between conventional and biojet fuels is the following restric-
tion, which is a significant barrier to the commercialization of alternative jet fuels
(Nair and Paulose 2014). Factors contributing to the increased cost of biojet fuels
include feedstock price, equipment and operating costs, conversion efficiency, and
selling prices for distillate fuels and by-products (Bond et al. 2014). Reduced mar-
ket prices are the only option to improve the biojet fuel market. This necessitates
funding from the government and investments in research and development with an
emphasis on feedstock productivity, inexpensive catalyst, equipment distribution
and selection, ideal reaction conditions, factory scale, co-product recovery, and
other factors (Jong et al. 2015). Airlines may be given incentives or compensation
programs in exchange for acquiring biofuel and luring investors (ICAO 2013).

Given the aforementioned constraints, HEFA and Fischer—Tropsch synthesis are
thought to be the most promising methods for the manufacture of biojet fuels in the
future (Wei 2019). These technologies have a variety of feedstock resources, are
technically advanced, emit less CO,, and have reasonable purchase prices. Before
the two technologies may be used for large-scale production, further work needs to
be done. Additionally, there are numerous opportunities for the development of bio-
jet fuels in the future, along with the cost reduction in emerging new technologies.

1.6 Conclusion

Production of jet fuel from renewable bioresources offers the aviation industry a
possible means of reducing its dependence on fossil fuels and achieving its carbon
emission reduction goals. There are many different feedstocks used in the produc-
tion of biojet fuel, and different production processes call for different feedstocks.
The main obstacles for commercialization of biojet fuel are the availability of feed-
stock, sustainability of process, and financial assistance. In order to compete with
conventional jet fuels, efforts should be made to lower the market price for biojet



12 S. Saurabh

fuels. These efforts should include scientific advancement and regulatory assistance
while maintaining environmental sustainability. Future use of the abundant biomass
feedstock has the potential to significantly reduce GHG emissions in light of the
widespread use of biojet fuels.
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Chapter 2
Overview of Aviation Sector, Feedstock,
and Supply Chain

Ankita Kumari, Depak Kumar, Priyanka Sati, Sudesh Kumar,
Ashok Kumar Yadav, and Ajay Singh Verma

Abstract A refinery processes crude oils to manufacture a broad range of useful
products, such as jet fuel, gasoline, petrochemicals, diesel, and asphalt constituents.
In addition to being manufactured via hydro methods, kerosene can also be pro-
duced as a direct run product, particularly from heavier crude oil feedstocks.
Hydrocarbon fuels like kerosene jet fuel are virtually exclusively made of carbon
and hydrogen atoms. Aromatic compounds, cycloparaffins (naphthenes), and paraf-
fins (iso and normal) make up the majority of the hydrocarbon composition. The
ratios of these hydrocarbon components will vary in aviation jet fuel made from
various feedstocks and processing methods. The burning of aviation turbine fuel has
been linked to “global warming,” which is why “biojet” has been suggested as a way
to blend fuel to lessen carbon emissions. The maximum percentage of biojet to
conventional jet fuel blend permitted by the standard is 50%. While bioethanol and
biobutanol, which have been shown to be effective as automotive fuels, were deter-
mined to be inappropriate for use in aircraft because they did not meet ASTM
D7566-09 requirements. Many technological solutions have surfaced as a result of
extensive global R&D activities. These systems generated renewable hydrocarbon
fraction as drop-in fuel known as “biojet” using feedstock like animal fat, leftover
agricultural products, municipal solid waste (MSW), waste cooking oil, plant seed
oil, and waste cooking oil. Reduced carbon emissions in aviation fuel are the main
advantage of using feedstock made from plants or agricultural waste in place of
crude oil. To ensure that biojet is a sustainable, affordable, and environmentally
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friendly aviation fuel, a number of obstacles have to be overcome in order to meet
the strict requirements of aviation fuel.

Keywords Jatropha oil - Aviation turbine fuel (ATF) - DSHC - Biojet -
HEFA ASTM

2.1 Introduction

Our society has changed for the better because of air travel, which has improved
community relations, fueled trade, and made it possible for things that were unavail-
able to earlier generations to be exchanged. Even though air travel makes the globe
smaller and better, the energy necessary for flying comes at a significant cost. Highly
specialized jet fuel (Jet-A-1), produced from crude oil, is used extensively in air
transportation for people, cargo, and the military. The aviation industry has a signifi-
cant need for 200 million tons of jet fuel annually due to the 5% annual increase in
flight traffic worldwide (Davidson et al. 2014). Air carriers are a hazard to high-
altitude propagation since they consume a lot of traditional fossil fuel (Jet-A), which
is responsible for 2% of all greenhouse gas emissions from the transportation indus-
try. To mitigate the effects of “global warming,” certain nations have suggested
levying a “carbon tax” on airlines that utilize aviation fuel derived from fossil fuels,
such as Jet A-1. The following objectives have been committed to by International
Air Transport Association (IATA) members:

* Increase fuel efficiency by 1.5% annually for the next 10 years
e Attain growth that is carbon-neutral for the aviation industry as a whole
e Achieve a 50% net reduction in CO, emissions by 2050

2.1.1 Aviation Industry Growth

India has one of the highest fuel prices and taxes in the world, if not the highest
overall, which negatively impacts the bottom line of smaller airlines. Over the last
5 years, India’s civil aviation sector has seen a 20% rise in both domestic and inter-
national air travel. Nitrogen oxides (NOX), carbon dioxide (CO,), water vapor
(H,0), and particulate matter (PM) are the primary greenhouse gas (GHG) emis-
sions from aviation during flight, and they all contribute to global air pollution
(Martin et al. 2003). In order to replace fossil fuel-based Jet A-1 fuel, the aviation
sector urgently needs green fuel. Second-generation biofuels could be a competitive
alternative to Jet A-1, which is based on fossil fuels, and helps partially meet the
demand for aviation fuel. This would help reduce the environmental impact of water
vapor (H,0), nitrogen oxides (NOX), particulate matter (PM), and net carbon diox-
ide (CO,) (Ozaydin et al. 2013).

The present refueling infrastructure may be used to partially mix these fuels with
aviation gasoline, enabling the creation of a straightforward global supply chain
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system. Nevertheless, compared to other modes of transportation like cars, the use
of biofuels in aviation is fraught with difficulties. One of the most difficult issues of
using biofuels is in autos (Adhikari 2018).

The main prerequisites for environmentally friendly alternative jet fuels are as
follows:

e It can be combined with regular jet fuel.

e Drop-in fuel is compatible with existing supply infrastructure and does not
require engine or aircraft change.

e I can meet the same standards as traditional jet fuel, especially those pertaining
to temperature resistance.

e Itrequires a lot of energy (minimum 42.8 MJ/kg).

e It can meet environmental criteria such as lowering freshwater requirements,
minimizing lifecycle carbon emissions, without affecting food production, and
preventing deforestation.

The current aircraft industry’s strict requirements for aviation fuel must undoubt-
edly be met by any alternative fuel.

2.1.2 Biofuels That Are Sustainable for Aviation

The two most sustainable biofuels currently being produced for use in cars for sur-
face transportation are bioethanol and biodiesel. While traditional automobiles in
the EU, the United States, and India use a mixture of 5-10% (E5-E10) bioethanol
in gasoline, Flexi cars in Brazil utilize an 85% bioethanol mixture in gasoline (E85)
(Sinha et al. 2013). Table 2.1 shows compliance with aviation fuel specifications
(Jet A-1). Diesel vehicles that use 20% biodiesel in place of petroleum diesel (By)
perform well all around the world. Nonedible oils derived from plant seeds and
lignocellulosic biomass are the most sustainable feedstocks for large-scale bioetha-
nol and biodiesel production, respectively.

These two biofuels have a significantly lower carbon footprint than gasoline and
diesel, according to their life cycle analysis (LCA) (Tirado et al. 2021). Consequently,
the most environmentally friendly biofuels for cars are now bioethanol and bio-
diesel. The limitations of employing bioethanol and biodiesel as aviation biofuels
are shown in Table 2.2.

Although biodiesel and bioethanol are utilized with great success in road trans-
port vehicles, their intrinsic qualities have limited their usage as sustainable aviation
fuel. The best solution is an alternative fuel that satisfies all necessary fuel criteria,
ideally derived from renewable sources. As a result, the primary requirements for
aviation biofuel, also known as biojet, are synthetic fuels that meet the fundamental
requirements of aviation turbine fuel (ATF), whether they are hydrocarbon or non-
hydrocarbon kinds and have “drop-in” qualities (Zhu et al. 2014). These biofuels
have no net carbon footprint and need less capital for supply chain infrastructure
management and refining operations.
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Table 2.1 Compliance with aviation fuel specifications (Jet A-1)

Energy density

44 Ml/kg

Cold flow properties, pour
point ° C

<44

Fuel composition

Proper ratio of n-alkanes, iso-alkanes, cyclo-alkanes, and
aromatics (25 vol.%)
Selective hydrocarbons

Viscosity at-20° C Cst max 8.0

Density at 15 °C 0.779-0.840

Smoke pt.mm min 19

Kinematic viscosity at 40 °C 1.2

Compatibility issues Additives and materials used in jet engines
Existent gum 5.0-7.0

Extinction, ignition, and
flammability

Within limits

Table 2.2 Biodiesel and bioethanol specification limitations as aviation fuel

Bioethanol Biodiesel
Energy density, MJ/kg 0.80 1.9-6.0
Kinematic viscosity at 40 °C 26.4 37.27
Flash point 130 °C higher
Pour pt. °C Within limit 13-16
Impurities Glycerol, acids
Compatibility Corrosive with moisture Noncompatible

1. They concentrated on creating a method that effectively creates jet propellant 8§,
or JP-8, an alternative to petroleum-based military jet fuel from oil-rich crops
grown through aquaculture or agriculture. In the end, this method may provide
an inexpensive substitute for JP-8 made from petroleum.

2. Alternative fuels in airplanes have unique challenges (safety, logistics, tempera-
ture, etc.). The only options available to consider, considering the amount of
money invested in aviation, are drop-in fuels or fuels having kerosene-like quali-
ties that do not require major modifications to infrastructure or equipment

architecture.

2.1.3 Bio-Aviation Fuel

Bio-aviation fuel is a mixture of synthetic paraffinic kerosene (SPK) made from
biomass and jet fuel derived from petroleum. The manufacturing platforms, as well
as a brief process description, for these is SPK. Oil-to-jet production platform
hydroprocessed esters and fatty acids production method (HEFA) generates
HEFASPK by hydroprocessing deoxygenated oils and fats. Other oil-to-jet
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platforms include fast pyrolysis of cellulose and hydrothermal liquefaction of plant
or algal oil. These platforms are then followed by jet fuel upgrading (Abdullah et al.
2019). The gas-to-jet platform converts biomass into syngas through the Fischer—
Tropsch production pathway (FT), which is then hydroprocessed to create
FTSPK. Alcohols are created by fermenting the fermentable sugars that are pro-
duced after the biomass is hydrolyzed (Behrendt et al. 2018). The process of con-
verting fermentable sugars from biomass into farnesene through fermentation,
hydroprocessing, and fractionation is known as the “sugar-to-jet production plat-
form” or “direct sugar-to-hydrocarbon jet fuel synthesis” (DSCH). Aqueous-phase
reforming is followed by direct sugar to hydrocarbons and sugar catalytic reforming
as other sugar-to-jet platforms. Chemical or biochemical intermediates are another
option (Anderson et al. 2012). Additional potential advantages include job creation,
price stability, and energy security. The usage of bio-aviation fuel may lead to rural
development, which may include a rise in employment in production and agricul-
ture, as well as a higher productivity of marginal nonarable land. Deployment has
not got enough support despite its economic advantages. The production pathways
must receive investments in the form of subsidies and legislative support in order to
become economically competitive with the output of oil refineries (Campbell 2018).

2.2 Feedstocks for Biomass-Derived

2.2.1 Synthetic Paraffinic Kerosene

The four generations that feedstocks are divided into are the first, second, third, and
fourth generations. Table 2.3 shows feedstocks for bio-aviation fuel production
(Azwan et al. 2016). When choosing a feedstock, availability is an important factor
to take into account. There is a connection between the availability of cultivated
feedstocks and their potential yield. With a production of 19.2 t/ha/year, oil palm
was the most productive of these feedstocks. Since algae culture is mostly done at
the lab- to pilot scale, the potential output for microalgae for 3-G feedstocks has
been estimated to be substantially bigger at 91 t/ha/year; however, this number is
questionable (Couto et al. 2017).

2.2.2 Renewable Feedstocks

Nonetheless, developing sustainable biojet fuel necessitates a continuous, quantita-
tive, and qualitative supply of renewable feedstocks. To guarantee a consistent sup-
ply of fuel for international flights, such feedstocks must to be accessible on all
continents of the planet (Dominguez-Garcia et al. 2017). Commercial flights have
already used biojet fuels made from plant seed oils in modest amounts (Dziggielewski
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Table 2.3 Feedstocks for bio-aviation fuel production

Third
First generation Second generation generation | Fourth generation
Sugar and starchy crops: | Oil-seed energy crops: | Algae, Nonbiological feedstocks:
wheat, sugar beets, jatropha, castor bean | microalgae CO,, renewable electricity,
sugarcane, corn water
Oil-seed crops: oil palm, | Wood energy crops: Genetically modified
camelina, rapeseed, poplar, willow, organisms

eucalyptus

Grass energy crops:
Napier grass,
miscanthus

Food and municipal
waste

Forestry and
agricultural residues

et al. 2014). These flights, which were run by United, Lufthansa, JAL, and other
airlines, all combined Jet A with biofuel made from the nonedible evergreen shrub
Jatropha (Giudicianni et al. 2017). British Airways and Solena have partnered to
begin manufacturing a synthetic paraffin product made from agricultural and urban
waste (Fischer et al. 2018).

Three different kinds of raw materials could be used to produce carbon-free and
affordable biojet fuel:

(a) Lipids — camelina, rapeseed, karanjia, maize (corn), palm oil, jatropha, and
used cooking oil are all types of oils derived from seeds. Certain procedures
seek to employ both algal and animal fats.

(b) Wood, agricultural wastes, and forest residues are examples of lignocellulosic
biomass.

Energy crops include grasses and plants that grow quickly, such as giant reed,
bamboo, and miscanthus.

(c) Sugars

Malaysia, Indonesia, China, India, the United States, Brazil, and Argentina account
for a sizable portion of global plant oil production, rapeseed, palm, soybean,
and jatropha, serving as the primary feedstock oils (Gutiérrez-Antonio et al.
2013). Plant oils have the potential to be sustainably available worldwide, but
some nations, like India, have limited supply of some of them, especially edible
oils (He et al. 2017). Table 2.4 shows a summary of supply chain model for bio-
aviation fuel provision. Aquatic algae, which might be grown in offshore or
marine water, is another alternative source. Yeast lipids, for example, are being
researched as potential nonplant sources of microbial lipids. The future of bio-
jet generation from fats and oils, on the other hand, is about creating sustain-
ability in big quantities at a fair cost (Karmee 2017).
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Table 2.4 Summary of supply chain model for bio-aviation fuel provision
Feedstock Model Model capability Location
Forest residues A mixed-integer linear A framework for United
programming model for the | determining the best States
biomass-to-liquid supply operating network in the
chain at the national level supply chain.

Cellulosic feedstock | Model of a biomass scenario | A model of system United
dynamics for simulating the | States
complex incentive—
production interaction

Microalgae Life cycle assessment with | Evaluating the potential of | United

multiple actors integrated algal-based jet fuels to States
into a system dynamics reduce GHG emissions
model

Energy crops Biomass value chain model | A thorough and adaptable | United

(miscanthus, willow) | (BVCM) whole-system optimization | Kingdom

and waste biomass model

(waste wood)

Camelina, jatropha Planning an aviation biofuel | Lowering expenses and Mexico

supply chain strategically greenhouse gas emissions

Wood residues Total transportation cost Based on least-cost United

model (TTCM) analysis, the biorefinery States
depot was chosen

Rice husk, rice straw | A rice value chain Determine how to Philippines

multiobjective concurrently develop,

spatiotemporal mixed-integer | create, and manage

linear programming model | sustainable and successful
rice value chains

Waste biomass Integrated biomass scenario | An efficient feedstock and | United

model (BSM) fuel flow model combined | States
with geospatial capabilities

Oil crops, sugar crops | Techno-economic evaluation | Developing scenarios for Brazil

of biorefinery technologies

the combined synthesis of
biochemicals and bio-
aviation fuels

Producing high-yielding nonfood grade oil feedstocks in areas with extremely
wide production spaces, avoiding rivalry with (or displacement of) existing food
production, and having enough water and other inputs are the only clear answers to
these three key issues (Howe et al. 2015). Every year, India uses about 4.5 million
tons of biojet fuel (Klein et al. 2018). Table 2.5 shows oil output from various oil
plants per hectare (ha). Three million hectares of wasteland are available in India
that might be planted with pongamia or jatropha, which would produce about nine
million tons of oil annually, enough to produce biojets. Table 2.6 shows fuel proper-
ties and the role of fatty acid structure. Also, 70% of the world’s biomass supply is
produced by regions of tropical Asia and Africa.
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Table 2.5 Oil output from Plant Latin name Productivity(I/ha/year)

various oil plants per Coconut Cocos nucifera 2578

hectare (ha) — -
Castor bean | Ricinus communis 1354
Rapeseed Brassica napus 1140
Cotton Gossypium hirsutum | 308
Palm Elaeis guineensis 5698
Camelina Camelina sativa 500
Corn Zea mays 168
Jatropha Jatropha curcas 1812
Karanja Pongamia pinnata 1250

Table 2.6 Fuel properties and the role of fatty acid structure

Properties Short chain Long chain Saturated Unsaturated
Freezing point Favorable Unfavorable Unfavorable Favorable
Energy content Low High High Low

Flash point Desirable Undesirable Undesirable Favorable
Oxidation stability Acceptable Acceptable Better Unfavorable
Viscosity Favorable Unfavorable Unfavorable Favorable
NO, Increase Reduced Reduced Increase
Combustion Unfavorable Favorable Better Unfavorable

2.3 Technologies for Biojet Fuel Processing

2.3.1 Hydroprocessed Ester and Fatty Acids (HEFA)

A company’s renewable jet fuel process is an excellent illustration of cutting-edge
technological techniques that could be used in the manufacturing of aviation biofu-
els (Jacobson et al. 2016). Tallow, algal oils, and a range of refined natural oils and
fats, both edible and inedible, can all be converted using this procedure. Through the
use of a selective cracking stage, the carbon chain lengths of natural oil, which
range from C,4—Cg, are reduced to C;—Cy, for jet fuel in the renewable jet process
(Doliente et al. 2020). The aim of this novel technique is to achieve a 50-70% Bio-
SPK (bio-kerosene) yield (Molefe et al. 2019). The catalytic processes of deoxy-
genation, isomerization, and selective cracking of the hydrocarbons found in natural
fats and oils must be optimized in order to produce high-quality, ultralow sulfur jet
fuel that satisfies Jet A-1 specifications, such as a freeze point of —47 °C and a flash
point of 38 °C (Fig. 2.1). This innovative technique yields diesel and naphtha range
fuels as by-products (Newes et al. 2015).
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Fig. 2.1 Ecofining™ process scheme

The procedure can be changed to create the Bio-SPK at a particular freeze point
or it can be run in diesel mode instead. The Indian Institute of Petroleum Dehradun,
a part of CSIR, has developed another cutting-edge catalytic technique for produc-
ing biofuels for the aviation and transportation sectors by hydroprocessing nonedi-
ble vegetable oils like jatropha seed oil (Fontes and Freires 2018). A demonstration
facility processing 100 kg of jatropha oil per day successfully proved the process,
yielding 33—40% of biojet fuel and 99% conversion, with the remaining liquid prod-
ucts being used as diesel and gaseous fuel (Mohseni and Pishvaee 2016). The CSIR-
IIP fuel processing plan for transportation and aviation is shown in Fig. 2.2. A 40%
maximum yield and a superior conversion rate of 99% for biojet may be achieved
by using hierarchical mesoporous zeolites, silica—alumina, and mesoporous alu-
mina as selective catalysts for the hydroconversion of waste cooking oil, seed oil,
and algal oil (Pham et al. 2010). Table 2.7 shows a comparison of the characteristics
of the biojet generated by CSIR-IIP. Using oil with different FFA contents is one
advantage of the technique. A scheme for synthesized bio- kerosene production is
illustrated in Fig. 2.3 (Pirker et al. 2016).

2.3.2 Synthetic Bio-Kerosene Process

In order to create synthetic fuels like biojet fuel and biodiesel, the process is primar-
ily based on the concept of converting biomass into liquid (BtL), employing feed-
stocks including lignocellulosic biomass, wheat straw wood debris, and forest
leftovers. There are five steps in this process: (a) pretreatment of biomass, (b) gas-
ification or pyrolysis, (c) syn-gas purification, (d) Fischer—Tropsch (FT) synthesis,
and (e) hydroisomerization of FT-wax to biojet, naphtha, and biodiesel, depending
on needs. Sulfur and other contaminants are absent from the very high-quality kero-
sene fraction that is produced by the BtL process (Sannan et al. 2017).
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Table 2.7 Comparison of the characteristics of the biojet generated by CSIR-IIP

Property Units Limit Jet A-1 IIIP biojet
Viscosity (—20 °C) Mm?/S 8.00 3.72 3.45
Freezing pt. 0C Max.-47 -52.2 —63
Density kg/m? 775.84 793 780

Total aromatics Yo vIv Max.26.5 23 13

Smoke pt. mm 25.0 26 34
Specific energy Ml/kg 42.8 42.9 43.5
Sulfur % m/m 0.3% 0.2 0.009

2.3.3 Alcohol Oligomerization Process

Numerous businesses have announced the discovery of methods to turn alcohols
into jet fuel; however, the viability of these procedures depends on the source of the
alcohols. According to the American renewable chemicals and biofuels business
Gevo, fermentable sugars obtained from cellulosic biomass have been successfully
used to produce isobutanol, which is then transformed into paraffinic kerosene (jet
fuel) and isobutylene (Raje and Davis 1997). It is also claimed that Lanzatech, a
different business, produces alcohol from “clean” carbon monoxide-containing
industrial waste gases and uses oligomerization and hydrogenation to turn the alco-
hol into jet fuel as illustrated in Fig. 2.4.
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Fig. 2.4 Process plan for alcohol oligomerization to jet fuel (AJT)

2.3.4 Direct Sugar to Hydrocarbons (DSHC)

To complete conversion, a sophisticated fermentation technique is used in the pro-
cedure. This biological conversion, in contrast to “traditional” sugar-to-ethanol fer-
mentation, occurs under aerobic circumstances (Schmitt et al. 2019). Then, this
passes through one further conversion process, producing the saturated and hydro-
genated hydrocarbon farnesane. The authorized route was created through an alli-
ance between Amyris, an industrial bioscience business located in California, and
Total, a French petroleum distribution and refining corporation (Seber et al. 2014).
Most eukaryotes and higher bacteria include farnesene, a terpenoid olefin
(1,6,10-dodecatrienes, CsH,,), which is biochemically generated through the meva-
lonate or isoprenoid pathway (Samsatli and Samsatli 2019). It dissolves well in
alcohols but not in water. Pour point is =76 °C, boiling point is 250 °C, and density
is 0.83 (15 °C).
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Because farnesene and its isomers are non-hygroscopic, have very low pour
points, densities, and have flash points that meet aviation fuel criteria, they offer an
advantage over butanol and ethanol as biofuels.

2.3.4.1 Mevalonate Pathway

Actyl-CoA + Acetoacetyl-CoA 3-Hydroxy-3-methylglutaryl CoA (HMG-CoA)
Mavelonate Isopentyl-PP Geranyl-PP Farnasyl-PP Farnesene

The principal enzymes connected to the route of terpenoid biosynthesis include

(a) acetyl-CoA acetyltransferase, (b) 3-hydroxy-3-methylglutarylcoenzyme A
synthase, (c) HMG-CoA reductase, (d) mevalonate kinase, (e) phosphomevalonate
kinase, (f) mevalonate pyrophosphate decarboxylase, (g) isopentenyl diphosphate
(IPP) isomerase, (h) isoprene synthase, (i) farnesyl pyrophosphate (FPP) synthase,
and (j) a-farnesene synthase.

Both aerobic and anaerobic microorganisms use glycolysis to produce the 2 mol
of NADPH and the 3 mol of ATP needed for the process (Sinha et al. 2015). The
ability to overproduce terpenoids through microbial fermentation instead of plant-
based production has been made possible by recent advancements in synthetic biol-
ogy and metabolic engineering. This has produced a number of significant
discoveries, such as bulk chemicals and biofuels, as well as complicated natural
products like artemisinin and taxol precursors. A scheme for the direct conversion
of sugar to biojet is shown in Fig. 2.5.

2.3.5 Hydroprocessing Bio-Oil to Produce Biojet Fuel

The method is predicated on the hydrotreatment of bio-oil, which is made from
wood and lignocellulosic biomass by fast and catalytic pyrolysis. Table 2.8 shows
the status of development of the biojet fuel process. Co-processing heavy vacuum
petrol oil (HVGO) and bio-oil in an oil refinery’s hydrotreatment unit is an addi-
tional method of producing Jet-A1 fuel as shown in Fig. 2.6.

Direct
Feedstocks Fermentation Separation
Biomass ' by Genetically | & f Hydrotreatment
/Sugar Modified Purification |
- Yeast

!

Farnesane

Fig. 2.5 Scheme for direct conversion of sugar to biojet (farnesane)
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Table 2.8 Status of development of the biojet fuel process

Potential
Biojet fuel process | Certification Feedstock type Feedstock cost investment
Fischer—Tropsch Maximum mix of | Lignocellulosic Low Very large
(FT) 50% using Jet-Al | biomass and

woody
Alcohol Currently Starches, sugars Moderate but Medium
oligomerization to | undergoing ASTM limited in certain
jet fuel (ATJ) certification nations on fuel vs.
food
Hydrotreated Currently Starches, sugars Medium Very large
pyrolysis oil undergoing ASTM
certification
Direct sugar to Maximum 10% Sugars Medium Large
hydrocarbons blend with fossil
(DSHC) fuel jet
Hydro processed ASTM 2011 Plants oils High for edible Medium
plant seed oil maximum mix of oils, medium for
50% using Jet-A 1 supplies of
nonedible oils
Feedstocks | Catalytic
Biomass - Pretreatment Fast Hydrotreatment
/Sugar Pyrolysis
—

| !

Bio Char Bio jet Fuel

Fig. 2.6 Bio-oil hydrotreated to produce biojet fuel

A few large businesses, including BTG, Ensene, and UOP, are pushing the pro-
cess, which is still in the developmental stage, to be demonstrated in a demo plant.
Numerous chemicals, catalytic, and biocatalytic techniques have been demonstrated
to be effective in converting various renewable feedstocks, including biomass, plant
oilseeds, and sugars, into biojet fuel (Wang et al. 2021). However, in order to utilize
such “biojet fuel” in commercial aircraft, it must be certified by the ASTM and be
technologically and economically viable.
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2.4 Feedstock Storage and Transportation, as well
as Bio-Aviation Fuel

Planning and executing BAF provision present extra difficulties for the aviation sec-
tor due to the storage and supply chain mobility of intermediates, raw materials,
and/or completed goods (Vasquez et al. 2017). Long-distance fuel and feedstock
transportation dramatically raises supply chain expenses and greenhouse gas emis-
sions. Therefore, it is necessary to reduce the associated effects in order to make
BAF a more affordable and environmentally responsible substitute for CJF. The
supply chain is generally not significantly affected by feedstock storage (Tao et al.
2017). However, across the supply chain, energy-intensive facilities that require a
medium to long period to preserve and dry feedstocks may result in higher costs and
emissions. Fortunately, storage becomes less of a problem after the final BAF prod-
ucts leave the biorefinery since sophisticated technologies, such as carrier tanks
with particle settling and removal capabilities to preserve fuel, are already in place
to support them during transport. However, the related effects of storage must be
taken into account for its thorough planning, construction, and operation if they are
to be taken into account within a supply chain for BAF provision (Wei et al. 2019).

A number of models have been put out to optimize the placement of industrial
sites within BAF supply networks. The suggested models, however, only took the
supply networks’ transportation component into account. In order to account for the
storage required to fulfill short-term future demand, as well as the consequences of
biodiversity and the energy, food, water, and environment, supply chain models for
BAF need to be more detailed (Taylor et al. 2010). To guarantee that the outcomes
are trustworthy and pertinent, they should be conducted with as much recent data as
feasible.

2.5 Economic and Environmental Analyses

The most popular ways to transport feedstocks are by truck, rail, and ship; pipelines
are the least used method at the moment, but they could be important in the future.
According to a recent analysis of feedstock logistics, the impact of transportation
costs and distances on feedstock usage will lead to a rise in interest in multimodal
movement, or the combination of modes. The cost of transportation is made up of a
set cost and a variable cost that varies according to distance and is usually lower for
both rail and ship than for vehicle. Geographical variations, feedstock composition
and type, and transport capacities all affect how much transportation costs vary
between nations (Woytiuk et al. 2017). The high cost of transportation makes bio-
mass transport impractical for distances greater than 150-200 km. In a similar vein,
long-distance feedstock transportation can result in higher emissions over the course
of the life cycle.
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In a BAF supply chain, feedstock storage serves primarily to handle the temporal
unpredictability of demand, particularly in seasons of poor productivity (Trivedi
etal. 2015). The problem of storing lignocellulosic feedstocks without experiencing
large dry matter losses (DML) needs to be solved. The location and climate of stor-
age have an impact on the quality of the lignocellulosic feedstocks being held. There
are also reported costs for every storage infrastructure.

2.6 Issues Restricting the Use of Biojet Fuels Worldwide

Many obstacles prevent the widespread use of inexpensive biojet fuels, including
lack of regulatory incentives, manufacturing capacity, high production costs, com-
peting feedstock applications, technological restrictions, and the possibility of
waste and residues (Yan et al. 2018).

2.6.1 High Production Costs

Biojet fuel is now more expensive than petro Jet-A1 fuel because of the unpredict-
able and poor feedstock supply chain on the global market, including pogoma,
camellia, and jatropha oil. In general, the price of biojet fuel depends on (a) input
cost and composition of feedstock, (b) process technologies, (c) conversion effi-
ciency and product yield, (d) value-added coproducts, and (e) process energy effi-
ciency (Zhang et al. 2018a). It was found that between 50% and 70% of the cost of
biojet fuel is made up of feedstock and hydrogen (Zhang et al. 2018b). As a result,
the important determinant for cost reduction is a steady supply of prospective
feedstock.

2.6.2 Technology and Plant Capacity

Pilot or demonstration stages are reached by several biojet fuel processes. Some of
them still require technological development (Zhu et al. 2018). The utilization of
trash and residues as feedstock offers the most net greenhouse gas reduction when
compared to other alternative feedstocks; nevertheless, supply and its availability
chain strategy have not yet been recognized worldwide (Agusdinata and DeLaurentis
2015). High-capacity stand-alone production units require a large investment as
well as a high running cost. Biojet fuel might be used as a drop-in fuel in the avia-
tion sector in the near future. As a result, such plants should be built near a petro-
leum refinery or another biofuel facility (Agusdinata et al. 2011).
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2.6.3 Absence of Policy Motivation

To bring fuels closer to parity with fossil fuels, a number of countries have set up
incentives for mixing bioethanol and biodiesel with gasoline or diesel. On the other
hand, the aviation industry has not implemented any similar measures concerning
the utilization of biojet fuel (Bailis and Baka 2010). This circumstance may result
in global pricing and availability of discrepancies for feedstock and biojet fuel (Ball
et al. 2005).

2.7 Conclusion

Given that there will likely be a rise in demand for aviation services in the near
future, the challenge will be to meet this request while also adhering to global initia-
tives to reduce emissions (Eller et al. 2016). A crucial step in decarbonizing the
sector and separating it from the finite supply of fossil fuels is the use of alternate
jet fuel. This chapter has examined the possibilities for the bio-aviation fuel industry
by carefully examining the feedstocks, manufacturing methods, storage alterna-
tives, and modes of transportation (Elsoragaby et al. 2019). The following are the
main conclusions:

1. There are numerous feedstocks for the production of bio-aviation fuel that each
have their own advantages in terms of the economy and the environment. Short-
to medium-term inexpensive, high-yielding feedstocks with a high oil content
might be a good interim option. While waste sources with uncertainty and vari-
ability, such used cooking oil and municipal solid waste, may limit their applica-
tion, land-based crops with adverse environmental effects, like jatropha and oil
palm, may also do the same.

2. There are production paths, but they are not all equally prepared. Due to its
established nature, HEFA presents a potential solution for the quick and afford-
able usage of bio-aviation fuel. It is crucial to look at other production tech-
niques more, especially FT, which has higher capital expenditures than other
approaches but is closer to commercial maturity and produces superior green-
house gas reductions.

3. Either centralized or dispersed, the transportation structure of refined petroleum
products and biomass feedstock needs to be carefully designed to produce effi-
cient supply chains. It has been found that using a variety of transportation
modes throughout the chain can lower GHG emissions and transportation costs
when traveling long distances.

4. Supply chains for biofuels may be planned and designed with the use of optimi-
zation models, which are helpful tools for decision-making. Decisions made in
the supply chain are influenced by temporal and spatial factors.

5. These regulations must be simplified for every link in the supply chain in order
to coordinate their growth and expansion and meet environmental and socioeco-
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nomic sustainability goals. Since the aviation industry is international, certain
regulations must be harmonized worldwide while also providing sufficient flex-
ibility to meet the diverse national goals of different countries.

Acknowledgment It is my proud privilege and special appreciation toward the Department of
Chemistry, Vigyan Mandir, Banasthali Vidyapith, Rajasthan.

References

Abdullah B, Muhammad SAFAS, Shokravi Z, Ismail S, Kassim KA, Mahmood AN, Aziz MMA
(2019) Fourth generation biofuel: a review on risks and mitigation strategies. Renew Sust
Energ Rev 107:37-50

Adhikari DK (2018) Bio-jet fuel. In: Biorefining of biomass to biofuels: opportunities and percep-
tion. Springer, pp 187-201

Agusdinata DB, DeLaurentis D (2015) Multi-actor life-cycle assessment of algal biofuels for the
US airline industry. In: Algal biorefineries: volume 2: products and refinery design. Springer,
pp 537-551

Agusdinata DB, Zhao F, Ileleji K, DeLaurentis D (2011) Life cycle assessment of potential biojet
fuel production in the United States. Environ Sci Technol 45(21):9133-9143

Anderson S, Cooper J, Gudde N, Howes J (2012) Aviation renewable fuels: technical status and
challenges for commercialisation. Aeronaut J 116(1185):1103-1122

Azwan MB, Norasikin AL, Abd Rahim S, Norman K, Salmah J (2016) Analysis of energy utilisa-
tion in Malaysian oil palm mechanisation operation. J Oil Palm Res 28(4):485-495

Bailis RE, Baka JE (2010) Greenhouse gas emissions and land use change from Jatropha curcas-
based jet fuel in Brazil. Environ Sci Technol 44(22):8684-8691

Ball J, Carle J, Del Lungo A (2005) Contribution of poplars and willows to sustainable forestry and
rural development. Unasylva 56(2):3

Behrendt D, Schreiber C, Pfaft C, Miiller A, Grobbelaar J, Nedbal L (2018) Algae as a potential
source of biokerosene and diesel-opportunities and challenges. In: Kaltschmitt M, Neuling U
(eds) Biokerosene: status and prospects. Springer, Berlin/Heidelberg, pp 303-324

Campbell M (2018) Camelina—an alternative oil crop. In: Biokerosene: status and prospects.
Springer, Berlin, pp 259-275

Couto ND, Silva VB, Monteiro E, Rouboa A, Brito P (2017) An experimental and numerical study
on the Miscanthus gasification by using a pilot scale gasifier. Renew Energy 109:248-261

Davidson C, Newes E, Schwab A, Vimmerstedt L (2014) Overview of aviation fuel markets for
biofuels stakeholders

Doliente SS, Narayan A, Tapia JFD, Samsatli NJ, Zhao Y, Samsatli S (2020) Bio-aviation fuel: a
comprehensive review and analysis of the supply chain components. Front Energy Res 8:110

Dominguez-Garcia S, Gutiérrez-Antonio C, De Lira-Flores JA, Ponce-Ortega JM, El-Halwagi
MM (2017) Strategic planning for the supply chain of aviation biofuel with consideration of
hydrogen production. Ind Eng Chem Res 56(46):13812-13830

Dziggielewski W, Gawron W, Kazmierczak U, Kulczycki A (2014) Butanol/biobutanol as a com-
ponent of an aviation and diesel fuel. J Kones 21

Eller Z, Varga Z, Hancsok J (2016) Advanced production process of jet fuel components from
technical grade coconut oil with special hydrocracking. Fuel 182:713-720

Elsoragaby S, Yahya A, Mahadi MR, Nawi NM, Mairghany M (2019) Energy utilization in major
crop cultivation. Energy 173:1285-1303

Fischer M, Zenone T, Trnka M, Orsdg M, Montagnani L, Ward EJ, Ceulemans R (2018) Water
requirements of short rotation poplar coppice: experimental and modelling analyses across
Europe. Agric For Meteorol 250:343-360



34 A. Kumari et al.

Fontes CHDO, Freires FGM (2018) Sustainable and renewable energy supply chain: a system
dynamics overview. Renew Sust Energ Rev 82:247-259

Giudicianni P, Pindozzi S, Grottola CM, Stanzione F, Faugno S, Fagnano M, Ragucci R (2017)
Pyrolysis for exploitation of biomasses selected for soil phytoremediation: characterization of
gaseous and solid products. Waste Manag 61:288-299

Gutiérrez-Antonio C, Gémez-Castro FI, Segovia-Herndndez JG, Briones-Ramirez A (2013)
Simulation and optimization of a biojet fuel production process. In: Computer aided chemical
engineering, vol 32. Elsevier, pp 13-18

He CR, Kuo YY, Li SY (2017) Lignocellulosic butanol production from Napier grass using semi-
simultaneous saccharification fermentation. Bioresour Technol 231:101-108

Howe D, Westover T, Carpenter D, Santosa D, Emerson R, Deutch S, Lukins C (2015) Field-to-
fuel performance testing of lignocellulosic feedstocks: an integrated study of the fast pyroly-
sis—hydrotreating pathway. Energy Fuel 29(5):3188-3197

Jacobson RA, Keefe RF, Smith AM, Metlen S, Saul DA, Newman SM, Inman D (2016) Multi-spatial
analysis of forest residue utilization for bioenergy. Biofuels Bioprod Biorefin 10(5):560-575

Karmee SK (2017) Fuel not food—towards sustainable utilization of gutter oil. Biofuels
8(3):339-346

Klein BC, Chagas MF, Junqueira TL, Rezende MCAF, de Fatima Cardoso T, Cavalett O, Bonomi
A (2018) Techno-economic and environmental assessment of renewable jet fuel production in
integrated Brazilian sugarcane biorefineries. Appl Energy 209:290-305

Martin VJ, Pitera DJ, Withers ST, Newman JD, Keasling JD (2003) Engineering a mevalonate
pathway in Escherichia coli for production of terpenoids. Nat Biotechnol 21(7):796-802

Mohseni S, Pishvaee MS (2016) A robust programming approach towards design and optimization
of microalgae-based biofuel supply chain. Comput Ind Eng 100:58-71

Molefe M, Nkazi D, Mukaya HE (2019) Method selection for biojet and biogasoline fuel produc-
tion from castor oil: a review. Energy Fuel 33(7):5918-5932

Newes EK, Bush BW, Peck CT, Peterson SO (2015) Potential leverage points for development of
the cellulosic ethanol industry supply chain. Biofuels 6(1-2):21-29

Ozaydin B, Burd H, Lee TS, Keasling JD (2013) Carotenoid-based phenotypic screen of the
yeast deletion collection reveals new genes with roles in isoprenoid production. Metab Eng
15:174-183

Pham V, Holtzapple M, El-Halwagi M (2010) Techno-economic analysis of biomass to fuel con-
version via the MixAlco process. J Ind Microbiol Biotechnol 37(11):1157-1168

Pirker J, Mosnier A, Kraxner F, Havlik P, Obersteiner M (2016) What are the limits to oil palm
expansion? Glob Environ Chang 40:73-81

Raje AP, Davis BH (1997) Fischer-Tropsch synthesis over iron-based catalysts in a slurry reactor.
Reaction rates, selectivities and implications for improving hydrocarbon productivity. Catal
Today 36(3):335-345

Samsatli S, Samsatli NJ (2019) The role of renewable hydrogen and inter-seasonal storage in
decarbonising heat-comprehensive optimisation of future renewable energy value chains. Appl
Energy 233:854-893

Sannan S, Jordal ABK, Roussanaly S, Giraldi C, Clapis A (2017) Understanding the cost of retro-
fitting CO2 capture in an integrated oil refinery: reference base case plants: economic evalua-
tion. SINTEF Rapport

Schmitt N, Apfelbacher A, Jdager N, Daschner R, Stenzel F, Hornung A (2019) Thermo-chemical
conversion of biomass and upgrading to biofuel: the Thermo-catalytic reforming process—a
review. Biofuels Bioprod Biorefin 13(3):822-837

Seber G, Malina R, Pearlson MN, Olcay H, Hileman JI, Barrett SR (2014) Environmental and eco-
nomic assessment of producing hydroprocessed jet and diesel fuel from waste oils and tallow.
Biomass Bioenergy 67:108-118

Sinha AK, Anand M, Rana BS, Kumar R, Farooqui SA, Sibi MG, Joshi RK (2013) Development
of hydroprocessing route to transportation fuels from non-edible plant-oils. Catal Surv
Jpn 17:1-13



2 Overview of Aviation Sector, Feedstock, and Supply Chain 35

Sinha M, Sgrensen A, Ahamed A, Ahring BK (2015) Production of hydrocarbons by aspergillus
carbonarius ITEM 5010. Fungal Biol 119(4):274-282

Tao L, Milbrandt A, Zhang Y, Wang WC (2017) Techno-economic and resource analysis of hydro-
processed renewable jet fuel. Biotechnol Biofuels 10:1-16

Taylor JD, Jenni MM, Peters MW (2010) Dehydration of fermented isobutanol for the production
of renewable chemicals and fuels. Top Catal 53:1224-1230

Tirado A, Trejo F, Ancheyta J (2021) Prediction of temperature profiles for catalytic hydrotreating
of vegetable oil with a robust dynamic reactor model. Ind Eng Chem Res 60(38):13812-13821

Trivedi P, Malina R, Barrett SR (2015) Environmental and economic tradeoffs of using corn Stover
for liquid fuels and power production. Energy Environ Sci 8(5):1428-1437

Vasquez MC, Silva EE, Castillo EF (2017) Hydrotreatment of vegetable oils: a review of the
technologies and its developments for jet biofuel production. Biomass Bioenergy 105:197-206

Wang ZJ, Staples MD, Tyner WE, Zhao X, Malina R, Olcay H et al (2021) Quantitative policy
analysis for sustainable aviation fuel production technologies. Front Energy Res 9:751722

Wei H, Liu W, Chen X, Yang Q, Li J, Chen H (2019) Renewable bio-jet fuel production for avia-
tion: a review. Fuel 254:115599

Woytiuk K, Campbell W, Gerspacher R, Evitts RW, Phoenix A (2017) The effect of torrefac-
tion on syngas quality metrics from fluidized bed gasification of SRC willow. Renew Energy
101:409-416

Yan X, Jiang D, Fu J, Hao M (2018) Assessment of sweet sorghum-based ethanol potential in
China within the water—energy—food nexus framework. Sustainability 10(4):1046

Zhang Z, Wang Q, Chen H, Zhang X (2018a) Hydroconversion of waste cooking oil into bio-jet
fuel over a hierarchical NiIMo/USY @ Al-SBA-15 zeolite. Chem Eng Technol 41(3):590-597

Zhang B, Wu J, Yang C, Qiu Q, Yan Q, Li R et al (2018b) Recent developments in commercial
processes for refining bio-feedstocks to renewable diesel. Bioenergy Res 11:689-702

Zhu F, Zhong X, Hu M, Lu L, Deng Z, Liu T (2014) In vitro reconstitution of mevalonate pathway
and targeted engineering of farnesene overproduction in Escherichia coli. Biotechnol Bioeng
111(7):1396-1405

Zhu Z, Chu F, Dolgui A, Chu C, Zhou W, Piramuthu S (2018) Recent advances and opportunities
in sustainable food supply chain: a model-oriented review. Int J Prod Res 56(17):5700-5722



®

Check for
updates

Chapter 3
Production of Biojet Fuel

Eduardo Dellosso Penteado, Anthony Andrey Ramalho Diniz,
Yvan Jesus Olortiga Asencios, Luiza Helena da Silva Martins,
Johnatt Allan Rocha de Oliveira, and Andrea Komesu

Abstract The worldwide aviation industry emits almost 920 Mt. of CO,, which is
2.5% of the global anthropogenic CO, emissions and 12% of the emissions from the
transport sector. The aircraft also emits other gases that can cause changes in the
atmosphere, such as nitrogen oxides (NOx), water vapor, and soot. Considering the
emission of CO, and non-CO, (NOx, water vapor), the aviation sector is responsible
for about 5% of the total global warming effect caused by humans. Because of the
environmental impacts and the problems linked to the fossil fuel (price, availability,
national security), it is necessary to reduce the fuel consumption and carbon foot-
print of the aviation industry. One possibility to achieve these aims is to use a sus-
tainable aviation fuel based on biological source, the biojet fuels. The biojet fuel can
be produced using a variety of processes, such as hydroprocessing of triglyceride
feedstock, thermochemical processing of biomass, and alcohol-to-jet, direct sugar-
to-hydrocarbon, and aqueous-phase reforming. Each one of these pathways has
some advantages and disadvantages, and its technology readiness level is discussed
in this chapter.
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3.1 Introduction

The worldwide aviation industry uses kerosene produced from crude oil as more
than 300 Mt. are consumed annually (Gutiérrez-Antonio et al. 2017; Ng et al. 2021;
Wang and Tao 2016). Even with the unexpected COVID-19 pandemic that has
caused a negative impact on the aviation industry (Cui et al. 2022), it is expected to
raise the global demand for aviation fuel, rising around 5% annually until 2030 and
doubling until 2050 (Ng et al. 2021). If this prediction is confirmed, the aviation
industry would be affected by a serious energy crisis once the fossil fuel reserves are
scarce and the fuel consumption rises every day (Gunerhan et al. 2023).

Moreover, the burning of kerosene produced from crude oil releases huge
amounts of CO, emissions into the atmosphere, contributing to global warming and
other severe environmental problems (Doliente et al. 2020; Gunerhan et al. 2023;
Gutiérrez-Antonio et al. 2017; Wang and Tao 2016; Yang et al. 2019). In 2019,
flights emitted almost 920 Mt. of CO,, which is 2.5% of the global anthropogenic
CO, emissions and 12% of the emissions from the transport sector (Su-ungkavatin
et al. 2023). Before the COVID-19 pandemic, the forecasts estimated that these
emissions could increase by 3.6% annually and double over the next decades
(Sobieralski 2023; Wang et al. 2023). The aircraft also emitted other gases that can
cause changes in the atmosphere, such as nitrogen oxides (NOx), water vapor, and
soot (Okolie et al. 2023). Considering the emission of CO, and non-CO, (NOx,
water vapor), the aviation sector is responsible for about 5% of the total global
warming effect caused by humans (Okolie et al. 2023). Therefore, the worldwide
aviation industry impacts the climate crisis using more fossil fuel and emitting more
greenhouse gases (GHG) (Cui et al. 2022; Sobieralski 2023).

Because of the environmental impacts and the problems linked to the fossil fuel
(price, availability, national security), it is necessary to reduce the fuel consumption
and carbon footprint of the aviation industry (Gunerhan et al. 2023; Sobieralski
2023). The aviation sector recognizes the need to find sustainable alternatives to
kerosene produced from crude oil. In 2016, the International Civil Aviation
Organization (ICAQO) launched a project called “Carbon Neutral Growth 2020 to
reduce the carbon footprint in aviation from 2020 (Su-ungkavatin et al. 2023).
Another organization of the aviation sector, the International Air Transport
Association (IATA), is set to reduce the emission of GHG by 50% from 2005 to
2050 (Doliente et al. 2020; Yang et al. 2019).

One possibility to achieve these aims is to use a sustainable aviation fuel based
on a biological source, the biojet fuels. Jet biofuels are hydrocarbons produced from
renewable sources, also known as biokerosene, with the same boiling range of fossil
jet fuels, which must be tailored for aircraft engines and that hold the same fuel
properties and performance of fossil jet fuels (Monteiro et al. 2022). The biojet fuels
are considered by IATA as a short- to medium-term solution toward the reduction of
greenhouse gas (GHG) emissions from the aviation sector (Doliente et al. 2020; Ng
etal. 2021; Yang et al. 2019). Up to 80% of CO, emissions can be reduced in all life
cycles of the biojet fuel derived from renewable feedstock compared with the jet
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fuel from crude oil (Wei et al. 2019). The conventional jet fuel emits 87.5 g carbon
dioxide equivalent per megajoule (gCO,e/MJ), while the biojet fuel (from open
pond algal oil) emits 1.5 gCO,e/MJ, a 98% reduction (Wang and Tao 2016). It is
worth mentioning that the biojet fuel is an important part to decrease the carbon
footprint of the aviation industry but other approaches are required, such as improve-
ment of the fuel efficiencies of aircraft (Su-ungkavatin et al. 2023).

A variety of feedstock can be used to produce biojet fuel, such as triglycerides,
lignocellulosic biomass, and sugar and starch from plants, animals, wastes, and resi-
dues (Doliente et al. 2020; Gutiérrez-Antonio et al. 2017). This variety of renewable
raw material allowed different biojet fuel pathways, such as hydroprocessing of
triglyceride feedstock, thermochemical processing of biomass, alcohol-to-jet, direct
sugar-to-hydrocarbon, and aqueous-phase reforming (Doliente et al. 2020;
Gutiérrez-Antonio et al. 2017). Each one of these pathways has some advantages
and disadvantages, and its technology readiness level. The American Society for
Testing and Materials International (ASTM) certified seven pathways for the pro-
duction of biojet fuel for commercial use, namely Fischer—Tropsch (FT) process,
Fischer-Tropsch with increased aromatic content (FT-SPK/A), hydroprocessed
esters and fatty acids (HEFA), direct sugar-to-hydrocarbon (DSHC), alcohol-to-jet
(ATJ), catalytic hydrothermolysis jet (CHJ), and hydroprocessed hydrocarbons,
esters, and fatty acids synthetic paraffinic kerosene (HHC-SPK or HC-HEFA-SPK)
(ASTM D7566/2022 — Standard Specification for Aviation Turbine Fuel Containing
Synthesized Hydrocarbons) (Gunerhan et al. 2023; Okolie et al. 2023; Su-ungkavatin
et al. 2023).

Thereby, this chapter provides a deep discussion of the pathways to produce
biojet fuel, showing the scientific and technological advances reported in the litera-
ture. To make it easier for the reader to understand the technologies used, the path-
ways to produce biojet fuel are separated into four sections according to the
feedstocks and conversion processes: oil-to-jet (hydroprocessed esters and fatty
acids, catalytic hydrothermolysis, hydroprocessed depolymerized cellulosic jet, and
hydroprocessed hydrocarbons, esters, and fatty acids synthetic paraffinic kerosene)
(Sect. 3.2), alcohol-to-jet (ATJ) (ethanol-to-jet and butyl alcohols-to-jet) (Sect. 3.3),
gas-to-jet (GTJ) (Fischer—Tropsch and biomass-to-fuel) (Sect. 3.4), and sugar-to-jet
(STJ) (direct sugar-to-hydrocarbon and aqueous-phase reforming) (Sect. 3.5).

3.2 Oil-to-Jet
3.2.1 Hydroprocessed Esters and Fatty Acids

The hydroprocessed esters and fatty acids (HEFA) is a catalytic chemical process
whose purpose is to convert animal fats and vegetable oils into liquid transportation
fuels, which are chemically equivalent to the transportation fuels produced from
fossil resources. It is a commercially deployed technology that converts the
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triglycerides from animal fats and vegetable oils into hydrocarbons suitable for
being used in jet fuels and diesel (Han et al. 2021; Pearlson et al. 2013).

HEFA is one of the seven technology pathways certified by the American Society
for Testing Materials (ASTM) to produce biojet fuels under ASTM D7566. For
HEFA, the certification was issued by the ASTM in 2011, and it is required before
any commercial airline decides to use fuel for an international flight (IRENA 2017;
Julio et al. 2021; Misra et al. 2023; Tiwari et al. 2023).

Triglycerides (TG, triacylglycerol, TAG, or triacylglyceride) compose the struc-
ture of all edible and nonedible, vegetable oils, and fats found in nature, whose
general structure is shown in Fig. 3.1, where R1, R2, and R3 represent three differ-
ent free fatty acids attached to a glycerol unit, and the chemical and physical char-
acteristics of the triglycerides depend on the types and length of those radicals (fatty
acids) (Caltzontzin-Rabell et al. 2022; Han et al. 2021).

The HEFA process can use waste cooking oil, animal fats, vegetable oils, pyroly-
sis oil, and algal oil to formulate jet fuel with hydroprocessing. Figure 3.2 shows the
process, which involves a set of reactions to extract, from the biomass, its free fatty
acids. After this extraction, there is a reaction of isomerization (rearrangement of
molecules), followed by a hydrocracking reaction (reduction of the length of carbon
chain of molecules) to obtain the jet fuels in accordance with the legal specification
(Ng et al. 2021).

Even though, as the triglyceride molecule contains oxygen as shown in Fig. 3.1,
it has low thermal stability, it could cause operational problems if used directly at
high concentration as fuel for some internal combustion engine. To overcome this
problem, there are three mechanisms of converting it to a paraffin component by
hydrodeoxygenation reaction, which makes it possible to remove the double bonds
and oxygen components contained in those vegetable oils, where two of them are
used in the process shown in Fig. 3.2: (1) hydrodeoxygenation (HDO) converted
only to water, (2) carbon monoxide and decarbonylation (DCO) converted to water,
and (3) decarboxylation (DCO2) converted to carbon dioxide (Han et al. 2021; Ng
et al. 2021).

HEFA is a process limited by the catalysts and reaction conditions, which can
lead to the production of light gases (liquified petroleum gases and propane), diesel,
naphtha, and jet fuel (Dolah et al. 2022). It produces fuels from renewable

Fig. 3.1 Representation of O
a general triglyceride
molecule (Caltzontzin- CH —O—C—R1

Rabell et al. 2022)
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Fig. 3.2 HEFA process for the production of fuels from oily biomass (Ng et al. 2021)

feedstocks, with a performance comparable to conventional petroleum-based fuels,
with high cetane numbers, low sulfur and aromatic content, and reduced greenhouse
gas emission in a promising conversion pathway for industrial applications (Goh
et al. 2022).

From the technology readiness perspective, HEFA can be considered the most
mature pathway among those certified by the ASTM. Its feedstocks consist of oleic
and linoleic fatty acids, from vegetable oils and animal fats, which are well known
to have similar physicochemical properties, and are well-defined feedstocks (Goh
et al. 2022; Misra et al. 2023).

In terms of economic aspects, HEFA is by far the most competitive technology
to produce sustainable aviation fuels in the market today because its conversion cost
is relatively low, with a high fuel yield, even with the price of triglycerides being
several times the price of lignocellulosic material (Tanzil et al. 2021). Among the
seven certified pathways certified under the ASTM D7566, HEFA biojet is regarded,
from the commercial point of view, as the most advanced and the only one that
produces high volumes of sustainable aviation fuel (SAF) (Misra et al. 2023).

Till now, the HEFA pathway has been used to produce the vast majority of SAF,
with various organizations around the world having already used biofuel produced
from this pathway for their test flights, even though there are still some barriers to
limit this pathway as also the availability and cost of its feedstock and the inade-
quate knowledge of the conversion process mechanism of this pathway (Okolie
et al. 2023).

3.2.2 Catalytic Hydrothermolysis

Catalytic hydrothermolysis (CH) is one of the routes used to convert oil into jets
using oils, fatty acids, triglycerides, and biomass sources such as lignocellulosic as
raw material. Here, we will discuss how this path occurs for materials considered
sustainable, such as waste or by-products of the agroindustry (Chong and Ng 2021a).

CH is also commonly called hydrothermal liquefaction. This process makes use
of a technique that uses subcritical water, which is capable of converting wet bio-
mass into a biological material rich in carbon. This material is designated as bio-oil,
which is the difference between the CH process and pyrolysis that needs dry bio-
mass to be carried out. Accordingly, CH is a promising technique as there is no need
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to carry out the drying step, which is a unitary operation that consumes energy, and
could be more profitable for the company in case this step is skipped (Chong and
Ng 2021a).

The main material used to produce the biojet using CH technology is algae; this
material is promising because it is an excellent source of carbon, and the lipid con-
tent tends to increase from 5% to 30%, which would be feasible for this material
(Chong and Ng 2021a).

CH technology was designed to convert triglycerides into renewable fuels in
supercritical water conditions at high pressures and temperatures, and when a cata-
lyst is used this reaction can be accelerated (Eswaran et al. 2021).

According to the literature, the biojet fuels produced from materials such as tung
oil, jatropha oil, and camelina oil using the CH process have very similar properties
to those fuels obtained conventionally from oil. Carinata oil has already been used
and has shown high yields relative to high-density aromatics as well as energy with
good low-temperature properties (Eswaran et al. 2021).

The procedure is as follows: the oil is fed into a supercritical hydrothermal reac-
tor, then several reactions take place, such as decarboxylation, cracking, isomeriza-
tion, recombination, and cracking. But this oil must enter this process in a
preconditioned way because this will reduce the consumption of hydrogen since
this raw material has a considerable amount of triglycerides that will react in the
CH-type reactor with supercritical water and will undergo hydrolysis catalysis and
also the cyclization reaction in the aqueous medium; therefore, there is so much
reduction in the consumption of hydrogen in the form of gas that it ends up being
more viable compared with other processes (Wen et al. 2009).

An interesting study that showed the application of CH was that of Li et al.
(2010), in which these researchers used the residual biomass of tung, soy, and jatro-
pha oils for application in a biojet fuel, the JP-8. The results of these researchers
showed that these materials were able to meet the navy’s specifications. The study
conditions were a temperature of 450—475 °C at a pressure of 210 bar, and the
experiment was conducted using a catalyst in one condition and in the other without
a catalyst. The organic or biocrude phase was treated with the CH process, obtaining
fuels with yields of 60% in aromatics, which are the main ingredients desired by the
biojet fuel; hence, the results obtained in this study demonstrated that this CH tech-
nique can be applied to other materials that have triglycerides in their composition
(Li et al. 2010).

A patent number US20080071125A1 (Lixiong Li 2008) was created to make it
possible to convert triglycerides into biofuels; this process made use of CH for jet
application, performing steps that, when described, are extremely important for the
process as a whole, as mentioned next.

The first stage includes what we call pretreatment; here, the unsaturated triglyc-
erides undergo important reactions called catalytic conjugation, cyclization, and
cross-linking.

In the second stage, since the triglycerides are already modified in the previous
stage because they have undergone a series of reactions, they are now able to be
modified with supercritical water at high temperatures, so what will happen now?
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Well, it also follows a sequence of reactions such as cracking, hydrolysis, decarbox-
ylation, dehydration, aromatization, and even the combination of all of these, from
which a crude hydrocarbon oil will be produced in addition to a phase of glycerol in
water and small molecular weight molecules.

In the third stage, the product described in the second stage is refined; here, it
will be transformed into various biofuels through different reactions, such as chemi-
cal, fermentative, etc.

The last stage aims at obtaining a biofuel that presents linear, branched, and
cyclic and aromatic chain paraffins, which are derived from the conversion of tri-
glycerides. As for aromatic compounds, we can say that they come from the conver-
sion of triglycerides, oil, or coal.

3.2.3 Hydroprocessed Depolymerized Cellulosic Jet (HDCJ)

Hydroprocessed depolymerized cellulosic jet (HDCJ) consists of a very innovative
approach for the production of jet fuels using renewable energy sources, such as
lignocellulosic biomass. Throughout this chapter, we have seen many promising
materials categorized as lignocellulosic and certainly those that are considered
waste are more interesting to create a green technology. Processes that decompose
lignocellulosic biomass will include depolymerization reactions and certainly
involve several hydrolysis processes; such steps are extremely important for the
release of sugars, which, in their monomeric form, are excellent substrates to lead
to fermentations that give rise to biofuels such as ethanol or butanol (Demirbas 2009).

In this context, when there is a jet-oriented approach, the HDCJ process trans-
forms these biomasses into promising fuels for aviation. Chemical compounds such
as alcohols (ethanol and butanol) are subjected to the hydroprocessing process,
which consists of subjecting the material to high temperatures and pressures in the
presence of a catalyst. When converted to hydrocarbons, they will resemble the
traditional fuels used in the jet. This product, however, is still mixed with conven-
tional fuel to comply with the legislation required in aviation, but it is a renewable
technology and very interesting for us, who are living in an era of environmental
concerns (Kazi et al. 2010).

The HDCJ procedure has various advantages for the environment. It does this in
two ways. First, it employs biomass sources other than food, lessening the rivalry
between food and fuel production. Cellulosic biomass is also widely available and
may be obtained responsibly. Second, compared to fossil jet fuels, the resultant jet
fuel has the potential to dramatically lower greenhouse gas emissions. This is so
because the process generally uses less carbon-intensive processes and the raw
material comes from renewable sources (Biddy et al. 2016).

When compared to other processes such as post-pyrolysis, the HDJC process turns
out to be quite promising; it has two stages, where the first stage can be described as
a hydrothermal pretreatment that has a catalyst as an auxiliary for the hydrodeoxygen-
ation of the bio-oil. The second stage, on the other hand, must be more controlled and
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uses catalysts for hydrogenation under conditions of high temperatures in order to
obtain fuels rich in hydrocarbons. In the HDJC process, ZSM-5 and Raney nickel
catalysts are most often used for these fins (Gutiérrez-Antonio et al. 2017).

3.2.4 Hydroprocessed Hydrocarbons, Esters, and Fatty Acids
Synthetic Paraffinic Kerosene (HHC-SPK or
HC-HEFA-SPK)

The bio-derived hydrocarbons and lipids from Botryococcus braunii (algae species)
are processed, then cracked and isomerized to form the biojet fuel in hydropro-
cessed hydrocarbons, esters, and fatty acids synthetic paraffinic kerosene process
(HHC-SPK) (Gunerhan et al. 2023). This process is almost the same as the HEFA
pathway, only differing in the feedstock used. In 2020, the ASTM approved the
HHC-SPK to produce biojet fuel, with the restriction to blend with jet fuel up to
10% by volume (Gunerhan et al. 2023).

3.3 Alcohol-to-Jet

Alcohol-to-jet synthetic paraffinic kerosene (ATJ-SPK), also known as alcohol
oligomerization, was approved in 2016 (Claudia Gutiérrez-Antonio et al. 2021).
ATJ-SPK is a fuel produced from alcohols, such as methanol, ethanol, butanol, and
long-chain fatty alcohols (Wang and Tao 2016). According to the ASTM D7566
standard, the produced biofuel can be utilized up to 30% by volume in blends with
fossil jet fuel (ASTM 2016).

Alcohols as feedstock can be obtained in a variety of methods such as fermenta-
tion of sugars obtained from sugar-containing crops, the liquefaction and sacchari-
fication of starch-containing crops, or via hydrolysis of lignocellulose. The alcohol
is then subjected to four steps, including dehydration, oligomerization, hydrogena-
tion, and separation (Achinas et al. 2021).

In spite of the fact that various alcohols or intermediate pathways are feasible for
manufacturing jet fuel, the most common ATJ production pathways are through etha-
nol or butanol (Chong and Ng 2021a). These alcohols are discussed in this chapter.

3.3.1 Ethanol-to-Jet

Bioethanol derived from biomass is readily available as a feedstock for ATJ fuel
because it is primarily used as a transportation fuel to replace gasoline (Chong and
Ng 2021a). The overall process diagram for ethanol to jet fuel is shown in Fig. 3.3.
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Fig. 3.3 Process of converting cellulose and starch biomass into biojet fuel via the ethanol-to-jet
pathway. (Adapted from Chong and Ng 2021a; Wang and Tao 2016)

Alcohols have matured in technology, so each of their stages has undergone exten-
sive research.

First, ethanol is dehydrated to produce ethylene. This process is well developed
and commercially practiced. In 2010, Braskem opened a bio-based ethanol dehy-
dration plant that produces green polyethylene in Brazil. Ethylene monomer is pro-
duced by dehydration of ethanol obtained from sugarcane (Brooks et al. 2016).

There are two possible dehydration pathways for ethanol: direct dehydration into
ethylene or formation of diethyl ether, followed by cracking into ethylene. In the
presence of a strong acid, diethyl ether can be formed at temperatures as low as
300 °C and then cracked into ethylene and water (Bokade and Yadav 2011; Chong
and Ng 2021a). Studies on dehydration catalysis started with alumina and transition
metal oxides (TiO,, Fe,0;, Mn,0;, Cr,0;) and moved to silicoaluminophosphates
(SAPO), H-ZSM-5 zeolite catalyst, and heteropolyacid catalysts (Wang and Tao
2016). Recently, a novel gamma alumina was synthesized by solvent protection and
a hydrothermal procedure (Lv et al. 2023). According to Lv et al. (2023), the novel
gamma alumina showed higher activity, higher selectivity of ethylene, and higher
reaction stability. Under the optimal conditions, both the conversion of ethanol and
selectivity of ethylene were higher than 99% (Lv et al. 2023).

As reported by Styskalik et al. (2020), mesoporous aluminosilicate catalysts pre-
pared by non-hydrolytic sol-gel (NHSG) feature intermediate levels of acidity (both
in strength and nature), resulting in intermediate catalytic activity. It is important to
note that the best NHSG-made samples remained highly stable over time, showed
no trace of ethylene oligomers, and exhibited no signs of coke formation (Styskalik
et al. 2020).

Masih et al. (2019) demonstrated an efficient and sustainable catalytic con-
version of ethanol-to-ethylene using Rho zeolite. The steady-state selectivity to
ethylene remained above 99% for the dehydration reactions carried out in the
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temperature range of 250-400 °C. The catalytic properties of Rho zeolite were
superior compared with another zeolite, ZSM-5 and y-Al,O; materials. In
another study using zeolite, Soh et al. (2017) modified zeolite-Y (80) with phos-
phoric acid. Despite a drop in ethanol conversion with phosphorus-modified
catalysts, a modified zeolite-Y with 10 wt% H;PO, can achieve 99% ethylene
selectivity when operating at 723 K and ethanol partial pressure of 16 kPa (Soh
et al. 2017).

Gamma alumina (y-ALO3) and zeolites (microporous HZSM-5) are commonly
used in industrial ethanol dehydration (Chong and Ng 2021a). Specialized ethanol-
to-ethylene heterogeneous catalysts such as Syndol have become commercially
available with high selectivity and conversion (Geleynse et al. 2018). Therefore,
many catalysts have been studied because the ethanol dehydration step is strongly
dependent on the acid sites in the chosen catalyst.

In the oligomerization step, alkenes produced by alcohol dehydration must be
oligomerized into the desired hydrocarbon chain length distribution; typically 8—16
carbons for kerosene. To achieve an appreciable yield and meet fuel specifications,
the oligomerization process must be carefully designed (Geleynse et al. 2018).
There are a variety of pathways to producing jet fuel from ethylene such as direct
oligomerization and conversion of ethylene to intermediate olefins for oligomeriza-
tion. The first pathway is the most difficult.

In order to improve the sustainability of jet fuel production, Villareal-Herndndez
et al. (2023) applied intensification ideas using reactive distillation. In the results,
the return-on-investment value improved by approximately 50% and the annual cost
decreased by approximately 90%. Additionally, efficiency, mass intensity, and ther-
modynamic efficiency improved by close to 30% and the global warming potential
value improved by 70% (Villareal-Herndndez et al. 2023).

Homogeneous and heterogeneous catalysts have long been used to produce long-
chain alpha olefins. Panpian et al. (2021) investigated ethylene oligomerization
using NiAIKIT-6 as the catalyst. NiAIKIT-6 catalysts converted ethylene to >95%
with up to 55% selectivity for C8+. In a 30 h period, the catalyst maintained good
stability while maintaining C8+ selectivity. It was also possible to regenerate the
spent catalyst so that its catalytic activity could be maintained.

Many companies have developed different oligomerization processes, depending
on the feedstock used, like Chevron Phillip’s “Ziegler” process. In Ziegler’s “one-
step” process, the catalyst cannot be recycled, but must be disposed of. However,
the catalyst can be reused in the “two-step” reaction (Doliente et al. 2020; Weissermel
and Arpe 2008).

After oligomerization, the resulting olefins are distilled to diesel- and jet-range
fuels and light olefins. As shown in Fig. 3.3, light olefins (C4—C8) separated through
distillation return to the oligomerization step. Jet fuel-range products (C9-C16) can
be subjected to hydrogenation at 370 °C and WHSV of 3 h™! using palladium or
platinum catalysts over 5% by weight of hydrogen. The C9—C16 alkanes produced
from the hydrogenation step are suitable for renewable jet fuels (Wang and
Tao 2016).
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3.3.2 Butyl Alcohols-to-Jet

In addition to ethanol, other alcohols are further along in the development of jet fuel
production processes. n-Butanol is primarily produced from petrochemicals using
propylene feedstock and hydroformylation. Also, it is possible to produce it by fer-
menting sugars using Clostridia bacteria, which is widely known for its acetone—
butanol-ethanol (ABE) process. The production of isobutanol using genetically
modified yeast cells also uses alcoholic fermentation (Brooks et al. 2016). Several
companies have developed technologies to produce alternative jet fuel based on
butanol, including UOP, Gevo, and Cobalt/US Navy (Chong and Ng 2021a). The
overall process diagram for n-butanol and isobutanol to jet fuel is shown in Fig. 3.4.

After fermentation, dehydration of butyl alcohol can be divided into n-butanol
and isobutanol. Using n-butanol, 1-butene and 2-butane are produced, while using
isobutanol, olefins are produced, such as 1-butene, cis-2-butene, trans-2-butene,
and isobutene.

In the dehydration of n-butanol over an acid catalyst, butene is produced at lower
temperatures, but higher temperatures are required for skeletal isomerization of
n-butanol (Chong and Ng 2021b). Conesa et al. (2023) studied the graphite-
supported heteropolyacid (H,SiW,0,, and H;PW,0,,) as a regenerable catalyst in
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Fig. 3.4 Process of converting n-butanol (a) and isobutanol (b) into biojet fuel. (Adapted from
Chong and Ng 2021b; Wang and Tao 2016)
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the dehydration of n-butanol to butenes. The catalyst activity was compared against
a zeolite HZSM-5 with a Si/Al ratio = 23. The results evidence that graphite-
H,SiW,,0,, interactions efficiently tailored the acidity, resulting in an active regen-
erable catalyst and n-butenes selective (>98%).

In another study, Zhang et al. (2023b) studied the selective dehydration of ABE
(or low-carbon alcohols) into light olefins over the Ce @Fe @ SAPO-34 catalyst and
olefin polymerization into jet fuels over the ionic liquid catalyst ([bmim]CI-2AICl;).
By coupling the two-step process, high ABE conversion (89.3%) and high jet fuel
yield (71.5%) were achieved under atmospheric pressure.

Following the process, as described by (Wang and Tao 2016), 1-butene is oligo-
merized to produce olefins ranging from C8 to C32 with 97% conversion. The reac-
tion is carried out at ambient temperature for 16 h with methylaluminoxane and
transition-metal catalysts from group 4 (Cp2ZrCl,/MAO). The unreacted olefins of
2-butene, including cis-2-butenes and trans-2-butenes, are distilled at a temperature-
controlled rate. The C8 olefin, 2-ethyl-1-hexene, is distilled and sent to the dimer-
ization reactor. During dimerization, the C8 olefin is completely converted, yielding
90% of C¢Hj;, under Nafion catalyst at 116 °C for 2 h. The products from 1-butene
oligomerization, ranging from C12 to C32, together with C16 olefins produced
from dimerization, are sent to hydrogenation process over 0.08 wt% PtO, catalyst.
As aresult, the C12—C16 paraffins can be blended with jet fuel, while the C20-C32
alkanes can be separated and sold as lubricants (Wang and Tao 2016).

Isobutanol is mostly dehydrated over mildly acidic a-Al,O; catalysts, but other
catalysts such as inorganic acids, metal oxides, zeolites, and acidic resins, among oth-
ers, have been reported to be feasible (Chong and Ng 2021b). In their review of scien-
tific and patent literature on selective dehydration of isobutanol to isobutene, Dubois
et al. (2023) summarized the state of the art of this reaction. The selective dehydration
of isobutanol into isobutene can be performed under low or high pressures. This
choice impacts not only the downstream recovery and purification of isobutene, but
also the stability of the catalyst and the reactor volume (Dubois et al. 2023).

Guo et al. (2021) studied the catalytic oligomerization of isobutyl alcohol using
dealuminated zeolite beta. The results showed that isobutyl alcohol can be quantita-
tively oligomerized over dealuminated zeolite beta with the selectivity of C8-C16
exceeding 50% at a conversion of 98%. In another study about oligomerization of
isobutene, Al-Kinany et al. (2019) showed that the conversion of isobutene into
distillates ranges between 97% and 100% using phosphoric acid on H-zeolite-Y
zeolite by acid impregnation and ultrasonic vibration technique.

After oligomerization, the jet and diesel yields can be improved by distilling the
C8 olefins and initiating another dimerization at 116 °C over a Nafion catalyst. In
addition, C8 olefins can either be dimerized or reacted with butenes to form C12
olefins, allowing jet-range chemicals to contain more C12 and C16.

Generally, higher alcohols have higher energy content and lower water solubility
than ethanol, but they are not used as widely as ethanol. When comparing n-butanol,
isobutanol, and ethanol, n-butanol has the highest greenhouse gas (GHG) emissions,
while ethanol has the lowest. However, butanol has a lower heat of vaporization and less
corrosivity, making it a more attractive feedstock than ethanol (Doliente et al. 2020).
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3.4 Gas-to-Jet

Among several technologies available for biojet fuel production, the Fischer—Tropsch
(FT) synthesis and biomass-to-biojet processes offer environmental benefits such as
reduced life cycle greenhouse gas (GHG) emissions, and economic benefits associ-
ated with availability and costs, in comparison with conventional jet fuels (Liu et al.
2013; Tiwari et al. 2023; Zhao et al. 2023). Both processes are in strong relation since
both need syngas (H,/CO) as a feedstock, and the only difference between them is the
source to produce syngas; some recent studies are discussed.

3.4.1 Fischer-Tropsch

In the mid-1920s, German scientists Franz Fischer and Hans Tropsch discovered
that it is possible to synthesize liquid hydrocarbons from syngas (a gaseous mixture
composed of CO and H,) obtained from coal gasification. At that time, this synthe-
sis was carried out over catalysts of alkalized iron chips at 673 K and under high-
pressure conditions (>100 bar). This synthesis received the name of the respective
German scientists, today known as Fischer—Tropsch (FT) synthesis (Liu et al. 2013;
Suppes and Storvick 2016).

The FT synthesis allows the possibility to synthesize liquid hydrocarbons from
almost all carbon-based matter feedstocks, which is a major advantage since among
coal and natural gas, it is possible to use renewable feedstock, for example, biogas,
bioethanol, bio-oil, lignocellulosic materials, and many other types of biomass. The
carbon-based matter feedstocks need to be transformed into clean syngas (H,/CO)
first before going to FT synthesis.

FT fuels as jet fuel have many characteristics that make them very attractive, for
example, FT fuels are clean of sulfur, oxygen, and nitrogen, among other contami-
nants commonly found in fossil fuels. It is aromatic-free. Also, the combustion of
FT fuels is free from aerosol emissions, thus extending the combustor and turbine
life, all these characteristics reducing the deposits on fuel lines and engine compo-
nents (Bermidez et al. 2011; Meurer and Kern 2021).

The FT jet fuel needs to possess superior properties to conventional jet fuel avail-
able today, such as higher cetane number, lower cloud point, and lower emissions
(de Klerk et al. 2023). This makes FT fuels very attractive to be used as jet fuel
because it is possible to handle the hydrocarbon properties by managing the FT
synthesis. For instance, synthetic paraffinic kerosene (SPK), a jet fuel, can be pro-
duced from coal by FT synthesis, also known as FT-SPK. The FT-SPK fuels are a
mixture of normal and iso-paraffins with a small percentage of cyclo-paraffins. The
iso- and n-type paraffins and carbon number of FT-SPKs (from C9 to C15) are typi-
calin jet fuel obtained from fossil fuels (de Klerk et al. 2023; Meurer and Kern 2021).

On the other hand, some disadvantages are mentioned in the literature regarding
the absence of aromatics in the FT fuels. For instance, FT kerosene does meet the
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minimum density requirement for conventional kerosene; Dahal et al. (2021) and
Yang et al. (2019) reported that the absence of aromatics in FT jet fuels, such as
synthetic paraffinic kerosene (SPK) and hydroprocessed esters and fatty acids
(HEFA), typically has lower specific energy density than conventional jet fuels
(Dahal et al. 2021; Yang et al. 2019). Furthermore, the absence of aromatics can
favor leaks in certain types of fuel systems. All these authors mentioned that the
disadvantages can be solved by blending with conventional jet fuels and other fuel
additives (Liu et al. 2013).
The FT process can be organized into three principal steps:

1. Syngas production
2. Removal of CO, and undesired compounds as well as impurities from syngas
3. FT synthesis indeed.

FT synthesis is strongly exothermic, whose simplified reaction can be described
as follows (Schulz et al. 2021):

n CO+2nH, - (-CH,-),+nH,0 A H(250°C)=-158.5k] (3.1)

where n can be 1, 2, 3..; (—CH,—) represents the main products, which can be
straight-chain paraffins, olefins, and alcohols. The reaction product variety is more
complex. Oxygenates and branched hydrocarbons can also be produced in lower
amounts. The oxygen molecules are rejected as water according to Eq. 3.1, or, in
some cases, as CO, through water gas shift (WGS) reaction; the latter is usually
promoted by some active catalysts (Schulz et al. 2021).

WGS has some regulatory roles to FT synthesis; methanation, the coking reac-
tion (by Boudouard reaction), also occurs in parallel.

FT synthesis makes mainly straight-chain hydrocarbons. The composition of the
product varies depending on the H,:CO ratio, the type of catalyst, and the process
conditions (pressure and temperature). These straight-chain hydrocarbons need to
be further processed to be considered an acceptable jet fuel. After the FT synthesis
stage, the hydrocarbon products are upgraded to liquid fuels using well-known and
well-established processes such as cracking, isomerization, and, in some cases, dis-
tillation (to separate middle distillates and naphtha), all these processes are common
in petroleum refineries. It is important to mention that all products have a near-zero
level of sulfur, nitrogen, nickel, vanadium, aromatics, and asphaltenes (Carvalho
etal. 2019).

FT synthesis can be carried out in low-temperature (LTFT process) or high tem-
peratures (HTFT process), with temperature ranges between 200-240 °C and
300-350 °C, respectively (Teimouri et al. 2021). The main difference between
LTFT and HTFT is that no liquid phase is present outside the catalyst particles in the
HTFT reactors (Carvalho et al. 2019). Table 3.1 summarizes the principal character-
istics of the LTFT and HTFT processes.
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Table 3.1 Principal characteristics of the LTFT and HTFT processes

Reaction

temperature range | Type of
Process °C) catalyst Products
Low-temperature 220-240 Co-based | Hydrocarbon of long chains/waxes,
Fischer—Tropsch paraffins
(LTFT)
High-temperature 300-350 Fe-based | Hydrocarbons of short chains,
Fischer—Tropsch olefins, and gasoline, among other
(HTFT) chemicals

Source: Adapted from Carvalho et al. (2019), Teimouri et al. (2021)
3.4.1.1 The Catalysts for FT Synthesis

Ni, Fe, Co, and Ru-based catalysts have been employed for FT synthesis (Schulz
et al. 2021), Ni generally favoring CH, formation, an undesirable product; on the
other hand, Ru shows very good activity and selectivity. However, it is very expen-
sive. The industry uses Fe and Co-based catalysts, which are considered large-scale
viable catalysts (Liu et al. 2013). As usual in heterogeneous catalysis, the catalytic
support should be a porous material with a large surface area, thus favoring finely
dispersed active centers for catalysis. A moderate metal-support interaction is
strongly desired. Typical porous materials have been used as catalytic support in FT
synthesis: SiO,, ALO;, TiO,, zeolites (H-ZSM-5, H-BETA, and H-Y), active car-
bon, and pillared clays, among others (Boymans et al. 2022; Valero-Romero
et al. 2021).

Co-based catalysts are usually preferred for the synthesis of long-chain paraffins
as they are more resistant to deactivation by water. When Fe-based catalysts are
used, the water gas shift (WGS) reaction occurs simultaneously as Fe is active for
WGS (WGS consumes CO and H,O to produce additional H, and CO,). On the
other hand, Fe is cheaper than Co, has lower methane selectivity, and low sensitivity
to poisoning, among other properties. The industry uses both Co- and Fe-based
catalysts according to the requirements and specifications of the desired final
products.

3.4.2 Biomass-to-Fuel

The feedstock for this process includes lignocellulosic biomass, for example, woody
energy crops, residues generated by forestry and agriculture, and other organic
wastes. Although a wide variety of feedstock can be used, their characteristics and
properties will affect the efficiency of the process, the type of gasifier, and, princi-
pally the quality of syngas.



52 E. D. Penteado et al.

The typical process starts with the pretreatment of biomass. This pretreatment
has the objective of increasing the density of the respective biomass; during the
pretreatment, the particle size is reduced and the moisture is reduced as well, thus
facilitating the subsequent chemical processes and its transport and logistics
(Carvalho et al. 2019).

After this pretreatment, the gasification step takes place; this is the first funda-
mental step since it produces syngas, which will be used as feedstock for FT synthe-
sis. Fluidized bed gasifiers are usually used for this step.

Once syngas is obtained, it is then conditioned to remove CO, and impurities
inherent to biomass. The H,:CO ratio of syngas is also adjusted at this stage. After
these processes, syngas is ready for FT synthesis, which follows the previously
described processes.

According to the ASTM D7566, these FT biofuels can only be used mixed with
conventional aviation fuel to ensure the minimum amount of all components in the
final fuel composition. This also guarantees the compatibility of the fuel with the
aircraft engine (Chuck 2016). The first route approved by the ASTM is the synthesis
of FT in 2009, in which coal, natural gas, or biomass can be used as raw material;
the adapted process is shown in Fig. 3.5. Due to the low content of aromatics present
in the biofuel obtained, it is necessary to be mixed with at least 50% conventional
aviation fuel for its use.

The sustainable supply of biomass for FT synthesis allows possible competition
for the raw biomass from other sectors (Dahal et al. 2021). For instance, some forest
products have an established market and destination; thus, the production of biojet
fuels should come from alternative low-cost and abundant agricultural residues. The
heat generated by gasification and FT synthesis can be used for another process;
gasification of biomass also produces chemicals, and these characteristics may
increase the economic performance and thermal efficiency of the process.

Some studies have been reported in the literature. Hanaoka et al. (2015), Li et al.
(2016), Yan et al. (2013), Zhang et al. (2023a) studied biojet synthesis through the
FT synthesis, where the conceptual bases and technical aspects are described, and
they used woody biomass and different types of catalysts to produce biojet fuels.

The FT biojet fuels are promising; however, some disadvantages of slow large-
scale applications are difficulties in the logistics of raw materials and the cleaning
of syngas, and high capital investment.

Fischer-Tropsch process (F-T process)
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Fig. 3.5 ASTM-approved Fischer—Tropsch technology route for biojet production. (Adapted from
Chuck 2016)
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3.5 Sugar-to-Jet

3.5.1 Direct Sugar-to-Hydrocarbon

Aviation has its share of the blame for the emission of polluting gases; hence, bio-
technological processes that use the sustainable conversion of sugars into fuel can
contribute enormously to reduce carbon emissions in the environment.

The US Navy carried out experiments with a new fuel with characteristics
comparable to diesel, which was obtained from the direct conversion of sugar,
via transformation by yeasts, into hydrocarbons, a process known as direct
sugar-to-hydrocarbon (DSH), in which the yeast produced farnesene, a branched-
chain hydrocarbon with multiple double bonds, which is processed into a simple
moderately branched alkane molecule, much more interesting than conventional
diesel, due to the higher amount of cetane in its composition (Hamilton
et al. 2014).

The production of hydrocarbons is similar to other processes found for other
sustainable fuels. It follows a production path consisting of steps such as pretreat-
ment and conditioning of biomass, enzymatic hydrolysis, separation of solids, bio-
technological conversion, and product recovery and purification, which, in the
American case, is obtained for corn. Still, it can be carried out for other raw materi-
als, such as sugarcane, in the case of large producers, such as Brazil.

It is possible to describe this as a basic process for obtaining through Fig. 3.6.

To improve this type of fuel, more in-depth studies have been carried out to ana-
lyze more improved combustion and modify the fuel composition through the
development and use of single-molecule, binary blends, and synthetic substitute
studies (Carr et al. 2012; Caton et al. 2011; Mathes et al. 2010).

A solid study was carried out to evaluate the thermal behavior and the influence
of farsene in the developed biojet, but the data are still very limited, even so it was
possible to obtain information through pressure diagnostics of diesel engines based
on farsene, which provide the same, to a limited extent, combustion metrics
(Conconi and Crnkovic 2013).

CHEMICAL
AND ENZYMATIC SOLIDS
BIOLOGICAL HYDROLYSIS SEPARATION

TREATMENTS

Dilute Sulfuric Enzymes, Insolubles solids
acid and others produced on-site, removed, sugar o o
added to initiate concentration by  phase separation
process evaporation and purification.
Hydrocarbon
biofuels: gasoline,
diesel and jet.

Fig. 3.6 A basic process for obtaining biojet from biomass
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3.5.2 Agqueous-Phase Reforming

This technology is an alternative capable of generating the production of green
hydrogen that can be used for processes to obtain hydrocarbons through the hydro-
genation of unsaturated and saturated fatty acids and then deoxygenated. This pro-
cess can be carried out through the use of vegetable oils. In general, this process
uses a catalytic reaction to produce hydrogen through catalytic reactions of reagents
that are generally in the liquid state (water and glycerol) and in which high pres-
sures and temperatures are used (Oliveira 2014).

In this process, glycerin is an essential material with great potential in hydrogen
production via aqueous-phase reform (APR). For this, the energy supply in the APR
is much lower than that in the reform process (SR) since the APR, as already men-
tioned, is carried out at low temperatures. This fact is essential as this temperature
can also promote the displacement of water gas and thus have lower CO concentra-
tions in a reactor.

Another critical advantage of APR is producing 7 mol of hydrogen for every
1 mol of glycerol, four from glycerol and three from water (Davda et al. 2005). In
this way, the hydrogen produced can be used as fuel in internal combustion engines
or even in fuel cells and can be used to produce chemical products such as methanol
and ammonia.

The APR allows several oxygenated hydrocarbon compounds obtained from bio-
mass, such as ethanol, ethylene glycol, polyols, cellulose, among others, to be con-
verted into hydrogen. This process is undoubtedly a technology of great interest for
the production of fuels, and of course of great attention to the aviation sector, which
uses large volumes of fuel. Within this technology, several factors can influence the
selectivity of the process, such as the nature of the active catalytic metal, pH of the
solution, and feed and process conditions (He et al. 2013).

The aqueous-phase process occurs at reduced temperatures, at values between
220 °C and 270 °C and high pressure, which requires the need for catalysts such as
platinum (Pt) and nickel (Ni), which increases hydrogen productivity (Eloffy
et al. 2022).

As mentioned, the breakdown processes of biomass molecules rich in cellulose
and hemicellulose generate monomers that can serve as inputs for hydrogen produc-
tion processes in a system similar to that used in steam reforming (SR). Thus, both
of these processes create H2 from the breaking of C—C bonds. In more detail, the
contact of a catalyst with ethylene glycol promotes the breaking of C—C bonds,
which release CO. As reported previously, catalysts play an important role in this
process. As in the other processes mentioned, catalysts also improve processes such
as water gas shift (WGS), leaving only 300 ppm of CO in the gas flow. Several other
intermediates favor the cleavage of the C—O bond that enables the generation of
alkanes (CH,, C,H¢) and a reduced yield in the production of H, (Cortright et al.
2002; Tanksale et al. 2010).
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3.6 Economic and Environmental Analysis of Biojet
Fuel Pathways

Table 3.2 summarizes the economic and environmental issue characteristics of dif-
ferent jet fuel production pathways and the year approved by the ASTM. To choose
the best pathway to be employed to biojet fuel production, it is desirable to have a
lower minimum selling price (MSP), cost of production, and greenhouse gas (GHG)
emissions. In contrast, the technology readiness level must be higher, showing that
this technology is available to be commercialized (Okolie et al. 2023; Wei et al.
2019). In this sense, the technology readiness level controls the production cost,
reducing the minimum selling price (Wang and Tao 2016). HEFA and Fischer—
Tropsch were first proved by the ASTM and are the most mature technology to
produce biojet fuel.

Table 3.2 Economic and environmental analyses of pathways of biojet fuel production

Year of Minimum GHG Technology
approval by | selling price | Production | emissions (g | readiness
Pathway the ASTM | (US$/L) cost (U$/L) | CO2-eq/MJ) | level
HEFA 2008 0.43-1.51 0.36 3.06-53.10 |89
CH 2020 0.65-1.34 1.53 21.20-39.30 | 4-5
HDCJ Not 1.38-1.89 - —2.70-49.50 | 6
approved
Hydroprocessed 2020 - - - 6-7
HHC-SPK or
HC-HEFA-SPK
ATJ-SPK 2018 0.96-2.88 0.55 —27.00- 6-7
(ethanol) 117.50
2016
(butanol)
Fischer—Tropsch 2009 0.65 0.37 —1.60-18.20 | 8-9
Biomass-to-fuel Not 1.65-2.00 - - 6
approved
Direct 2014 1.89-6.45 1.54 22.00-80.00 |6
sugar-to-
hydrocarbon
Aqueous-phase Not 1.23-1.25 - - 5
reforming approved

Source: Adapted from Okolie et al. (2023), Wei et al. (2019)
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3.7 Final Remarks

Biojet fuel is a possible way to reduce the environmental impacts and the problems
linked to the fossil fuel (price, availability, national security) in the aviation industry.
Several pathways to produce the biojet fuel have been developed, and some of them
are being used to produce it commercially. In Table 3.3, the advantages and disadvan-
tage of the main technologies discussed in this work are shown. However, HEFA and
FT were first proved by the ASTM and are the most mature technology to produce
biojet fuel; several efforts should be taken to make biojet fuels more attractive than

conventional jet fuel, especially to reduce the market price for biojet fuels.

Table 3.3 Summary of the pros and cons of each biojet fuel pathway

Pathway Pros Cons

HEFA Exothermic reaction, reducing the Auvailability of resources/
energy cost and the environmental feedstock is limited relative to
impact the projected industrial demand
Biojet fuel with high quality (ignites | High demand of hydrogen for the
fast and has a great heating value — | cracking of triglyceride (10-15
44 Ml/kg) mole per mole of triglyceride)
Production of less reactive soot

Catalytic Low capital costs and good energy Low quality and stability of

hydrothermolysis efficiency when likened to other biojet fuel

(CH) processes
Transportability and storability of
liquid fuels

Hydroprocessed Variety of lignocellulosic feedstocks | Low yields

depolymerized Complexity process

cellulosic jet (HDCJ)

Alcohol-to-jet Permissible aromatic content Issues with feedstock availability

(ATJ-SPK) Well-established structure for ethanol | Low yield

production, decreasing transportation
cost

Reduced cost of production due to
lower temperature and pressure
required

Low demand of hydrogen

Long processing routes involved

Fischer—Tropsch

High feedstock options (including
not food varieties)

High-energy efficiency

Permitted range of aromatic content
Sulfur-free leading to less emission
during engine combustion

Expensive technology

Direct
sugar-to-hydrocarbon

No energy intensive

High feedstock options (including
not food varieties)

Hydrocarbon yields up to 92%

Only 10% can be used according
ASTM

Special enzymes needed

Market immaturity

Aqueous-phase
reforming

Use renewable supplies

Expensive catalyzes used
Pretreatment needed

High demand of chemical to
pretreatment
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Abstract The aviation sector emits 2.5% of the global anthropogenic CO, emis-
sions, which can rise by 3.6% annually and double over the next decades. Therefore,
the decarbonization of the aviation sector is necessary. One possible solution to
reduce the environmental impacts and the problems linked to the fossil fuel (price,
availability, national security) in the aviation industry is the biojet fuel. The biojet
fuel can be produced using a variety of biomass feedstocks that can be classified
considering its chemical nature in triglyceride (soybeans, sunflower, castor bean,
palm, rapeseed/canola, jatropha, camelina, algae), sugar and starch (sugarcane,
corn, cassava), lignocellulosic (sugarcane bagasse, grasses, plant residues, wood),
and wastes (municipal solid waste, sewage, gad flue). The choice of feedstock for
biojet fuel production is a complex decision influenced by economic, environmen-
tal, and technological considerations. Each feedstock presents unique advantages
and challenges, and the optimal choice may vary depending on regional conditions
and priorities. Thereby, this chapter discusses each one of these raw materials,
showing the scientific and technological advances reported in the literature.
Moreover, a comparative analysis is done using environmental and economic
aspects.
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4.1 Introduction

The aviation sector will increase by around 5% annually until 2030 and double until
2050 (Ng et al. 2021). Moreover, this kind of industry emits 2.5% of the global
anthropogenic CO, emissions (almost 1000 Mt. CO, per year) and 5% of the global
greenhouse gases (CO, and non-CO, — NOx, water vapor) (Okolie et al. 2023;
Su-ungkavatin et al. 2023). In the future, these emissions can rise by 3.6% annually
and double over the next decades (Sobieralski 2023; Wang et al. 2023). Thereby, the
decarbonization of the aviation sector is necessary (Cui et al. 2022; Sobieralski 2023).

One option to reduce the environmental impacts and the problems linked to the
fossil fuel (price, availability, national security) in the aviation industry is the biojet
fuel (Su-ungkavatin et al. 2023). According to the International Air Transport
Association (IATA), the biojet fuel is the short- to medium-term solution to decrease
the emissions of greenhouse gases (Doliente et al. 2020; Ng et al. 2021; Yang et al.
2019). Biojet fuel is a complex mixture of organic compounds (n-paraffins, iso-
paraffins, olefins, naphthenes, and aromatics), whose carbon range distribution is
from C8 to C16 (Emmanouilidou et al. 2023). The D7566 standards of the American
Society for Testing and Materials (ASTM) establish a few technical specifications
that biojet fuel must meet to be used due to the high safety standards and compati-
bility with aircraft fleet and refueling infrastructure (Emmanouilidou et al. 2023;
Panoutsou et al. 2021).

The biojet fuel can be produced using a variety of biomass feedstocks that can be
classified considering its chemical nature in triglyceride, lignocellulosic, sugar and
starch, and wastes (Doliente et al. 2020; Gutierrez-Antonio et al. 2017). Nowadays,
the triglyceride feedstocks, which include oil and fats that are edible, nonedible, and
wastes, are the main raw material to produce biojet fuel (Emmanouilidou et al.
2023). However, with the increase in future demand, triglyceride feedstocks will not
be enough to supply the market and lignocellulosic residues can contribute to sus-
tainable biojet fuel production (Romero et al. 2022). Wood, husks, straws, grasses,
and kernels are the most important lignocellulosic feedstock used to produce biojet
fuel. Furthermore, sugarcane, corn, and cassava are classified as sugar and starch
feedstocks, while municipal solid wastes, sewage, and flue gas are wastes. This
variety of renewable raw material allowed different biojet fuel pathways, such as
hydroprocessing of triglyceride feedstock, thermochemical processing of biomass,
and alcohol-to-jet, direct sugar-to-hydrocarbon, and aqueous-phase reforming
(Doliente et al. 2020; Gutierrez-Antonio et al. 2017).

Thereby, this chapter provides a deep discussion of the potential feedstock to
produce biojet fuel, showing the scientific and technological advances reported in
the literature. To make it easier for the reader to understand, raw material to produce
biojet fuel was separated into sugar and starch feedstock (Sect. 4.2), triglyceride
feedstock (Sect. 4.3), lignocellulosic feedstock (Sect. 4.4), and wastes (Sect. 4.5).
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4.2 Sugars and Starch

4.2.1 Sugarcane

Around the world, in tropical regions of many countries, sugarcane (Saccharum
officinarum) is grown over larger areas, mainly for being used for human consump-
tion, through its transformation in sugar (sucrose). There is also the possibility of its
application for the production of many other products, such as electric energy,
organic chemicals, fuels, and paper, derived directly from it or its resulting products
(Renouf et al. 2010).

The jet fuel demand has been increasing as a natural result of the aeronautical
industry being fast growing, which leads to concerns about the demand for fossil
fuels and their atmospheric emissions. In this scenario, the use of biofuels produced
from sugarcane feedstock can be considered a part of the solution as one of the main
advantages of using it can be the possibility of growing it on a large scale (Escalante
et al. 2022).

Alkane-type fuels can be produced directly from sugars, instead of first convert-
ing them to ethanol intermediate, called direct sugar-to-hydrocarbons (DSHC), and
it was named by the ASTM as synthetic iso-paraffin from fermented hydroprocessed
sugar (SIP). It can be also found in the literature as direct fermentation of sugar-to-
jet (DFESTJ). DSHC is a technology, from the economic point of view, mainly
affected by feedstock. Hence, the studies indicate the best feedstock for this path-
way is sugarcane (Wei et al. 2019).

Among the pathways certified by the ASTM, there is also another one known
called alcohol-to-jet (ATJ), which involves converting the biomass into alcohol that
can be processed into long-chain hydrocarbons (SPK), which will be used as the
desired aviation fuel. For this technology, numerous types of feedstocks can be
applied, sugarcane being one of those options (Okolie et al. 2023). Yao et al. (2017)
conducted a techno-economic study of the ATJ pathway, where they tested three
different feedstocks, with sugarcane among their options. Finally, they concluded
that sugarcane was the most cost-effective and environmentally sustainable feed-
stock for that technology.

A derived potential feedstock is the sugarcane bagasse (SCB) due to its chemical
composition, which is typically rich in cellulose (44%), but it also contains hemicel-
lulose (28%), lignin (21%), ashes (5%), and extractive (2%). However, before it is
used in the production of biochemicals and biofuels, its de-lignification is necessary
to make it more susceptible to enzyme attacks, followed by pretreatment and hydro-
lysis (Ajala et al. 2021). Luo et al. (2023) demonstrated the possibility of producing
biojet fuels from bagasse through the integration of bio- and chemical catalysis
reaction processes. Finally, they obtained high selectivity of jet-range fuels (83.0%)
and high conversion of acetone/butanol/ethanol (95.3%).
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4.2.2 Corn

Corn (Zea mays) is an important agricultural crop grown worldwide as one of the
major cereal crops (Ruan et al. 2019). In 2017, its production was around 1.03 bil-
lion tons, with more than 80% being produced by eight countries/regions, the United
States leading (37% of total), followed by China (21%), Brazil (8%), the European
Union (6%), Argentina (4%), Ukraine (3%), India (2%), and Mexico (2%), which
means that just three countries (the United States, China, and Brazil) are responsible
for about two-thirds of the world’s production (Ruan et al. 2019; da Silva et al. 2022).

The literature indicates that one of the major challenges for the wide adoption of
the biojet fuels is their competitiveness with the price of conventional jet fuels,
which implicates a demand for strategies to reduce their production costs. An alter-
native to this question is the integration of the production of these sustainable avia-
tion fuels with existing industrial plants, aiming at cost reduction, in general. In this
scenario, corn ethanol is one of the industries that make possible this integration for
producing sustainable aviation fuel (Tanzil et al. 2021).

Staples et al. (2014) evaluated the greenhouse gas (GHG) emissions in the life
cycle of some raw materials that could be a candidate for the production of biojet
fuel, involving the corn grain. Considering seven stages and a reference baseline,
they verified that the cultivation and production of biojet fuels were the stages with
the greatest contribution to the life cycle of greenhouse gas emissions. Finally, those
authors concluded that, in the assumption of the baseline corn, its contribution to the
life cycle GHG emissions decreased by 30% compared to the conventional jet fuel
(Escalante et al. 2022; Staples et al. 2014).

According to Yoo et al. (2022), the life cycle GHG emission of sustainable avia-
tion fuel (SAF) derived from corn grain ethanol is 26% lower than the emission of
the jet fuel produced from petroleum, and they also indicate that this feedstock is the
dominant and maturely used to develop biofuel in commercialized biorefineries.
Hence, they indicate that it is worth paying attention to the application of this feed-
stock in green technologies for lowering the life cycle of GHG emission.

4.2.3 Cassava

In over 100 tropical and subtropical countries, cassava (Manihot esculenta) is
mainly cultivated by family farmers, who use it as a major source of energy as its
roots are rich in carbohydrates (Tiago et al. 2020). It has many local varieties, which
can be adapted to different regions, and has been used for decades as a source of
starch that can be applied as raw material in food, paper, textile, and many other
industries (Ogundari et al. 2012; Tiago et al. 2020).

In Thailand and southern Brazil, cassava is widely cultivated, as a single crop
(Olusola Sanusi et al. 2023). Escalante et al. (2022) evaluated the potential feed-
stock for the biojet production, focusing on the Brazilian context. In their research,
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they did not focus, specifically, on the application of cassava as feedstock. However,
they mentioned that EMBRAPA — Agroenergy identified approximately nine poten-
tial feedstocks that can be used in biojet fuel, including cassava, which indicates that
it can be a promising option for future research, in Brazil, aiming at increasing its
biojet production.

4.3 Triglyceride

Nowadays, agriculture is facing big challenges such as increasing productivity
without environmental footprints, facing climate change, and providing renew-
able fuels.

To avoid climate change, a deep change in the energy sources that move the cur-
rent society is needed; in this scenario, many countries signed international agree-
ments, thus one of these actions is replacing fossil fuel-derived jet fuels to sustainable
fuels (Ortiz et al. 2020). Plant oils are potential candidates to replace fossil oil due
to the similarities in their chemical structures and physicochemical properties.

The production of biojet fuels through the conversion of vegetable oils and ani-
mal fats is known as hydroprocessed esters and fatty acids (HEFA) route; the HEFA
received approval from the ASTM in 2011 (Chuck 2016). Its use is limited to a 50%
mixing ratio with conventional jet fuel because of the lack of aromatics in the com-
position of this biofuel. HEFA is the technology with the greatest development,
being the most widely used by the industry (Vasquez et al. 2017). Figure 4.1 sum-
marizes the HEFA process.

The biojet fuels obtained through this process have properties that are advanta-
geous for higher altitude flight, characterized by low temperatures. HEFA fuels pos-
sess low lubricity due to the absence of O and S. As its cetane number is lower than
conventional jet fuels, the ignition can be affected; however, these problems can be
addressed by blending with conventional jet fuel (Escalante et al. 2022). The pres-
ence of aromatics is the main difference between conventional jet fuel and biojet
fuels as the latter lacks them in their composition; this is the principal reason for
restricting their use in certain mixing ratios to ensure fuel compatibility with the
aircraft engine.

Hydroprocessed Esters and Fatty Acids (HEFA)

Oil ydrodeoxygenation Isomerization,

Oilseeds. extraction. : decarboxylation; hydrocracking. Distillation. Bio-jet fuel
decarbonylation. =

Fig. 4.1 ASTM-approved HEFA technology route for biojet production. (Adapted from
Chuck 2016)
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Some of the oilseed crops currently used for commercial HEFA production
include camelina, sunflower, soybean, jatropha, palm, canola, coconut, cotton, cas-
tor bean, among others. It is important to consider, among the sustainability of its
oil extraction, that there should be an economic advantage to using oilseed crops
instead of fossil fuels. This chapter is dedicated to some of these sources such as
soybeans, palm, sunflower, and castor bean.

Chu et al. (2017), Eller et al. (2016), Wu et al. (2017) reported the biojet fuel
process through the hydroprocessing of various oilseeds using various catalysts.
The raw materials used by Chu et al. (2017) were camelina, carinata (nonedible oil),
and used cooking oil (UCO); they used a nickel-molybdenum-based catalyst. Wu
et al. (2017) studied the catalytic cracking of vegetable oils (composed principally
of palmitic acid, stearic acid, oleic acid, linoleic acid, and linolenic acid) using zeo-
lite (HZSM-5) as a catalyst. Similarly, Eller et al. (2016) used coconut oil as a start-
ing material, with sulfided NiMo/AlL,O; as a catalyst. The important aspects studied
in these works include feedstock composition, hydrogen consumption, energy
demand, and process selectivity. In general, their yields achieved higher than 60%.

Hydroprocessing means a treatment for the removal of oxygen from fats and oil
in the presence of hydrogen as ASTM D7566 and ASTM D1655 stated that the
composition of final biofuel must contain at least 99.5% of carbon and hydrogen
(Why et al. 2019). Hydroprocessing is a key process for the HEFA (Fig. 4.1). This
process includes several catalytic reaction mechanisms. This technology is more
advantageous compared to other conversion pathways since it is flexible and can use
low-quality feedstock. Furthermore, the separation stage of the by-products is not
so complex compared to, for example, transesterification technology, which needs a
further purification process (Why et al. 2019).

4.3.1 Soybeans

The oil extracted from soybean has a huge potential for the HEFA process to pro-
duce biojet fuel because of its low cost, developed agriculture, and available facili-
ties. However, it is important to consider that the oil extracted from soybeans is the
main feedstock for the production biodiesel (e.g., in Brazil); thus, it is very impor-
tant to evaluate alternative potential crops (de Souza et al. 2020).

Choi et al. (2015) studied the conversion of waste soybean oil and palm fatty acid
distillates in a single-step reaction, without the addition of hydrogen, and the reac-
tion occurred over a Pd-based zeolite catalyst. They reported high degrees of deoxy-
genation of wasted soybean oil (yield = 95.5%) and palm fatty acid distillates
(yield = 94.3%).

Scaldaferri and Pasa (2019) studied the production of biofuel jet from oil
extracted from soybean; the reaction occurred over NbOPO, catalyst, and in their
research they used mild experimental conditions in a one-step process. The yield for
biojet fuel was 62%. Among biojet fuel, biogasoline and green diesel were obtained.
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4.3.2 Palm

Palm oil is the second largest source of edible oil. It is a multipurpose vegetable oil,
with products ranging from food to biodiesel. Currently, vegetable oils such as palm
oil are used by some industries to produce biodiesel. Although this diesel-oriented
production represents only a small part of the total world production, its use for this
purpose is very attractive as it can be considered an alternative to soybean
(Arunachalam 2012; Tan et al. 2009).

Palm oil is rich in long-chain saturated fatty acids (such as palmitic and stearic
acids, in addition to oleic acid). Palm oil can be a promising feedstock to produce
biojet fuel as biojet fuel is compatible with Jet A-1 commercial fuel standard (Why
et al. 2022).

Lin et al. (2020) produced biojet fuel from palm oil through hydroprocessing and
hydrocracking/isomerization. Palm oil was first hydroprocessed given mainly
alkanes. The latter was transformed into jet fuel-range products through further
hydrocracking/isomerization processes, and the reaction occurred over the Ni-Ag
supported on silico-aluminio-phosphates (SAPO-11) catalyst. The effects of the
reaction parameters on the product distributions were investigated. Lin et al. (2020)
reported that at high temperatures due to the occurrence of cracking, the contents of
C15 to C18 decreased, and the ones of C8 to C14 increased.

Why et al. (2022) produced biojet fuel from different types of palm kernel oil
(PKO). The deoxygenation process was carried out over Pd/C catalysts at 400 °C for
2 h. They concluded that at 8 wt% loading it achieved the highest selectivity of jet
paraffins (96% liquid product containing n- and iso-paraffins, olefins, naphthenes,
and aromatics; and 73% of jet paraffins selectivity). The physicochemical properties
of produced jet fuel such as density, kinematic viscosity, cloud point, smoke point,
pour point, flash point, and final boiling point obey the standard Jet A-1 fuel estab-
lished in the ASTM standards.

4.3.3 Sunflower

Sunflower oils are rich in oleic acid content. Sunflower is the third most produced
oilseed in the world and is one of the most important oilseed meal feed sources. The
sunflower oil industry maintained its competitiveness in oilseeds markets during the
last decades influenced by its continuous innovation (Zhao et al. 2016).

In the study reported by Zhao et al. (2015), nonedible sunflower oils that were
catalytically cracked in a fixed-bed reactor, the reaction was carried out at three dif-
ferent reaction temperatures: 450 °C, 500 °C, and 550 °C, and over a ZSM-5 cata-
lyst. They concluded that the reaction temperature influences the yield and quality
of liquid products. The highest conversion efficiency was 30.1% at 550 °C. They
observed that the reaction temperature affected the composition of the noncondens-
able gases.
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4.3.4 Castor Bean

Castor bean is a perennial plant found in subtropical and tropical regions. The best-
known commercial source of hydroxy fatty acid (HFA) is ricinoleic acid
(12(R)-hydroxy-octadec-cis-9-enoic acid; 12-OH 9c-18:1), which is obtained from
castor oil (Ricinus communis L.; Euphorbiaceae). This makes castor oil essential to
the chemical industry (Kenar et al. 2017). Castor oil is used in coatings, paints,
lubricants, inks, and a wide variety of products.

Castor bean is a promising feedstock for biojet production given its relatively
high yield and because it is a nonfood oil source. However, because it is the princi-
pal commercial source of hydroxy fatty acid, castor bean oil is a valuable feedstock
for the industry; therefore, a higher price than other seed oils is expected (Tao
et al. 2017).

Liu et al. 2015 synthesized biojet fuel by hydroprocessing of castor oil in a
continuous-flow fixed-bed reactor, obtaining high yields. The highest yield reached
91.6 wt% of alkane, with a high isomer/n-alkane ratio, and they used a Ni/acidic
zeolites catalyst. They also observed that the degree of hydrodeoxygenation (HDO)
and hydrocracking influences the content of alkanes in the final product.

4.3.5 Rapeseed/Canola Seed

Rapeseed (Brassica napus) is the third largest oilseed crop in the world, considered
healthy for cooking, especially for its beneficial balance of fatty acids (Cisneros-
Yupanqui et al. 2021). It has been traditionally grown for the animal feed and pro-
duction of vegetable oil for human consumption (Diaz et al. 2010). However, in the
last years, rapeseed has been considered a promising raw material for biodiesel
production and biojet fuel due to the high oil content (40%) (Diaz et al. 2010).
Moreover, rapeseed oil has a high energy content and relatively low viscosity (Shi
et al. 2017). Therefore, rapeseed oil stands out as an ideal feedstock for biojet fuel
due to its wide availability and favorable properties.

The production of biojet fuel from rapeseed oil involves a process known as
hydroprocessing (HEFA), removing impurities and adjusting its molecular structure
(Cheng et al. 2014). The resulting biojet fuel can be used as a drop-in replacement
for conventional jet fuel, requiring no modifications to existing aircraft engines or
infrastructure. During the use in the turbine, the biojet fuel made from rapeseed
emits harmful particulates and sulfur compounds, which could improve the air qual-
ity around airports (Labeckas and Slavinskas 2015).

Numerous researchers have highlighted the comparatively low carbon footprint
and comprehensive eco-friendliness exhibited by biojet fuel from rapeseed oil
(Obnamia et al. 2020; Shi et al. 2017; Ukaew et al. 2016). The greenhouse gas emis-
sion of biojet fuel produced from rapeseed using the HEFA can vary from 36-51 g
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CO,e/MJ (Ukaew et al. 2016) and —55 to —107 g CO,e/MJ (Shi et al. 2019) depend-
ing on the agricultural methodologies and geographical settings.

One concern is the competition between biofuel production and food production
(Tao et al. 2017). As rapeseed oil is also used for culinary purposes, there is a need
to balance its use in both industries to ensure food security. Moreover, the relatively
high cost of this raw material is another drawback (IRENA 2021).

4.3.6 Jatropha

Jatropha curcas L. is a member of the Euphorbiaceae family and is categorized as
an inedible oilseed. Its tree can withstand challenging conditions like high tempera-
tures and low humidity, and its seeds are extremely rich in oil (about 36 g/100 g).
This culture has grown all over the world, even in regions with challenging climates,
so it adapts quickly to these environments. Jatropha cultivation does not compete
with the area used for growing food crops because it only grows in arid regions
(Arockiasamy et al. 2021).

This plant can be used as a source of biofuel because it is rich in oils and does not
produce a significant amount of greenhouse gases (Escalante et al. 2022). In fact,
there is scientific proof that using these kinds of biofuels actually lowers the emis-
sion of these gases. Based on this culture, the aviation industry is one of the applica-
tions for these biofuels, making it a sustainable and environmentally friendly
method to use these fuels (Arockiasamy et al. 2021). dos Santos et al. (2017)
observed that Jatropha is the more viable feedstock for biojet fuel production
in Brazil.

The minimum selling price stands around U$ 1.78 per liter for biojet fuel pro-
duced using Jatropha as feedstock (Wang 2016). This price could vary depending
on feedstock costs, refinery capital cost, co-products credits, and energy cost
(Escalante et al. 2022).

4.3.7 Camelina

Camelina is an oleaginous plant, similar to Jatropha curcas L, that is neither useful
for food production nor competes with land that will be utilized for it. It is a fairly
widespread plant in Canada and is known to withstand harsh weather conditions
like cold and drought. It is also intriguing since it requires no costly agricultural
inputs (Li et al. 2018).

When compared to conventional fuels generated from petroleum, its raw mate-
rial potential for the use of fuels that may be employed in the aviation sector showed
encouraging results with regard to greenhouse gas emissions, revealing that there
was a reduction in the range of 65-97% (Li et al. 2018).
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As they conformed with the law, many businesses have already started utilizing
camelina fuel, which is a potential raw material for aviation that may be used with
drop-in aviation using hydroprocessed esters and fatty acids (Li et al. 2018).

4.3.8 Algae

When compared to plant cultures, algae are even superior as a source of raw materi-
als for the production of biofuels (Doliente et al. 2020; Lim et al. 2021). Among
their advantages are their ease of cultivation and high oil yields, as well as the fact
that they can be grown without needing any land at all, including using wastewater
(Lim et al. 2021). They can also help reduce greenhouse gas emissions (O’Neil
et al. 2019). Algae farming is a recognized and developing technique that does not
compete with food culture and is highly promising for use in biojet (O’Neil
et al. 2019).

Proteins, carbohydrates, and lipids make up algae, and the latter is particularly
promising for use in biojets. Both dry and wet seaweed may be treated, and this oil
can be recovered by separating it from the other molecules that will be applied.
Aviation fuel hydrocarbons can be separated from their product or manufactured
using a variety of methods, each with pros and cons (O’Neil et al. 2019). For
instance, when algae are transformed into lipids, they undergo hydrocracking (isom-
erization) through the HEFA to create the biojet fuel (Gutierrez-Antonio et al. 2017,
Tao et al. 2017). On the other hand, if algae are converted into bio-oil through lig-
uefaction, this bio-oil is subsequently subjected to a hydrotreatment process to gen-
erate the biojet fuel (Chiaramonti et al. 2017). When the algae feedstock is converted
into syngas via gasification, the resulting syngas is employed in the Fischer—Tropsch
technique to produce the biojet fuel (Elkelawy et al. 2022). Lastly, in cases where
algae are transformed into sugars through a pretreatment process, these sugars are
then subjected to fermentation to produce the biojet fuel via alcohol to jet (Elkelawy
et al. 2022).

An economic evaluation of biojet fuels derived from microalgae projected a min-
imum selling price of U$ 8.46 per liter (in 2011) (Wei et al. 2019). This price can
decrease to U$ 2.43 per liter (in 2011) once the technology advances and the market
evolves (Doliente et al. 2020; Wei et al. 2019). There are several issues in cultiva-
tion, harvesting, and oil extraction technologies, which are still inefficient and/or
capital- and resource-intensive (Doliente et al. 2020).

Several studies reported the impact of using algae biomass as feedstock to biojet
production (Agusdinata et al. 2011; Bennion et al. 2015; Fortier et al. 2014; Lim
etal. 2021; Wei et al. 2019). The amount of the GHG emission can be reduced by as
much as 90% by using algae-based biojet fuel compared to fossil jet fuel (Bennion
et al. 2015; Fortier et al. 2014).

Genetically modifying algae and microalgae species is again interesting due to
their potential to directly synthesize biojet fuel (Lim et al. 2021). Another interest-
ing point of investigation is the adjustment in the cultivation conditions of these
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species leading to enhanced biomass, lipids, or targeted compounds improving the
biojet fuel yields and reducing the production costs (Doliente et al. 2020).
Concurrently, efforts must also address the challenges of optimizing the oil extrac-
tion process to curtail energy consumption. Presently, this factor constitutes a sub-
stantial proportion of overall processing expenses (Wei et al. 2019).

4.4 Cellulosic Materials

4.4.1 Sugarcane Bagasse and Trash

The sugarcane industry produces in great excess by-products such as straw and
sugarcane bagasse; these materials are considered lignocellulosic and have great
potential for application in sustainable processes such as the production of biofuels.
The bagasse comes from the cane after its grinding, consisting of a fibrous residue,
whereas the straw comes from the leaves, tips, and other parts of the plant that are
not harvested. The composition of this lignocellulosic material is what makes it
promising since it consists of a structure composed of cellulose, hemicellulose, and
lignin, the first and second are polysaccharides that can be fermented and/or trans-
formed into biofuels, while the third is a structure of phenolic nature that can be
applied for the production of phenolics (Carvalheiro et al. 2008).

The use of this material includes the collection and preparation of both bagasse
and sugarcane straw; hence, there is a need for treatments that can deconstruct the
recalcitrance of this material so that it can be applied for the purpose of biofuels,
and thus, we have several examples of pretreatment such as chemical, physical, and
biological (Dias et al. 2012).

After the pretreatment stage, saccharification techniques can be used to convert
polysaccharide sugars into fermentable monomers, so that enzymatic or acid hydro-
lysis techniques can be used, and the sugars obtained will be used to produce etha-
nol through fermentation through yeast. Thus, we will have biologically based
products, such as biofuels (ethanol) or biochemicals (organic acids) (Galbe and
Zacchi 2012).

Straw and sugarcane bagasse are renewable resources; thus, using them in these
processes has various advantages in terms of waste reduction and environmental
effects. Furthermore, by converting trash into useful resources, this strategy adheres
to the ideals of a circular economy (Galbe and Zacchi 2012).

Many businesses are working on the production of these fuels using biomass,
and the products obtained meet the ASTM D7566 specifications and can be used in
aircraft turbines; hence, the jet fuel/ATJ mixture is already being used in commer-
cial airlines. The alcohol obtained from biomass is promising for use in aviation
through transformation pathways where these alcohols will form a product rich in
hydrocarbons that are used by airplanes (Escalante et al. 2022).
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4.4.2 Grasses

Like many other biomasses, grasses are also materials rich in complex carbohy-
drates, which, after transformation, can give rise to high-quality fuel for aircraft.
The current production of sustainable aviation fuel still needs to be more efficient,
much more for land use than for large scale. Thus, Uludere Aragon et al. (2022)
carried out a study seeking to evaluate the use of grasses and land use, seeking more
efficient help of the land for the production of biomass used in the production of the
biojet. In that same study, good results were observed for crops such as grasses,
miscanthus, and switchgrass, given the possible harmful effects on the surrounding
climate or soil moisture, which showed interesting results regarding the final pro-
duction cost of the fuel.

As in many other processes, the use of biomass has an almost always standard
sequence for use, which includes pretreatments, enzymatic hydrolysis, and fermen-
tation, recovery, and purification stages that make obtaining fuels viable or not from
the point of view of production (de Oliveira et al. 2021). This fact is no different for
the production of biojet from such biomasses, as is the case of grasses.

There is much interest in the use of grasses for the production of fuel, including
biojet, since this material has exciting characteristics from a productive point of
view as they grow quickly without significant challenges in terms of cultivation and
harvesting. In addition, this material can be cultivated in several areas worldwide in
the most different types of soil (Tye et al. 2016).

Producing biojet fuel from this type of material can enable more efficient and
sustainable aviation, given that the sector requires high fuel demands (Cervi et al.
2021). Despite the production of biojet from biomass such as grasses still being very
recent, good initiatives are already found, with policies suggesting using such bio-
mass for this production. This fact can be proven from the indications of the use of
this biomass for the production of biojet by the International Civil Aviation
Organization (ICAO), in which the body suggests the culture of grasses due to the
noncompetition for its use as a food crop (ICAO 2013). In addition, the Sustainable
Aviation Fuel Users Group (SAFUG) declared that not compromising the availabil-
ity of water or biodiversity from the use of this biomass is an additional boost for the
use of this biomass and emphasized the importance of using sources of biomass
without compromising water availability or biodiversity (SAFUG 2018).

Aviation biofuel is seen as an emerging bioenergy supply chain, which may
require large amounts of biomass resources in the coming years. Although, globally,
biojet fuel production is currently at a development stage, many dedicated initia-
tives and policy statements have already suggested the conditions for using biomass
for this purpose. For example, the International Civil Aviation Organization (ICAO)
has indicated that biomass crops for biojet fuel should not compete with food crops.
The Sustainable Aviation Fuel Users Group (SAFUG) has emphasized using bio-
mass sources without compromising water availability or biodiversity
(SAFUG 2018).
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Biojet production must use biomass always available at sufficient production
levels to meet a large production volume, which is precisely the cause of the change
in supply throughout the year seasonality (Richter et al. 2018). In the case of grasses,
if they are not edible, the biggest problem with their use would be their availability
in the current scenario. In addition, there would be a lack of production to support
the pasture and fuel industries during periods of drought (Herr et al. 2016). Climate
change can cause changes in rainfall patterns, promoting changes and increasing the
complexity of the possible use of this material for fuel production (Perkis and
Tyner 2018).

4.4.3 Plant Residues

Plant residues, in general, are rich in carbohydrates, mainly cellulose and hemicel-
lulose, which can be converted into fermentable monosaccharides and thus produce
fuels. Based on this, new technologies have emerged, focused on producing fuels
for sectors with high demand and specific properties, as is the case of biojet fuel.

Around the world, many airlines have successfully tested biofuels to make the
sector more sustainable (Gutierrez-Antonio et al. 2017; Wei et al. 2019). In 2008,
Virgin Atlantic Airlines became the first to carry out a flight using the biojet; since
then, several companies have carried out the same type of test, as was the case of
Turkish Airlines in 2022, which used biojet produced from algae (Sharno and
Hiloidhari 2022).

There are many plant residues with properties that qualify for the production of
biofuels (Hao et al. 2021). These materials can be divided into four groups. First, the
materials directed to the first-generation production (sugarcane, beet, oil palm).
Second, materials used for production called second-generation. In this group, we
can find biomass residues, agricultural and forestry residues, the so-called plant
wastes. Furthermore, the material for the third generation is found in the last two
groups, such as algae and microalgae, and for the fourth generation, which includes
fungi and bacteria, in addition to genetically modified microorganisms (Doliente
et al. 2020).

The use of biomasses, such as plant wastes, starts already in the cultivation stage
and is followed by the transport of the material from the field to the conversion sites,
the plants, and ends in the biojet conversion stage, in the conversion plants (Sharno
and Hiloidhari 2022). For this large volume of material to be used, most of them
(biomass and forest) need to have their seasonality evaluated, as this is what will
determine the availability of such materials (Caputo et al. 2005; Madlener and
Bachhiesl 2007; Nilsson and Hansson 2001). This phenomenon is limited to harvest
periods, climatic conditions, and the need to plant and replant fields and forests
(Wood and Layzell 2003).
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4.4.4 Wood and Wood By-Products

The biojet fuel is considered in the long and medium term as a possible alternative
to using fossil fuels in aircraft. However, the production volume capable of meeting
the great demand for the sector still needs to be increased and corresponds to only
0.5% of the identified demand (van Dyk and Saddler 2021). These limitations occur
since many production processes occur by processing oils into esters and
hydrotreated fatty acids (HEFA). However, the oil required for this production is
limited. Another fact is due to the lack of policies that encourage the development
of technology and the different characteristics of the biojet (Bjornsson and
Ericsson 2022).

The production of fuel from it occurs through residues from the silviculture and
forestry industries, mainly crowns and branches, after removing the main parts to
produce cellulose and paper. The second most abundant source of wood fuel is saw-
mill residues, which move a total volume of around 2.3 Mt. DM, or 43 PJ, annually
(De Jong et al. 2018).

The use of silviculture residues for the production of biofuels is still limited.
However, the wide availability of this material encourages its use for these purposes
in Sweden, including the production of biojet, and the study of this use on a pilot
scale needs more stimuli and on a priority basis (Statens Offentliga Utredningar 2019).

4.5 Wastes

4.5.1 Municipal Solid Wastes

The term municipal solid waste (MSW) is used to describe recyclables, composta-
ble materials, and garbage from houses, businesses, institutions, construction, and
demolition sites (Rahman et al. 2022). The composition of MSW varies greatly
between regions and includes a wide variety of organic and inorganic waste (Dornau
et al. 2020). The organic content of MSW in developed nations is about 32%, but it
is over 50% in developing nations. It raises important questions about waste man-
agement strategies (Bhattacharjee et al. 2023).

Every year, just over 2 billion tons of MSW are produced worldwide. By 2050,
MSW volumes are expected to reach 3.4 billion tons per annum due to population
growth, industrialization, and urbanization (Dornau et al. 2020; Kaza et al. 2018).
The accumulation of MSW leads to air pollution, water pollution, and greenhouse
gas emissions (GHG), and takes up valuable space in landfills. Hence, properly
managing MSW is essential for protecting the environment and public health.

Converting complex feedstocks like MSW into transportation fuels like gasoline,
diesel, and jet fuel is becoming increasingly attractive as conversion technologies
and processes advance (Rahman et al. 2022). The American Society for Testing and
Materials (ASTM) has approved the use of renewable feedstocks (agro-waste and
MSW) to produce jet fuel (Morgan et al. 2019; Sajid et al. 2022).
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MSW can be converted into jet fuel by gasification through the Fischer—Tropsch
process and/or some other thermochemistry/biochemistry routes (Wei et al. 2019).
Emmanouilidou et al. 2023 performed a systematic review using PRISMA. For bio-
jet fuel conversion, catalytic hydroprocessing of waste lipid feedstocks is the most
commonly used. The catalytic pyrolysis of waste plastics and co-pyrolysis with
solid biomass residues can also contribute to the development of cost-effective tech-
nologies and effective policy support. In addition, gasification, coupled with
Fischer—Tropsch and alcohol-to-jet processes, proved to be an excellent pathway for
developing sustainable aviation fuel (Emmanouilidou et al. 2023).

Harisankar and Vinu (2023) reviewed the feasibility of hydrothermal treatment
of heterogeneous and co-mingled waste feedstocks, and the scale-up challenges
associated with it. It has been shown in existing studies that the hydrothermal lique-
faction treatment of lignocellulosic biomass, as well as algal biomass, is a sustain-
able way to produce biofuels. However, the literature on the hydrothermal treatment
of waste feedstocks such as MSW is relatively lacking (Harisankar and Vinu 2023).

A study by Suresh (2016) examined the life cycle greenhouse gas emissions and
economic feasibility of middle distillate fuels derived from MSW, including diesel
and jet fuel, through three thermochemical conversion pathways: conventional gas-
ification and Fischer—Tropsch (FT MD); plasma gasification and Fischer—Tropsch
(plasma FT MD); and conventional gasification, catalytic alcohol synthesis, and
alcohol-to-jet upgrading (ATJ MD). According to this analysis, diesel and jet fuels
produced from MSW can reduce the GHG emissions intensity of transportation, but
policy mechanisms may be necessary to ensure economic viability (Suresh 2016).

Despite the potential reported in the literature, the challenges of MSW jet fuel
production are the highly inconsistent and heterogeneous composition of the raw
material that affects the product quality and yield.

4.5.2 Sewage

Municipal and industrial wastewater treatment plants produce sewage sludge, a
solid by-product that is lipid-rich, widely available, and has a negative cost (Hari
et al. 2015). Municipalities incur a disposal cost of US$200-600 per dry ton (or
US$40-120 per wet ton, given an assumed solids content of 20%), which means the
cost of fuels derived from this material can potentially be offset by US$1.5-7/gallon
if this material is used as a feedstock (Cronin et al. 2022). In addition, the use of
waste materials for biofuel production can overcome a number of difficulties, for
example, needing fertilizer, irrigation, land, and labor (Hari et al. 2015; Saynor
et al. 2003).

Farooq et al. (2020) studied the feasibility of an integrated hydrothermal lique-
faction (HTL) plant in the United Kingdom. Using the Aspen Plus simulation
approach, an integrated HTL plant with a feed throughput of 10 t h~' was modeled.
Three HTL configurations are considered for the assessment of technical-economi-
cal, regional resource, and carbon footprint, such as a base case without energy and
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resource recovery, an HTL with heat integration, and an HTL with energy and
resource recovery. Feedstocks such as algae, food waste, and sewage sludge were
investigated, with sewage sludge having the lowest minimum fuel selling price. As
a result of heat integration, heating and cooling utilities are reduced by 96.4% and
77.8%, respectively. Additionally, heat integration and resource recovery reduce the
minimum fuel selling price by 10.5%. This technology is capable of meeting 22.8%
of the UK jet fuel demand, according to the regional resource assessment. According
to the carbon footprint assessment, the technology can reduce CO, emissions by
18.3% compared to current aviation emissions at maximum production (Farooq
et al. 2020).

In another study with hydrothermal liquefaction, Chiaberge et al. (2021) explored
the possibility of co-distilling a blend of fossil crude with hydrothermal liquefaction
(HTL) biocrude from primary sewage sludge. It was observed that biocrude contrib-
utes mainly to high boiling point fractions, particularly diesel and residue, and that
kerosene also has a significant contribution. The distilled fractions, however, con-
tained significant amounts of nitrogen, which corresponded to compounds that were
resistant to hydrotreating with a different carbon number and double-bond equiva-
lent (DBE). This issue could be controlled by reducing the blending ratio or with
specific upgrading treatments. The co-distillation of HTL biocrude with fossil fuels
is, therefore, an attractive method for introducing renewables into existing refineries.

Cronin et al. (2022) studied the hydrothermal liquefaction from food waste, sew-
age sludge, and fats, oils, and grease. According to the findings of this work, the
upgraded HTL biocrude material shows key fuel properties, such as carbon number
distribution, distillation profile, surface tension, density, viscosity, heat of combus-
tion, and flash point, which all fall within the range required for aviation fuels.

Bashir et al. (2022) converted sewage sludge into sustainable jet fuel-range
hydrocarbons (C8—C16). The biocrude oil was produced from sewage sludge in a
thermo-catalytic reforming (TCR) system (2 kg/h) at 450 °C pyrolysis and 700 °C
post-reforming. In a subsequent two-step hydroprocessing process, which was car-
ried out in a bench-scale batch high-pressure reactor, the biocrude oil was hydrode-
oxygenated and hydrocracked separately. H, pressure was varied while temperature,
feed volume, catalyst loading, and batch time remained constant. Thus, at 60 bar H,,
about 25% by weight of hydroprocessed oil was recovered via atmospheric distilla-
tion, including normal, cycle, and iso-paraffins and aromatic oils between C8 and
C16. Most of the specifications for jet fuel were met by sewage sludge-derived
range fractions.

4.5.3 Flue Gas

The flue gas (also called exhaust gas or stack gas) is the gas that is emitted from a
combustion plant. It is composed of reaction products of fuel and combustion air, as
well as residual substances like particulate matter (dust), sulfur oxides, nitrogen
oxides, and carbon monoxide (Speight 2019).
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In recent years, the conversion of CO, into fuels and high-value chemicals has
attracted widespread attention as it contributes to mitigating greenhouse gas emis-
sions while also producing valuable chemicals (Yao et al. 2020).

Using novel, inexpensive iron-based catalysts, Yao et al. (2020) developed a syn-
thetic protocol for fixing carbon dioxide directly into aviation jet fuel. Fe-Mn-K
catalyst was prepared using the organic combustion method. It converted carbon
dioxide into hydrocarbons at a rate of 38.2%, yielded 17.2%, and showed a 47.8%
selectivity, along with a low selectivity for carbon monoxide (5.6%) and methane
(10.4%). Additionally, a conversion reaction produces ethylene, propylene, and
butenes, totaling 8.7% of the yield, which are raw materials for petrochemicals and
are currently derived from fossil crude oil (Yao et al. 2020).

Using layered double-hydroxide precursors, Zhang et al. 2021 produced a high-
selectivity Na-modified CoFe alloy catalyst capable of converting CO, directly into
a jet fuel containing C8—C16 hydrocarbons. With a temperature of 240 °C and pres-
sure of 3 MPa, this catalyst achieves 63.5% selectivity in C8—C16 with 10.2% CO,
conversion and a combined selectivity of fewer than 22% toward undesirable CO
and CH,.

4.6 Comparative Analysis of Feedstock

As previously discussed, there are several sources to produced biojet fuel and can be
classified into three distinct categories: first generation (1-G), second generation
(2-G), and third generation (3-G) (Doliente et al. 2020; Wei et al. 2019).

The 1-G feedstocks originate from edible crops like oil palm, corn, sugarcane,
sugar beets, rapeseed/canola, and wheat. Most of these food crops have a high water
footprint and high nutrients demands, which are the main environmental impacts of
choosing 1-G feedstocks (Doliente et al. 2020). The water consumption was
131-143 m*/GJ to produce biojet fuel from rapeseed in North Dakota using the
HEFA (Shi et al. 2017). Cox et al. (2014) observed a water footprint of 15.6—147 m?/
GJ to produce biojet fuel from sugarcane through direct sugar-to-hydrocarbons
(DSHC) process. Staples et al. (2013) observed a consumption of water of
76.46-85.81 m*/GJ and 63.65-106.79 m*GJ to biojet fuel produced from corn
grain using the DSHC and soybean using the HEFA. Another problem of the 1-G
feedstocks to biojet fuel is the use of arable land for the cultivation of crops, which
can cause scarcity of food (Cox et al. 2014; Doliente et al. 2020; Wei et al. 2019).
Moreover, to address the shortage of available land resources, the common approach
has been to expand into forested areas. However, this strategy comes at the cost of
deforestation and a reduction in biodiversity (Doliente et al. 2020). One conse-
quence of using food-based products is the rise of food prices and food supply
imbalances (Buchspies and Kaltschmitt 2018). Today, these feedstocks, especially
the oleochemical/lipid, are the main raw material to biojet fuel in the market
(IRENA 2021).
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The subsequent generation of aviation biofuels (2-G) can be sourced from noned-
ible oil crops and waste biomass, and they harmonize the competition to food vs.
fuel of 1-G feedstocks (Doliente et al. 2020; Wei et al. 2019). Notable examples
include camelina, jatropha, and castor bean that can be transformed into biojet fuel
through processes like esterification and isomerization via hydroprocessing
(Gutierrez-Antonio et al. 2017; Wei et al. 2019). The demand for fertilizer of these
energy crops is lower than the 1-G feedstock, allowing the cultivation in nonfertile
and nonfood productive marginal lands (Doliente et al. 2020).

Moreover, certain by-products from industrial waste, such as crude tall oil from
paper manufacturing and residual substances like soapstocks, oil sediments, and
acid oils from edible oil refining, used cooking oils (UCOs), and waste animal fats
(WAFs), can also serve as a viable feedstock for conversion into jet fuel using
hydrogenation (Chiaramonti et al. 2014). UCO has been regarded as the most cost-
effective and ecologically sound raw material for biojet fuel production (Doliente
et al. 2020). Nevertheless, the inconsistency in its availability and the unpredictabil-
ity of how much it truly aids in achieving greenhouse gas emission reduction goals
might curtail its widespread use (Doliente et al. 2020).

Another avenue involves lignocellulose biomass encompassing wood and for-
estry leftovers, agricultural remains, halophytes, short-rotation woody crops, and
municipal solid waste (Wei et al. 2019). Before being used, these materials need
pretreatment with enzymes/microorganisms and/or thermochemical transforma-
tions for biojet fuel conversion, which are expensive and nonefficient (Doliente
et al. 2020). This is the main issue of 2-G feedstock utilization. Gasification utiliz-
ing Fischer—Tropsch processes and other thermochemical/biochemical routes can
convert lignocellulose feedstock into biojet fuel (Wei et al. 2019). Lignocellulose is
a particularly promising feedstock to biojet fuel due to its relatively high abundance
and low-use competition (Doliente et al. 2020; Wei et al. 2019).

Waste biomass presents several advantages compared to energy crops feedstock:
lack of land requirements (being generated as by-products from agro-forestry,
domestic, commercial, and industrial activities), minimal economic value, and
reduced water footprints (Doliente et al. 2020). Stimulating the circular economies,
waste management, and environmental protection are other positive aspects of using
waste biomass as feedstock. On the other hand, the main disadvantages of waste
biomass are logistical complexity and variable availability of waste biomass
(Emmanouilidou et al. 2023; Staples et al. 2018).

The third-generation aviation biofuel relies on algal feedstock and is highly
regarded as a prime candidate for biofuel production due to addressing CO, seques-
tration concerns and not competing with food production (Doliente et al. 2020; Wei
et al. 2019). Another advantage of algal biomass is high biomass productivity and
oil content, 10-200 times more oil than the energy of other terrestrial crops (soy-
bean, palm oil) (Lim et al. 2021). Algae requires less land compared to many other
biomass sources and simple nutrients (Doliente et al. 2020; Lim et al. 2021). Water
demand by algae biomass is lower than 1-G feedstocks (Cox et al. 2014; Doliente
et al. 2020; Wei et al. 2019). Cox et al. 2014 observed a water footprint of
6.40-13.9 m*G]J to produce biojet fuel from microalgae through the HEFA process.
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Moreover, wastewater and/or water unsuitable for agriculture can be used as algal
growing medium, decreasing the operational cost and improving the environmental
conditions (Doliente et al. 2020). However, there are a few drawbacks to cultivation,
harvesting, and oil extraction technologies, which are still inefficient and/or capital-
and resource-intensive (Doliente et al. 2020; Lim et al. 2021; Wei et al. 2019).

The choice of feedstock for biojet fuel production is a complex decision influ-
enced by economic, environmental, and technological considerations. Each feed-
stock presents unique advantages and challenges, and the optimal choice may vary
depending on the regional conditions and priorities.

4.7 Final Remarks

Introducing alternative jet fuel stands as a crucial stride toward the aviation indus-
try’s decarbonization, enabling it to both reduce its carbon footprint and liberate
itself from the constraints of finite fossil fuel resources. In this chapter, we described
a range of feedstocks for biojet fuel production available. The choice of feedstock
for biojet fuel production is pivotal in determining both environmental impact and
economic feasibility. Microalgae holds potential for efficient resource utilization,
though challenges in cost-effective cultivation and harvesting persist. Oilseed crops
have established practices but face concerns over land and food production competi-
tion. Waste-based feedstocks mitigate environmental impact and offer waste man-
agement solutions. Municipal solid waste and used cooking oil conversion have the
potential, contingent on waste management improvements. Nevertheless, the incon-
sistency in its availability and the collection can limit their application. Therefore, a
holistic approach considering environmental sustainability and economic viability
is essential in shaping the future of biojet fuel production.
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Chapter 5
Characteristics of Biojet Fuel

Priyancka Arora and Shubhankari Mishra

Abstract The aviation sector is the largest producer of greenhouse gases, contrib-
uting 2% of global emissions. The finite supply of fossil fuels also emphasizes the
need for sustainable energy sources in the aviation sector, which are producing sig-
nificantly lower emissions as well as renewable resources. This chapter discusses
the important production routes of biomass-derived fuels, also called biojet fuels
(BJFs), which must meet the ASTM International specifications and are clean and
complete substitutes for present-day jet fuels. The production of these fuels uses a
wide range of biomass; consequently, the fuels produced have very different com-
positions. The performance characteristics of the fuels based on the physiochemical
properties of their constituents are discussed elaborately. It has been observed that
there is a direct association between the chemical composition of the biofuels pro-
duced and their performance characteristics. Many researchers have suggested that
the properties of bio-aviation fuels are appropriate as per the specifications provided
by the ASTM standards. The concentration of aromatic carbons is pivotal in influ-
encing the characteristics of fuels. The blends of biofuel with conventional fuels are
also studied to improve fuel performance. For biojet fuels to become 100% drop-in
fuels in commercial aviation usage, some drawbacks such as the price of produc-
tion, feedstock availability, energy intensity of the process, and storage stability
need to be addressed.
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5.1 Introduction

The Air Transport Industry plays a significant part in the world economy by allow-
ing global connectivity; the Air Transport Action Group (ATAG) reported that 87.7
million jobs were provided worldwide by this industry, producing $961.3 billion of
GDP per year, about 4.3 times higher than other jobs. Aviation is expected to con-
tinuously expand and contribute $1.7 trillion to world GDP by 2038. In 2019, 4.5
billion passengers were served by the airline industry (ATAG 2020). This increase
in air travelers requires a considerably substantial quantity of aviation fuels, but the
extended utilization of fuels in the past few years has developed a noticeable decline
in the petroleum supply (Pavlenko and Kharina 2018).

The huge utilization of jet fuel provides a considerable volume of greenhouse
gases (GHQG), around 2.1% of all CO, emissions that are generated by human activi-
ties and 12% of all aircraft emissions. The increasing demand for air transport
results because there is aqua druple increase in the amount of emissions from 2015,
which was 0.78 billion tons, and is expected to reach 3.1 billion tons of GHG emis-
sions by 2050 (Doliente et al. 2020). Due to the effects of GHG on global warming,
the airline industry is required to reduce 50% of CO, emissions by 2050 compared
to CO, emissions in 2005 (ATAG 2020). The major challenge is to discover the most
acceptable way to reduce GHG emissions to the determined target set at 50% less
than the volume that was in 2005. The International Civil Aviation Organization
(ICAO) and the International Air Transport Association (IATA) developed a few
ways to accomplish the target: operational advancements, market-based measures,
technological improvements, and sustainable jet fuel (SJF). Technological refine-
ments are resulting in the reduction of GHG emissions. The improvements lower
fuel utilization while traveling and give competency in mileage.

The majority of the reduction in GHG emissions can be achieved by substituting
conventional jet fuel (CJF) with alternative jet fuel (AJF). The physiochemical
properties of AJF must be similar to CJF like AJF should have 30,000 feet above
elevation, lower carbon footprints than CJF, an adequate amount of energy density
to fulfill the demands of long-haul flights, and temperature stability between —47 °C
and 40 °C. Alternative jet fuel (AJF) like biofuel ensures immense reduction in
GHG emissions (Doliente et al. 2020). Biomass-derived aviation fuels (biojet fuels)
or BAF are used as an alternative to conventional jet fuels. The International Air
Transport Association (IATA) recognized that biojet fuels are the guaranteed policy
to bring down GHG release from the aviation sector. The aircraft that utilized BAF
resulted in remarkably lower carbon emissions when weighed against CJF (Yang
etal. 2019).

The American Society for Testing and Material (ASTM) D7566-10 is the inter-
national organization that decides the standard specifications for fuel quality. The
fuel specification for the synthesized hydrocarbons as per this international body is
that the fuel should contain up to 50% of any of the five types of synthesized paraf-
finic kerosene (SPK), which needs to be blended with CJF. In 2011, the ASTM
approved one of the synthesized fuels called hydroprocessed esters and fatty acids
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(HEFA) that can be blended up to 50% with CJF. In 2015, FT-SPK combined with
Aromatics (FT-SPK/A) became part of ASTM D7566 standards. The aromatics
content is deliberately elevated up to the highest 20% in FT-SPK/A. At the same
time, synthesized iso-paraffins (SIP) were also approved and certified in ASTM
D7566, but the quantity of blends approved was up to only 10% with CJF. Alcohol-
to-jet (ATJ) produces ATJ-SPK by utilizing C,-Cs alcohols, where iso-butanol (C,)
and ethanol (C,) were approved in 2016 and 2018, respectively, with up to 50%
blending permitted (Yang et al. 2019). In recent years, global interest in BAF pro-
duction has escalated, showing the necessity of lowering GHG release by the jet
industry through AJF.

The central theme of this chapter is the processes of conversion technologies of
biomass to biofuels and the characteristics of BJFs.

5.2 Properties of Fuels Used in Aircraft

The ASTM-D16522 is an international institution that defines the basic characteris-
tics of aviation fuels as shown in Table 5.1. Jet fuels are composed of stringent
characteristics compared to land transportation fuels. As per the specifications
declared by the ASTM, the jet fuel should basically be comprised of a complex
mixture of Co—C¢ range hydrocarbons. It should consist of a mixture of alkanes,
which could be linear alkanes, slightly branched alkanes, cycloalkanes, and 20%
arene hydrocarbons such as benzene and naphthalene. Moreover, other physio-
chemical properties, such as freeze point, energy density, flash point, viscosity,
flammability limits, combustibility, sulfur content, density, and amount of hydrogen
ions, are strictly adhered to for the purpose of operational certification. The carbon
chain length and the amount of different kinds of alkanes should be maintained so
as to match the guidelines of the jet fuels (Wang and Tao 2016).

Table 5.1 Summary of the characteristics of fuels as per the ASTM D1655 standards

Property Specifications | Comment
Carbon Co-Cys 80% alkanes (linear, iso, cyclic) 20% aromatic
content
Density High-energy
density
Flash point High Minimum 38°C
Freezing point | Low Maximum - 47°C
Sealing Good The presence of aromatic compounds (~20%) enhances the
property swelling of elastomeric valves in the fuel system, thus
improving the sealing property
Sulfur content | Low Maximum 0.30% by mass
Heat of High 42.8 Ml/kg
combustion
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Another significant attribute is the high flash points, which is the minimum tem-
perature at which enough vapors of material are generated that can be ignited. The
flash point of the jet fuel is required to be a minimum of 38°C as there is a low
chance of fire hazards on board. The low freeze point is recommended such that at
high altitudes it possesses good cold flow properties. The freezing point should be a
maximum of —47°C, and it indicates the temperature at which wax that had been
crystallized when the fuel was previously cooled completely melts when the fuel is
rewarmed. The fuel is expected to have a high-energy density that aids in storage
space. The proportion of aromatic hydrocarbons should be around 20% in the fuel.
The aromatic hydrocarbons are shown to have negative effects on the combustion
efficiency of fuel, but their presence in the fuel is unavoidable as they provide good
sealing properties to the fuel that are required to avoid leakage (Kramer et al. 2022).
The sulfur content of the fuel should also be controlled as it is involved in producing
harmful emissions such as sulfur oxide. Most importantly, the exothermic release of
energy, when the fuel is subjected to 100% combustion at constant pressure, is
required to be at least 42.8 MJ/kg (ICAO 2018). This energy released is called net
heat combustion, which should be kept high.

5.3 Different Production Technologies of Biojets

The idea behind designing the biojet fuel using more reliant renewable resources is
to have the advantages of renewability, less dependence on petroleum, more sustain-
ability, environment-friendly, and easy carbon dioxide recycling (Bozell et al.
2000). The waste biomass has garnered interest in its conversion to biojet fuels such
as feedstocks having triglyceride-containing materials, lignocellulose-containing
wastes, and sugar and starch wastes (Moreno-Gémez et al. 2020). The research on
BJF production has been done using various raw materials, out of which jatropha,
microalgae, and camelina have the most potential (Wei et al. 2019; Lim et al. 2021).
The production methodology includes catalytic cracking, pyrolysis, trans-esterifica-
tion, hydroprocessing, and fermentation. Different raw materials require different
production processes and result in different final fuel properties. The production
route also impacts the cost, its effect on the environment, and its ultimate composi-
tion (Shahid et al. 2021). Some of the methods of biojet manufacturing are dis-
cussed below.

5.3.1 Alcohol Oligomerization

This method is also called the alcohol-to-jet fuels (ATJ) route, which comprises
three steps. For the purpose of biojet production, alcohol used is a short-chain fatty
alcohol having C, or C, chain such as ethanol and butanol. Initially, the bio-alcohol
is dehydrated to its olefin compound, for instance, ethanol yields ethylene upon
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dehydration, which is converted to its corresponding olefin derivative. Secondly,
oligomerization of olefin is done to produce Cy-C;4 large-chain olefins; in the case
of ethanol and dimerization of olefins, it is required if the raw material is butanol.
Finally, the oligomerized olefin is subjected to hydrogenation to produce the satu-
rated hydrogenated product, which has properties similar to jet fuel (Wang and
Tao 2016).

One of the most important components of the ATJ route of biojet conversion is
the use of a catalyst for the oligomerization and dehydration step, which enhances
the rate at which the conversion of alcohol to biojet fuels takes place (Sundararaj
and Kushari 2019). Some of the most efficient catalysts for this purpose are zeolite,
aluminum (IIT) oxide, and heteropolyacid (HPAs) (Sundararaj and Kushari 2019).
Over the years, with further research, the ATJ conversion route has been practiced
using other acidic catalysts, specifically for dehydration and oligomerization steps.
The ATF process is perfected by ByogyRenewables by means of a catalytic process,
which involves the production of heterogeneous long-chain hydrocarbons from
ethanol. The mixture produced is dissociated into aviation fuel and gasoline using a
selective distillation process (Han et al. 2019). The production route is illustrated
using a flowchart in Fig. 5.1. The Byogy fuel has ASTM approval for commercial
flights, with an increase of 50% blend ratio. The other manufacturer of biojet fuels
using the ATJ route is Gevo, in which higher alcohol is used instead of ethanol. It
makes use of propanol and butanol and leads to the production of aromatics (Diaz-
Pérez and Serrano-Ruiz 2020). The alcohol-to-jet synthetic paraffinic kerosene
(ATJ-SPK) conversion technology was used to convert isobutanol feedstock to bio-
jet fuel, and this technology was standardized in 2018 (Geleynse et al. 2018).

5.3.2 Fermentation of Sugar and Platform Molecules

This process is called the fermentation to jet (FTJ) process and direct sugar-to-
hydrocarbon (DSHC). The technology involves anaerobic fermentation for the syn-
thesis of alkane-type fuels from sugars such as lignocellulosic sugar. Recently,
attention has been paid to the use of simple sugars (sorghum, maize, sugarcane) or
platform molecules (bio-derived molecules) as a feedstock for their ease of fermen-
tation (Mawhood et al. 2015). The FTJ process is complex as the feedstock contains
a variety of functional groups, is highly oxygenated, and contains a maximum of six
carbon atoms. On the other hand, jet fuel comprises higher carbon atoms (Co-Cys),
is devoid of a variety of functional groups, and is less oxygenated (Diaz-Pérez and
Serrano-Ruiz 2020). Therefore, there is a need for complex chemical reactions in
the FTJ process such as dehydration, hydrogenation, and hydrogenolysis for the
removal of oxygen, aldol condensation, ketonization, and oligomerization for C—C
coupling reactions (Serrano-Ruiz et al. 2011).

Another procedure for obtaining biojet fuels through the fermentation of sugars
and biomolecules is by using bioengineered microorganisms that are made compat-
ible to feed on these sugars and produce biojet fuels. Producing such
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microorganisms through genetic engineering is difficult (Mawhood et al. 2015).
Firstly, the hydrolytic catalysis of the preliminary treated biomass is required, fol-
lowed by hydrosylate clarification. The engineering microorganisms are then intro-
duced for the process of fermentation to occur. In the next step, the purification of
the fermented products is carried out. Then, the hydrotreatment is given to the prod-
ucts before it is subjected to fractionation (Wang and Tao 2016). The steps involved
in the synthesis of BJF using this method are explained in the flowchart in Fig. 5.2.
The renewable fuel company, Virent, is involved in FTJ conversion for the produc-
tion of sustainable fuels by BioForming (Diaz-Pérez and Serrano-Ruiz 2020).

5.3.3 Hydroprocessing

This method is involved in hydrocracking and hydrotreating of hydrogenated esters
and fatty acids (HEFA) with the help of catalytic actions such as decarboxylation,
hydrogenation, decarbonylation, cracking, and isomerization. This is a catalytic
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Fig. 5.2 Flowchart of the Lignocellulosic sugar (Sorghum maize or
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process and the intermediate biofuels produced using this route are called hydropro-
cessed renewable jet (HRJ). This technique is also known as oils-to-jet fuels.

The methodology involved in the production of HRIJ using hydroprocessing
involves the oils from vegetables as a feedstock. These oils (e.g., soybean, palm,
corn, jatropha, camelina, and canola) are enriched with triglycerides (TG), which
help in the synthesis of straight-chain alkanes (Morgan et al. 2012). The n-alkanes
serve as a biojet fuel component because they have a good combustible tendency
and high-energy density (Lin et al. 2020). In the first step, hydrogenation of TG
leads to the production of free fatty acids and propane. In the subsequent reactions,
oxygen is removed from the product by the process of hydrodeoxygenation (HDO)
and hydrodecarbonylation/hydrodecarboxylation (HDC) to produce alkanes (Ng
et al. 2021). The resultant alkane in the case of HDO reaction is n-alkane, whereas
HDO produces n-1 alkanes, thereby yielding low carbon yield in comparison to
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HDO. In the second step, isomerization and hydrocracking are carried out to pro-
duce the hydrocarbons with the desired carbon chain length of Co-C,s (Sundararaj
and Kushari 2019). High temperature and hydrogen pressure are necessary for this
HEFA process, which converts oils into biofuels. It is carried out along with hetero-
geneous catalysts such as transition metals or their bimetallic composites (Monteiro
et al. 2022). The conversion of oil to jet fuel is shown in the form of a flowchart in
Fig. 5.3. The most appropriate airplane fuel is HRJ biojet. Some of the characteris-
tics that make HRJ biofuels most suitable for being a drop-in fuel are lesser aro-
matic carbons, more calorific content, zero sulfur content, and low emissions
(Sundararaj et al. 2019). The companies that produce HRF fuels and meet the
ASTM standards are Neste Oil and Honeywell Universal Oil Products (Tao
etal. 2017).

5.3.4 Hydrothermal Liquefaction

An alternative method to develop biojets from vegetable oils is hydrothermal lique-
faction (HTL). It is also known as catalytic hydrothermolysis (CH). It produces
biofuels with a very low content of oxygen by the liquefaction reaction. This method
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is capable of producing 100% sustainable aviation fuel (SAF) in 2019, which was
named ‘ReadiJet.” This production pathway of SAF or biojets is developed and
patented by Applied Research Associate Inc., which contains algal oil or vegetable
oils as biomass. This production pathway begins with pretreatment of the biomass,
which helps in treating the triglycerides and unsaturated fatty acids using catalytic
reactions such as conjugation, cross-linking, and cyclization that are essential to
enhance its molecular structure. The conversion of oil to hydrocarbon is explained
in the flowchart in Fig. 5.4. The advantage of this technique is that the feedstock is
not required to be dewatered. The reaction conditions are kept such that the water
stays in the fluid state and pressure is maintained around ~100-350 bars such that
water is at a dense supercritical state in order to produce biofuel with high-energy
efficiency (Grande et al. 2021). Water and catalysts are used to facilitate the cata-
lytic hydrothermolysis process. In the succeeding steps, the amount of unsaturation
and oxygenated content of the product is reduced by a catalytic decarboxylation
reaction. The resultant fuel has a variety of alkanes ranging from Cg-Cy (Li
et al. 2010).

5.3.5 Hydrotreated Depolymerized Cellulosic Jet (HDCJ)

It is a procedure that requires fast pyrolysis of biostock. Fast pyrolysis is the ther-
mochemical treatment of the feedstock to convert it into liquid bio-oil, which is
further processed to produce oils of biojet fuel standards. The procedure takes place
in an oxygen-free environment at temperatures between 400 and 600 °C (Hu et al.
2020). The hydrotreatment steps of the process are carried out at mild conditions
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and with the presence of catalysts. Later, hydrogenation is performed under high
temperatures. The treatment results in the synthesis of biofuels having less unac-
ceptable properties as per the ASTM standards. The fuel production method is fur-
ther improved by a three-step pathway, in which initially fast pyrolysis of biomass
is carried out, which undergoes catalytic cracking; synthesis of aromatic hydrocar-
bons is the next step, followed by hydrogenation (Sundararaj and Kushari 2019).
The bio-oil production from biomass using a fast pyrolysis method is depicted in
Fig. 5.5. This technique is still in its initial stage, but various commercial groups,
such as Ensyn, LLC, PNNL, UOP, and Tesoro, are dependent on this process for the
production of biojet fuels (Abdullah and Battelle 2015).

5.3.6 Fischer-Tropsch (F-T) Synthesis

This method, also called gas to jet, is a catalytic process to transform biomass to jet
fuel hydrocarbons with the intermediate step of gasification. The major advantage
of producing bio-derived fuels using this method is that it can take any carbon-
containing biomass as a feedstock, emits no net carbon dioxide upon combustion,
and fits well with environmental regulations (Hu et al. 2012). The conversion pro-
cess starts with the preliminary treatment of the biomass, which includes screening,
drying, and reducing the particle size. It is essential for efficient heat transfer and
depletion in the hydrogen content of the gas product. Some of the other pretreat-
ment methods required for proper F-T synthesis are torrefaction, pyrolysis, and
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compression of the biomass to produce cylindrical pellets (Hu et al. 2012). Further,
the gasification of the pretreated biomass is performed in the gasifiers and in the
presence of gasification agents. The gasification method is dependent on biomass
and the gasifier design. The syngas is produced at the end of gasification and carbon
monoxide, hydrogen, carbon dioxide, nitrogen, and methane (Nwokolo et al. 2020).
To obtain the required content of hydrogen and carbon monoxide, the optimization
of gasification is needed. The remaining impurities are subjected to catalytic crack-
ing and other reactions. Following this, the Fischer—Tropsch synthesis is carried out,
which is a set of reactions that occur in the presence of a suitable catalyst to convert
syngas to liquid hydrocarbons. The F-T process requires conditioned syngas so as
to adjust its ratio of H, and CO, which happens using a water gas shift (WGS) reac-
tion. The flowchart containing the synthesis of BJF by utilizing F-T synthesis is
described in Fig. 5.6. Ruthenium is the most efficient catalyst, which is also respon-
sible for increasing the cost of the reaction. In comparison, iron is a cheaper alterna-
tive to the catalyst that can be used, but it comes with certain disadvantages such as
catalyst agglomeration and low product selectivity (Ma and Dalai 2021). This
method of production is being utilized to create biojet, which is blended with tradi-
tional fuels (SWAFEA 2011). The process does have the advantage of using a vari-
ety of feedstock, but it is the most expensive method of all the others discussed
(Roberts 2008).
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5.4 Performance Attributes of BJFs

The fuels are considered to be drop-in alternative jet fuels if they are produced from
bio-hydrocarbon, function similarly to existing fuel, and are compatible with exist-
ing jets. The performance characteristics play a significant part in evaluating the
viability of “drop-in” alternative jet fuels. The performance characteristics of biojet
fuels need to be assessed in order to ensure fuel safety, dependability, compatibility
with supporting aero-engines and airframe components, and conformity with the
ASTM D7566-18 requirements. Here, with a solid grasp of the interplay between
their physical and chemical properties, we address the performance attributes of
BJFs. Although it becomes arduous to correctly estimate the fuel properties as bio-
fuels are composed of different complex hydrocarbons (Wang et al. 2021). This
chapter groups the BJFs’ performance characteristics into several physiochemical
qualities that need to be examined in accordance with the ASTM guidelines. These
characteristics and comparison with traditional gasoline are covered in detail in the
rest of the chapter.

5.4.1 Low-Temperature Fluidity

The major characteristic of drop-in fuel is that it should be able to maintain its fluid-
ity even at high altitudes, where the temperature is very low, or at places with
extreme climates. Failing to do so, the fuel flow to the engine will be poor or equal
to zero. The freezing point and the kinematic viscosity of the fuel are the two param-
eters that control the low-temperature fluidity of biojet fuels. These two factors are
reliant on intermolecular forces between the components of the fuels and, hence, on
their molecular structure. To meet the need for proper fluidity of biojet fuels at very
low ambient temperatures in high altitudes and low freezing points, kinematic vis-
cosity of the fuel is required to make certain the flow of the fuel in the turbine engine
is not affected (Benavides et al. 2021).

5.4.1.1 Freezing Point

The lowest temperature at which a certain fuel does not form hydrocarbon crystals
and maintains enough fluidity to allow unobstructed fuel flow from the aviation
system’s tanks to the engine is referred to as the fuel’s freezing point (Benavides
et al. 2021). The fuel’s freezing point is one factor that affects how biojet fuels
behave at low temperatures. The ASTM D2386-19 standard test procedure for avia-
tion fuel freezing point measurement is used to measure it. Differential scanning
calorimetry (DSC) is used to calculate the crystallization onset temperature (Tco)
(Benavides et al. 2021). The synthesized iso-paraffins (SIP) technique of producing
biofuels has a maximum freezing point of —60 °C, while other biofuels created
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using FT-SPK, HEFA, FT-SPK/A, and ATJ-SPK have a maximum freezing point of
—40 °C (Yang et al. 2019). The other two parameters that are used to determine
biofuel fluidity are the pour point and the cloud point. The pour point is defined as
the measure of the propensity of the fuel to gain viscosity and cease to flow when
the temperature is low and the cloud point is explained as the temperature at which
the paraffin in biojet fuels begins to separate and becomes cloudy at cold conditions
(Demirbas 2009). The freezing point for biojet fuels is found to be lower than the
ranges of the pour point (=35 to —15 °C) and cloud points (—15 to 5 °C) that are
often used to assess the fluidity of diesel and biodiesel (Yang et al. 2019).

The composition of biojet fuels is majorly responsible for their freezing point.
Components having higher viscosity have lower freezing points and, therefore, bet-
ter fluidity at low temperatures (Pires et al. 2018). In addition to the length of the
carbon chain of bio-paraffins, the amount of iso-paraffins and alkylated aromatics in
the fuel also affects the freezing point. The appearance of a large amount of branched
paraffin contributes to the very low freezing point, such as Sasol FT-SPK, which has
a freezing point of about < —77 °C (Renninger et al. 2010). On the contrary, the
presence of branched alkanes such as farnesane in SIP fuel contributes to an even
lower freezing point of —90 °C (Renninger et al. 2010). The various production
routes also result in different composition of biojets, which alters their characteris-
tics. For instance, the freezing point of coconut HEFA-1 and HEFA-2 is higher than
—40 °C, and in the event of isomerization, the freezing point of HEFA-2 (—18.5 °C)
is lower than that of HEFA-1 (9.5 °C). Similarly, the freezing point of —80 °C is
lower for biofuels containing branching cyclohexane that are made from furfural
alcohols and aromatic oxygenates via alkylation and hydroxygenation (Han
et al. 2017).

There are many other approaches for the production of biofuels, other than those
mentioned in this chapter. In one such method, called the H,SO, catalytic one-pot
method, the liquid pretreatment and saccharification take place in one vessel. In this
process, cyclic alcohols such as cyclohexanol and cyclopentanol, along with
branched cycloalkanes like methylcyclohexane and methylcyclopentane, are uti-
lized to produce branched decalins (also called decahydronaphthalene) at room
temperature. Branched decalins are excellent components of jet fuel, with proper-
ties like high density, high thermal stability, and low freezing points, but their avail-
ability by fossil resources is finite (Nie et al. 2018). With a freezing point of less
than —51 °C and a high heating value of ~42 MJ/kg, the decalin fuel is a potential
jet fuel mixing (Nie et al. 2018). Furthermore, some constituents, like highly
branched diamyl ether (DAE), have a freezing point as low as —92 °C. It has the
capability of blending with fossil fuels like QAV-1 in various proportions, which
results in an adequate freezing point. This DAE can be produced from the thermal
cracking of iso-amyl alcohol and Cs hydrocarbon using an insulated bioreactor with
minimum heat transfer (Cataluna et al. 2018).

According to reports, alkylated aromatics have an effect on the freezing point of
biojet fuels because propylbenzene reduces the freezing point of HEFA proportion-
ate to the volume injected (Hong et al. 2013). The range of raw materials, including
acidified oil, waste cooking oil, soyabean oil, and rubber seed oil, are utilized to
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create biojet fuels with a freezing point of —37 °C. A significant amount (60-77%)
of linear C4—C;5 hydrocarbons was obtained by pyrolyzing the source material at
350-450 °C with 5% base catalyst weight. Because of a higher freezing point
(—40 °C) than HEFA, HZSM-5 zeolites convert linear hydrocarbons into aromatics
at 350 °C for 6 hours, and then aromatics are converted into cycloalkanes using PD/
AC for 6 hours at 200 °C. The finished mixture has a freezing point of —47 °C (Li
et al. 2018).

As previously indicated, in addition to their composition, the carbon chain’s
length in bio-paraffins significantly affects the freezing point of created BJFs. Fuels
with short carbon chain lengths exhibit desirable low freezing points. The generated
hydrocarbons must be hydrocracked in order to reduce the length of the carbon
chain (Monteiro et al. 2022). As seen in an example, a biojet fuel substitute carrying
short carbon chain limonene (C,,) has a freezing point of —97 °C, whereas farne-
sane (C,s) has a much higher freezing point of —40 °C (Yang et al. 2019). In a simi-
lar example, bio-kerosene produced as an end product of the catalytic distillation of
triglyceride-based oils showed characteristics that were not up to the requirements,
especially with regard to the freezing point. Research reported that the freezing
point of coconut bio-kerosene is —10 °C and palm kernel bio-kerosene is —15 °C. The
probable reason for high freezing points could be due to the carbon chain length
without proper hydrocracking (Llamas et al. 2012). Upon blending 20% of palm
kernel bio-kerosene with Jet A-1, the freezing point (—41.5 °C) higher than the
ASTM D7566-18 specifications was obtained, which was not satisfactory (ElGalad
et al. 2018).

The concentrations of iso-paraffins, alkylated aromatics, and the carbon chain
length of bio-paraffins are all positively correlated with the freezing point of BJFs,
according to a summary of the relationship between the composition of biofuels and
their freezing points. Higher alkylated aromatics and iso-paraffin content led to a
lower freezing point. Biojet fuels with a short carbon chain composition have a
lower freezing point; hydrogenated algal oil had to be hydrocracked in order to
lessen the carbon chain length.

5.4.1.2 Kinematic Viscosity at —20 °C

Kinematic viscosity at —20 °C is another criterion that typically characterizes the
low-temperature fluidity of aviation gasoline. Kinematic viscosity (KV) is usually
described as the internal resistance of the fuel under the effect of gravitational force.
It is associated with chain length and degree of saturation of carbon chains (Gouveia
etal. 2017). In spite of the fact that ASTM D7566 standards did not specify the limi-
tations of kinematic viscosity of synthesized hydrocarbon fuels, the KV value of
8 mm?/s at —20 °C is required to be maintained for a blended jet fuel to be consid-
ered as a drop-in fuel (Chuck and Donnelly 2014). The kinematic viscosity of fuel
should not be very high because it causes various complications like poor atomiza-
tion, pumping difficulties, incomplete combustion, and the blocking of fuel
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injectors. The viscosity of the blended jet fuel at a low blend level is suitable for
aviation kerosene (Chuck and Donnelly 2014).

At =20 °C, the blended biofuels exhibited kinematic viscosities of less than
8 mm?/s. However, certain bio-kerosenes, which are obtained through the catalytic
distillation of triglyceride-based oils, had high viscosities. According to the research,
at —20 °C, the viscosities of the castor HEFA and its even equal blended jet fuel
were 5.3 mm?/s and 3.3 mm?/s, respectively (Liu et al. 2015). At —20 °C, the kine-
matic viscosity of the FT-SPK mix, even when blended equally with Jet A-1, is
4.65 mm?s (Lobo et al. 2011). Another research shows that ATJ-SPK fuel had a
kinematic viscosity of 4.795 mm?/s at —20 °C. However, SIP fuel shows more kine-
matic viscosity than FT-SPK, HEFA, and ATJ-SPK, which is 14.28 mm?s at
—20 °C. The 50 volume % blends of SIP fuel with Jet A-1 had a viscosity of
8.37 mm?/s and 20 volume % had a viscosity of 5.66 mm?/s at —20 °C, respectively
(Scheuermann et al. 2017).

There is insubstantial information that highlights the association of kinematic
viscosity and chemical compositions of biojet fuels. In a study by Chuck and
Donnelly (2014), the kinematic viscosities of a few biofuels, such as methyl lino-
lenate, farnesane, n-butanol, butyl levulinate, limonene, butyl butyrate, n-hexanol,
ethyl octanoate, and ethyl cyclohexane, were measured at temperatures between
—30 °C and 40 °C. The researchers concluded that the viscosities of biofuels
increased with decreasing temperature in a manner similar to an ideal fluid and that
n-butanol and n-hexanol had high viscosities at —20 °C, 12.84 mm?s, and
36.21 mm?/s, respectively, likely because of hydrogen bonding between alcohol
groups. Butyl butyrate (Cg) and ethyl octanoate (C,o) show beneficial viscosities that
are less than 8 mm?/s at —20 °C, whereas methyl linolenate (Cjg) had a viscosity of
20.68 mm?/s and its blended fuel had viscosity of 12.77 mm?s at —20 °C (Chuck
and Donnelly 2014). This illustrates that at the temperature of —20 °C, a reduced
carbon chain length results in a lesser kinematic viscosity.

Likewise, SIP (UQJ-1) fuel had a higher kinematic viscosity of 7.714 mm?/s at
—20 °C when 90 volume % of farnesane (C,s) and 10 volume % of limonene (C,,)
are blended with fuel. But when the SIP fuel contains 97.1 volume % of short-chain
limonene, then kinematic viscosity is 3.818 mm?*/s at —20 °C. Rather than hydrocar-
bon classes, the molecular mass of chemical compounds determines the degree of
viscosity of propellant. Due to the higher likelihood of high molecular weight mol-
ecules missing the viscosity test for biojet fuel, diaromatics predominated over
monoaromatics (Scheuermann et al. 2017).

Most of the biojet fuels like FT-SPK, HEFA, and ATJ-SPK had acceptable kinetic
viscosities except SIP; due to the presence of long-chain farnesane (C;s) content, the
kinetic viscosity was relatively high.
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5.4.2 Stability During Thermal Oxidation

In biojet fuels, thermal oxidation stability is categorized into two different aspects,
thermal stability and oxidation stability. One crucial performance attribute needed
in fuels is the biojet fuel’s capacity to withstand thermal oxidation at the aircraft’s
operating temperature. Thermal oxidation stability should be high. The quartz crys-
tal microbalance (QCM) is a suitable technique for measuring the thermal equilib-
rium of aircraft fuel (Corporan et al. 2011).

5.4.2.1 Thermal Stability

The capacity of biojet fuel to tolerate high temperatures under operating conditions
without experiencing noticeable degradation is known as thermal stability, and it
may be measured by the amount of deposits that accumulate in the engine fuel sys-
tem (Lin and Tavlarides 2013). To estimate the thermal stability of biojet fuels, the
jet fuel thermal oxidation stability test (JFTOT) is performed, which is standardized
under the ASTM D3241 (Christison et al. 2019). Jet fuel deposit formation can be
evaluated using two metrics provided by JETOT: the surface deposit on the test tube
and the pressure drop following fuel degradation (Jia et al. 2020). The ASTM
D7566-18 standards provide information on these metrics to guarantee the thermal
stability of BJFs. The JFTOT test requires that the pressure decrease after 2.5 hours
is less than 25 mm Hg and that the surface deposit on the test tube is less than 3 at a
temperature of 325 °C (Yang et al. 2019).

In general, biojet fuel has superior thermal stability than traditional jet fuels;
nevertheless, there has not been much research done to estimate this thermal stabil-
ity (Corporan et al. 2011). Fully synthesized jet fuel (FSJF) had very good thermal
stability at more than the standard temperature, that is, 360 °C. HEFA had less than
the standard value at tube deposit metrics, where almost no pressure drop was
detected at 325 °C after 2.5 hours (Amara et al. 2016).

As we know, the thermal stability of biojet fuel is better compared to current in-
use jet fuels; this notion is supported by the literature stating that biojet fuels are not
much deteriorated under high temperatures than the JP-8, and also, the fully syn-
thetic jet fuels are more resistant to deposit formation under high temperatures in
comparison to conventional jets (Corporan et al. 2011). The existence of heteroatom-
containing hydrocarbons accounts for contemporary jet fuel’s reduced tolerance to
high-temperature stress. Benzothiophenes (CsHgS) with cyclic sulfur structures may
be the reason for the bad thermal stability of conventional jet fuel. As benzothio-
phene (CgHgS) was not present in FSJF, as a result, it shows better thermal stability
than conventional jet fuel. Some researchers also concluded that the omission of
heteroatom-containing compounds results in better thermal stability (Westhuizen
etal. 2011).

Moreover, the presence of aromatic compounds also affects the thermal stability
of the biojet fuels. Biojet fuels are almost devoid of aromatics as these are mainly
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composed of n-paraffins, iso-paraffins, and cyclo-paraffins, whereas conventional
jet fuel contains about 10-20 weight % of aromatics. The constituents of biojet fuel
such as paraffinic compounds were not shown to have the desirable capability of
forming deposits at high temperatures, thereby improving their thermal stability.
Amara et al. conducted experiments to evaluate the thermal stability of HEFA with
the addition of several aromatic compounds, such as xylene, 1-methyl-naphthalene,
and tetralin. The results showed that the addition of aromatic compounds in fuels
had an effect on pressure drop, with the addition of 1-methyl-naphthalene resulting
in a greater than threefold increase in deposit rate (Amara et al. 2016).

To conclude the findings on the comparison of the thermal stability of biojet fuel
and conventional fuels, conventional jet fuels have poor thermal stability due to the
presence of heteroatom-containing compounds and aromatic compounds. The bio-
jet fuels show better performance in this regard.

5.4.2.2 Oxidative Stability

The term oxidative stability signifies the propensity of the fuel to react with oxygen
at moderate temperature. In other words, it is the quantification of the resistance of
a fuel to oxidize in the availability of oxygen at a temperature range between 100
and 160 °C (Jia et al. 2020). To measure the extent of fuel degradation by oxidation,
the induction period (IP) of the fuel is calculated, which is the time when the fuel
achieves the highest oxidation rate (Ben Amara et al. 2014). The thermal oxidative
stability of propellant is determined by the physical conditions of the fuel as well as
its chemical composition. It is dependent on ambient temperature, the amount of
oxygen in the physical environment, the hydrocarbon molecular structure of its
compositions, and the concentration of heteroatomic compounds (Odziemkowska
et al. 2018). The oxidative stability of biodiesel at a temperature of 110 °C is more
than 3 h IP according to the ASTM D6751 standards, whereas it is more than 8 h IP
according to the EN 14214 (Moser and Vaughn 2010).

IP for HEFA was around 60 minutes at 140 °C and 7 bar of oxygen pressure.
Because of the inclusion of aromatic chemicals, the IP for Jet A-1 was approxi-
mately 2.3 hours. To enhance the oxidative stability of HEFA, they blend it with Jet
A-1 containing aromatic compounds. Before addition, they evaluate the effect of
molecular structure on IP. Now blend of 25 volume % of Jet A-1 with HEFA gives
an IP of about 3 hours. It is observed that diaromatic compounds like 1-methyl-
naphthalene show higher IP values than monoaromatics compound and hydrocar-
bons show lower IP values than aromatic compounds (Amara et al. 2016). Further,
it is noticed that the oxidative stability of HEFA was enhanced from 1 hour to
8 hours by blending 5 volume % of 1-MN. HEFA’s oxidative stability shows aver-
age improvement by blending monoaromatics compounds, whereas cyclic alkane
shows no improvement in HEFA’s oxidative stability. Apart from this, FT-SPK and
HEFA had better oxidative stability than conventional JP-8 due to the high oxygen
consumption rate and lack of aromatics compounds in FT-SPK and HEFA. Besides,
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fossil jet fuels contain phenolic antioxidants that also lead to the low oxidative sta-
bility of BJFs (Tomar et al. 2023).

In conclusion, compared to commercial jet fuels, the oxidative resistance of bio-
jet fuels was worse because they lacked antioxidant and aromatic components.

5.4.3 Combustion Characteristics

Fuel combustion characteristics are computed in order to examine the impact of
biojet fuels, particularly with regard to their effect on climate change and rising
greenhouse gas emissions (GHG). In the research led by Sundararaj et al., the bio-
fuels containing camelina and jatropha have better emission characteristics, once
tested against fossil fuel-based fuels. For the purpose of assessing how well biofuels
burn, several gaseous emissions are taken into account, including carbon monoxide,
soot, nitrogen oxides, and unburned hydrocarbons. The study involving the blends
of biofuels suggested that the more the amount of camelina in the blend, the lesser
the emission of these gases. The release of nitrogen oxides is also dependent on
combustion temperature; therefore, there is an increase of nitrogen oxide emission
with increasing camelina. Whereas jatropha-based biofuel blends do not follow the
same trend and give mixed values (Sundararaj et al. 2019). In an aviation turbine
engine, biojet fuel ignites and vaporizes with rapid hot air. Incomplete combustions
are the outcome of particulates and unburned hydrocarbons. If the concentration of
particulates is high, then it will be seen as smoke or soot. The metrics used to assess
the BJF’s combustion properties include the derived cetane number (DCN), smoke
point, particle matter (PM), carbon dioxide (CO,), and monoxide (CO) emissions
(Yang et al. 2019).

5.4.3.1 Smoke Point

The temperature at which a particular fuel starts to produce smoke is known as its
“smoke point.” A fuel with a high smoke point is thought to have a low tendency to
produce smoke. The fuel’s smoke point is measured with the specific wick-fed test
lamp, where the height of the highest flame produced (in millimeters) is checked,
which is given off without soot breakthrough (Jiao et al. 2015), thereby assessing
the combustion properties of the fuel. For instance, the smoke point of fossil jet
fuels is 25 mm in height of flame without smoke production (Saffaripour et al. 2011).

The smoke produced is influenced by the amount of heavy hydrocarbon particles
present in fuel. The lesser the concentration of aromatic hydrocarbons, the greater
its smoke point, therefore, the better its burning quality. FT-SPK and HEFA show
remarkable combustion performance with smoke points higher than 40 mm. The
currently used jet fuel JP-8 had a smoke point of 25 mm and FT-SPK had a higher
smoke point than JP-8, which is more than 50 mm. The difference between the
smoke points of FT-SPK and JP-8 is due to the presence of aromatic contents. The
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soot-forming capacity is higher in aromatic compounds; thus, JP-8 shows a lower
smoke point, whereas FI-SPK, which is free from aromatic compounds, shows a
higher smoke point. Blending conventional aviation fuel with biojet fuel raised the
smoke point of the fuel. By adding 20 volume % of bio-kerosene (palm kernel bio-
diesel) into Jet A-1, there is a minute increase in smoke point from 27.1 to 29.1 mm
(Corporan et al. 2007). All the biojet fuel blends have high smoke points because of
the least aromatic content, low density, and higher hydrogen concentration than
conventional fuels (Sundararaj et al. 2019). If we consider the example of biofuel
blend 3, which is made of 90% universal oil products — synthetic paraffinic kerosene
(UOP-SPK) and 10% Van-Sol 53, its chemical composition is composed of the least
aromatic content, lowest density, and highest hydrogen content of all of the blends
possible, consequently having high smoke point (Sundararaj et al. 2019).

In addition, the threshold sooting index (TSI) assesses the soot-forming capacity
of conventional jet fuels and biojet fuels, which is also used to test the combustion
characteristics of fuel. The TSI is linearly associated with the density of the fuel and
the smoke point. The TSI of biojet fuels is relatively lower; for example, if we con-
sider the TSI of Shell FT-SPK (9.11), Sasol FT-SPK (17.28), camelina HEFA
(11.99), and tallow HEFA (11.58), whereas conventional jet fuels JP-8 have TSI of
19.28. After this study, a new fuel oil substitute will be created using an advanced
optimization methodology to measure composition that satisfies sooting capacity,
physiochemical properties, and optimized mole fraction for decalin (0.1449), tolu-
ene (0.2591), iso-octane (0.0195), iso-cetane (0.2059), and n-dodecane (0.3706)
(Yu et al. 2018).

5.4.3.2 Particulate Matter (PM) Emissions

Particulate matter emissions are caused by noncombustible fuel components that
have the potential to produce smog, which is harmful to both human health and the
environment (Tiwari et al. 2023). The PM emissions in alternative jet fuel depend
on the amount of aromatics compounds present. As FT-SPK has extremely low aro-
matics content, there is 52% of PM number reduction. Hence, the reduction in PM
number and PM mass is achieved by blending FT-SPK with jet fuels. When PM
emissions from aircraft are assessed, it is found that blended fuels, such as a came-
lina HEFA blend with Jet A, lower mass and PM emissions (Moore et al. 2017).
Biojet fuels producing PM have a particle size smaller than fossil jet fuels. Farnesane
showed a low potential from soot intermediates in the kinetic modeling of its burn-
ing, whereas p-cymene produces comparatively more naphthalene (Owald et al.
2017). This implies that low PM emissions of biojet fuels are due to the absence of
aromatic content.
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5.4.3.3 Gaseous Emissions

During the different phases of flight, such as take-off, climb, and cruise, the emis-
sion from the burnt fuel contains different concentrations of gases. Some of the
gases released from jet fuel are carbon monoxide, carbon dioxide, nitrogen oxides
(NOx), and unburned hydrocarbons (UHC) (Gaspar and Sousa 2016). In the differ-
ent studies conducted, it was seen that the gaseous emission of biojet fuel blends
was less than fossil-derived jet fuels. In an experiment conducted by Timko et al., it
was observed that FT-SPK when blended with conventional jet fuels in a ratio of 1:1
emits 5% gaseous emission, whereas pure jet fuel produces 10% of NOX, in particu-
lar. There is a slight reduction in CO emission also in comparison to standard jet
propellant (Timko et al. 2011). A study conducted by Corporan et al. suggests that
the emission of NOx and CO, is similar in both biojets (tests conducted in biofuels
produced using FT-SK and HEFA routes) and JP-8 (with no blends with biofuel).
Although a 10-25% reduction in CO and UHC emission index was seen, owing to
the fact that lesser aromatic hydrocarbons were present in biofuels produced by this
method (Corporan et al. 2011).

The data emphasizes the fact that there is a moderately lower emission of gases
upon combustion of biojet fuels in contrast with jet fuels, which is not very signifi-
cant. The explanation for this result could be the improper mixing of the fuel blends,
the difference in viscosity and density of fuel blends, and the high fuel-to-air ratio
(Sundararaj et al. 2019).

5.4.3.4 Derived Cetane Number (DCN)

DCN constitutes characteristics of ignited fuels considering the minimum standards
that are set by various countries (Prak et al. 2021). With more combustion of fuel,
there is an increase in DCN value, which also indicates that there is a decrease in
ignition delay time. Therefore, higher DCN specifies better combustion perfor-
mance, in addition to lower harmful emissions. The DCN number in the fuel is
affected by the amount of aromatic hydrocarbons present in the fuel. The DCN
value of Jet A fuel is calculated to be 49.35, which is comparatively lesser than
FT-SPK and HEFA, which have a DCN value of 33.46 (Hui et al. 2012).

5.4.4 Consistency with the Current Aviation
Fueling Infrastructure

Biojet fuels are functionally equal to or better than fossil-derived jet fuels as they
reflect the excellent characteristics mentioned above. Nonetheless, it is crucial to
take into account how well biojet fuels and elastomers work together. Also, 10-20%
of conventional jet fuel contains aromatic compounds; biojet fuels do not contain
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aromatic compounds, which can cause fuel leakage because they cause O-ring seals
to harden and shrink. A blend of biojet fuel and conventional jet fuel permits enough
quantity of aromatic compounds to ensure the purity of engine seals IRENA 2017).
We go into great detail regarding the volume swell of sealant and lubricity in this
section.

5.4.4.1 Volume Swell of Seal Materials

Alternative fuel enhancement is limited by the volume swell of seal material com-
patibility. It is necessary to evaluate whether BJF is suitable with engine seals prior
to commercialization. The low density of biojet fuel due to the lack of aromatic
compounds causes shrinkage in the seal. Because of this seal shrinking, we have
seal failure, which further causes damage to the system. The two primary parame-
ters in the aircraft system that determine the volume swell of sealant are the strength
of the interaction between aircraft fuel and seal materials. Because of their large
molecular weight, aromatic chemicals, such as naphthalene, have excellent interac-
tion with seal polymers.

The three most commonly used seals in aircraft engines are fluorocarbon, fluoro-
silicone, and nitrile seals. Nitrile rubber is usually used as an O-ring seal in aircraft
engines because it shows a greater response toward aromatic compounds than fluo-
rosilicate and fluorocarbon seals (Moses 2008). Leakage in the hydraulic system
and engine is prevented by the elastomers, like O-ring seals. The sealing function of
O-ring elastomer is because of deformation when it is crushed between two parts of
the engine (Qin et al. 2019).

In the O-ring, two effects that are usually seen are swelling and shrinking of the
O-ring; an increase in seal volume is defined as swelling of the O-ring, here elasto-
mer absorbs chemical components of fuel that result in swelling, whereas a decrease
in seal volume is defined as shrinking of the O-ring, here the O-ring degrades when
some components are released into the fuel and absorbed by the seal. The seal defi-
ance with regard to fuel is indicated by swelling of the O-ring (Liu and Wilson 2012).

However, adding aromatic chemicals to biojet fuels improves their compatibility
and may also lead to an increase in PM emissions. Both concentrations of aromatic
compounds and types of aromatic compounds used are correlated to the PM emis-
sions and volume swell. The concentration of aromatic compounds is directly pro-
portional to the PM emissions and volume swell. An increase in the molecular
weight of aromatic compounds causes an increase in PM emissions (DeWitt
et al. 2008).

Less than 10% of aromatic compounds with greater molecular weight and more
than 10% of arene compounds with a lower molecular weight must be added in
order to produce biojet propellant that meets the required output standards for vol-
ume swell and PM emissions (Yang et al. 2019).
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5.4.4.2 Lubricity

Lubricity is the capacity of the fuel to reduce wear or friction between two surfaces
of engine components in relative motion. Good lubricity of fuel is important for the
engine to run smoothly. The lubricity of a substance or fuel depends on the fuel
composition, and it is not an intrinsic property. In ASTM D7566-18, the synthesized
hydrocarbons do not have any specific lubricity limits (Elkelawy et al. 2022). The
presence of polar compounds in biojet fuels is directly associated with the lubricity
of the fuel (Hari et al. 2015).

The main disadvantage of biojet fuel production approaches of BJFs is that they
comprise various steps of hydrotreatment processes due to which the compounds
containing oxygen, nitrogen, and sulfur are removed from synthesized hydrocar-
bons, thus ensuing lubricity of below standard (Hari et al. 2015). This limitation of
BJF is withdrawn by making blends of BJFs with suitable conventional jet fuels as
it contains 700 ppm (parts per million) sulfur or adding additives like fatty acid
methyl ester (FAME), which is used as an additive in HEFA fuel to enhance the
lubricity. The amount of FAME in HEFA is limited due to its poor low-temperature
fluidity as according to the ASTM D7566 standards it should be less than 5 ppm
(McNutt 2016).

As per the ASTM D7566 standards, the compatibility and characteristics of BJF
combustion are balanced by blending about 8§ weight % of aromatic compounds in
the final blend (Lahijani et al. 2022). This implies that biojet fuels show poor lubric-
ity due to the absence of naturally occurring compounds like oxygen, nitrogen, and
sulfur and the absence of compounds with polarity.

5.4.5 Volatility of Fuel

Fuel volatility is defined as the fuel’s ability to evaporate quickly. Fuel volatility is
caused by two key features, which are covered in the sections that follow: the distil-
lation property and the flash point.

5.4.5.1 Distillation Property

The distillation property describes the percentage of fuel vaporized with the increase
in temperature, that is, it tells us about the percentage of recovery fraction when fuel
is burnt (del Coro Ferndndez-Feal et al. 2017). The distillation property is deter-
mined by the concentration of volatile substances present in the fuel and the amount
of residue left after the combustion. This can be tested using a distillation test
(ASTM D1160 2015). The temperature of the boiling point (BP) of the fuel has an
impact on its vaporization and combustion (Kook and Pickett 2010). The BP is
defined as initial BP, mid-BP, and final BP. The initial BP is the temperature at
which the fuel starts to evaporate, mid-BP is the temperature at which half of the
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fuel has been vaporized, and final BP is the temperature at which 100% of the fuel
sample is evaporated (Sundararaj et al. 2019). The fuel with the low BP has the
advantage of vaporizing readily and thus complete combustion of the fuel (Maly
et al. 2007). The complete combustion leads to low PM emissions. Although the
complete combustion of fuels with low BP leads to low PM emission, there is a
release of more nitrogen oxide (NOx). The reason for NOx emission is that the
quick evaporation of the fuel causes more of the fuel to get mixed with the air before
the actual combustion starts, which increases the volume of the flammable mixture
and, thus, more heat emission (Kook and Pickett 2010). The higher final BP is
linked with more smoke and PM release. This distillation property needs to be criti-
cally considered to understand energy penetration so that product optimization is
done during fuel production (Acosta-Solérzano et al. 2016).

The standard distillation range selected is as temperature at 10% recovery (T10)
should be less than 205 °C and final BP should be less than 300 °C. Upon investiga-
tion of the distillation property of alternative jet fuels, it was seen that FT-SPK and
HEFA have a distillation range within the set standard range (Wierzbicki et al.
2014). The distillation range of some of the BJFs is mentioned in Table 5.2.

The fuel’s constituents have an effect on the fuel’s distillation range as well. For
example, ethyl cyclohexane (CgH;¢) has a lower boiling point than Jet A-1 because
its carbon chain is shorter. The HEFA fuel and its blends have distillation tempera-
tures at all fractions because of their higher chain length (C;;) (Scheuermann
et al. 2017).

5.4.5.2 Flash Point

The lowest temperature at which a liquid’s vapors are concentrated enough to create
an ignitable vapor in the presence of an ignition source is known as the flash point.
It represents fuel volatility (Kong et al. 2003). Fuels can be classified as combusti-
ble, flammable, or gasoline based on their flash point. It is commonly used to evalu-
ate the handling as well as hazards of flammable substances during storage and
shipping (Hassan et al. 2023). Fuels are classified as combustible when their flash
point exceeds 37.8 °C and flammable fuels when their flash point falls below 37.8 °C
(Kong et al. 2003). According to the ASTM D7566-18 standards, FT-SPK, HEFA,
FT-SPK/A, and ATJ-SPK should have a minimum flash point of 37.8 °C. But

Table 5.2 Biojet fuels’ spectrum of distillation properties

Biojet fuel T10 Final BP References

FT-SPK 179 °C 225 °C Wierzbicki et al. (2014)
HEFA 179 °C 255 °C Wierzbicki et al. (2014)

50 vol.% FT-SPK/JP-8 - 268 °C Corporan et al. (2007)

20 vol.% farnesene/jet A-1 | 205 °C - Chuck and Donnelly (2014)
50 vol.% farnesene/jet A-1 | 220 °C - Chuck and Donnelly (2014)
Jet A-1 167.2-175.3 °C | 243.7-258.5 °C | Yang et al. (2019)
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because farnesane (C;s) has a long carbon chain and a high flash point, synthetic
iso-paraffins (SIP) fuel needs a minimum flash temperature of 100 °C. Pensky
Martens Flash Point Tester is the equipment used to measure the flash point of BJFs
(Hristova 2013). The flash points of various alternative fuels were studied, and it
was concluded that biofuels with low-BP aliphatic components have low flash
points, in contrast to the fuels with high-BP aromatic compounds, which have high
flash points (Scheuermann et al. 2017). Thus, the fuel’s flash points are likewise
influenced by the chemical components’ BJFs.

5.4.6 Fuel Metering and Aircraft Range

The fuels in its liquid state are not combustible. Correct air and fuel mixture are
required for the proper and complete combustion of fuel. The fuel metering system
is a device that allows the proper fuel flow while maintaining the air/fuel ratio
required for the clean combustion of the fuel at existing engine operating conditions
(Hideg 1982). The jet load and jet range are very well impacted by the density of the
fuel. Since the fuel occupies the engine of the aircraft volumetrically, the density of
the fuel is the major criterion in deciding the flow calculations, adjusting the fuel
metering device, and calculations with respect to thermal expansions of the fuel
(Vozka et al. 2019). The amount of heat energy produced upon the combustion of
fuel is directly proportional to fuel density, fuel volume, and net heat of combustion.
The fuel with higher energy extent allows more aviation range and higher payload.
Besides, the reduced thermal energy generated by the full combustion of fuel leads
to a significant increase in fuel consumption, which raises the expense of jet opera-
tions (Yang et al. 2019). The fuel density and composition of fuel that contribute to
their densities, along with the net heat of combustion of BJFs, are elaborated below.

5.4.6.1 Density of Fuel at 15 °C

As per the standard density values for the BJFs to be a drop-in fuel, ASTM D7566-18
has decided the density range of 730-770 kg/m* at 15 °C (Green et al. 2020).
Table 5.3 displays the densities of a few biojet fuels at 15 °C.

The densities of FT-SPK, HEFA, and ATJ-SPK are all within the ideal range for
them to generate a considerable amount of heat energy when they burn. Whereas
SIP does not have the optimum density because of the presence of a large content of
long-chain farnesene. The blends of SIP also do not provide a satisfactory density
range. The best-suited SIP fuel with optimum density at 15 °C is a blend of 90 vol-
ume % farnesene from SIP and 10 volume % limonene (Chuck and Donnelly 2014).

The biojet fuel with a relatively higher amount of aromatics provides even more
high fuel density. Therefore, the blends of biojet fuels with current fuels are expected
to have better densities in terms of enhancing their energy content. Scheuermann
etal. in 2017 tested the fuel density of blends of ATJ-SPK/A with 15.8 volume % of
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Table 5.3 Fuel density of various biojet fuels

Density at

Fuel 15°C References

FT-SPK 737 kg/m? Corporan et al. (2011)

HEFA 751 kg/m? Corporan et al. (2011)

ATJ-SPK 757.1 kg/m? Scheuermann et al. (2017)

SIP 765-780 kg/m® | Chuck and Donnelly
(2014)

Pure farnesene 795 kg/m? Chuck and Donnelly
(2014)

20 vol.% farnesene/Jet A-1 790 kg/m? Chuck and Donnelly
(2014)

50 vol.% farnesene/Jet A-1 785 kg/m? Chuck and Donnelly
(2014)

SIP with 90 vol.% farnesene/10 vol.% of 778 kg/m? Chuck and Donnelly

limonene (2014)

Jet A-1 803 kg/m? Corporan et al. (2011)

aromatics resulting in a higher density of 785.9 kg/m?®. These findings suggested
that the concentration of aromatics in the biofuels is directly related to the density
of the fuel and eventually to the heat energy production of fuel upon combustion.

5.4.6.2 Net Heat of Combustion

For both conventional and blended fuels, the ASTM D7566-18 specifies that the net
heat combustion value must be greater than 42.8 MJ/kg. The biofuels are also known
to have optimum net heat combustion. The net heat of combustion of various biofu-
els is SIP has 43.93 MJ/kg (Brennan et al. 2012), farnesene has 47 MJ/kg (Rude and
Schirmer 2009), FT-SPK and HEFA have 44 MJ/kg (Hui et al. 2012), and 50 vol-
ume % FT-SPK/Jet A-1 blend fuel had lower net heat of combustion (43.7 MJ/kg),
in comparison to pure FI-SPK (Timko et al. 2011). There is a slight dip in the net
heat of combustion when biofuels are used as blends as the conventional jet fuels
have availability of aromatics in their composition. The decrease in the ratio of H/C
(hydrogen/carbon content) has reportedly shown lower net heat of combustion and
aromatics having a lesser H/C ratio as it contains one or more double bonds (Lobo
et al. 2011).

5.5 Challenges and Future Look

This chapter has thoroughly described the characteristics of biofuels and made the
comparison of biofuels with fossil-based fuels. Consequently, it can be stated that
biojet fuels are the better choice for the selection of fuel as they are technologically
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advanced and ecologically sustainable. There are a few areas in which biojet fuel
needs improvement to overcome the small challenges it faces to replace fossil fuel-
based aviation fuels completely. Using the techniques outlined in this chapter to
generate BJFs for commercialization is expensive and currently unable to satisfy
fuel demand. The cost of the production is affected by the feedstock used for the
production of biojet fuels. The selection of the production route and raw material
feedstock can be worked upon to reduce the cost involved. Furthermore, it has been
tested that not all production routes and choice of feedstock are capable of reducing
greenhouse gas emissions (GHG) (Cui et al. 2018).

Less information is available with regard to the correct amount of constituents
present in the biojet fuels, and thereby, their relation with the performance charac-
teristics of the fuel. More research and proper characterization are required to
deeply understand the role of each component present in fuels (ElGalad et al. 2018).
Not all of the characteristics of biojet fuels are covered in the already published
work, such as the presence of gum, corroding properties, water separation trait, and
electrical conductivity. These properties are not readily studied while selecting a
fuel, but these also impact the performance characteristics of the fuel in a great way.
For example, studying the gum-existent feature of the fuel gives information about
the contamination of high-BP oils and particulate matter in the fuel. Moreover, the
gum in the fuel makes it difficult to store (Yang et al. 2019).

Further research on the fuels’ characteristics, such as soot generation paths, com-
bustion species profiles, laminar flame speeds, and extinction limits, is necessary
before considering biojet fuels. Research is required in this direction as the long-
term combustion of biojets and blends is not documented much (Yang et al. 2019).

There is an insufficiency of effective government policy incentives to promote
the switch from traditional fuels to biofuel. Moreover, there are strict guidelines to
be followed, which pose difficulty in the production of BJFs. The field is also facing
a lack of investments owing to the fact that the returns expected from biojet fuels are
uncertain. There is also a negative perception associated with safety while using
biojet (Lim et al. 2023). Lastly, some of the undesirable properties are witnessed
with the synthesis of biojet fuels through the methods mentioned, such as constitu-
ents of fuel with long-chain carbon atoms or fuels with oxygen in distillate having
properties that do not adhere to the guidelines. The evaluation of each constituent is
therefore important to understand the performance characteristics of the fuel
designed. Alternative approaches to producing BJFs are being adopted. One such
approach is the catalytic synthesis of high-density BJFs using bio-derived furfurals
as biomass. This process uses alkylation, aldol condensation, and hydrodeoxygen-
ation (Han et al. 2017). These alternative methodologies are the main scope of biojet
fuels, which needs to be characterized more.
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5.6 Conclusion

With an increased demand for aircraft travelers, emission reduction has become the
main area of research nowadays. The application of biojet fuels has become quintes-
sential to dealing with deficient fossil fuel supply and environmental problems that
come with fuels. Many production routes have been optimized for the production of
biofuels such as FT-SPK, HEFA, FT-SPK/A, SIP, and ATJ-SPK as specified in the
ASTM D7566-18. The evaluation of performance characteristics suggested that the
chemical composition of the fuel is highly influencing its performance. The BJFs
demonstrated acceptable low-temperature fluidity in fuels with more levels of iso-
paraffins, short-chain paraffins, and alkylated aromatic content. Moreover, high
kinematic viscosity is also observed in SIP fuels having high farnesane content,
thereby increasing the low-temperature fluidity. Biofuels have relatively greater
thermal stability, but the oxidative thermal stability is still questionable due to the
presence of high paraffin in biofuels. Less particle emission, gaseous release, a high
smoke point, and derived cetane number are among the combustion properties of
the BJFs that also meet the required standards. However, while blending with the
current aviation fueling system, BJFs’ lubricity and compatibility are unsatisfac-
tory. The amount of aromatics that is near zero is not compatible with the volume
swell of seal materials and thus can lead to shrinkage and leakage. Due to the ideal
chain length of the components that make up these fuels, the distillation property of
the BJFs is adequately good. The flash point of these is also fitting within the range
due to the presence of low-BP aliphatic components. The fuel metering and aircraft
range are acceptable as per specified standards.

This information is helpful in understanding the practicality of biojet production.
Further research such as the life cycle study of the fuel is necessary to comprehend
the carbon footprints and efficiency of biojets. Efforts are required to improve the
performance characteristics as well as ensure the storage stability of the fuels.
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Chapter 6

Upgrading Biomass-Derived Pyrolysis
Bio-QOil to BioJet Fuel Through Catalytic
Cracking and Hydrodeoxygenation

Moumita Bishai

Abstract The changeover from fossil bio-oil to biojet fuel is an imperative footstep
in the direction of plummeting aviation sectors’ global warming. Biomass-to-liquid
thermochemical methods will be the major biological choice for creating long-
lasting hydrocarbon fuels, including biojet fuel, in the near future. Fast pyrolysis of
waste from biomasses is a potentially renewable and sustainable energy resource
creation of bio-oil. Pyrolytic bio-oil has a deprived heating value in the direction of
the occurrence for many aerated molecules and a greater aqua composition, which
causes it to be chemically unbalanced, viscid, and corrosive. The application of bio-
oil directly is not possible to drop-in fuel owing to its poor quality, and, hence,
extensive improvement is required before its utilization as mixed oil. The most
effective catalytic post-treatment strategies for improving bio-oil and purifying it to
a final product have been demonstrated to be catalytic cracking of fast pyrolysis
vapor, along with hydrodeoxygenation. The current review emphasizes both the
catalytic cracking and hydrodeoxygenation of bio-oil from biomass into jet fuel-
range hydrocarbons. It also delivers a painstaking summary of the trials and utmost
novice development processes in forming biojet fuel from pyrolytic bio-oil using
the methodologies, with introspection on both the reconstruction processes. As a
result of the complicated configuration of crude bio-oil, there has been very little
study on enhancing the molecular components of raw bio-oil, with the bulk of the
studies concentrating on specific model compounds. As a result, research opportuni-
ties for long-term studies are highly desired, which will drive and boost to intensify
the economy of a country in the direction of the aviation sector.
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Hydrodeoxygenation
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6.1 Introduction

The worldwide population is growing at an exponential rate, which is directly boost-
ing global energy consumption. The current energy is having a substantial impact
on both the universal economy and the environment. Natural gas, coal, and petro-
leum are among the most important energy sources. Currently, fossil fuels provide
80% of the ecosphere’s energy (https://www.eesi.org/topics/fossil-fuels/descrip-
tion). This energy problem has ignited the search for an alternative fuel source that
can replace fossil fuels, particularly for powering the transportation sector.
Renewable energy sources such as hydro, wind, solar, and thermal have provided
consolation and comfort to the energy industry (https://www.eesi.org/topics/fossil-
fuels/description).

Renewable fuels are gaining popularity as a means of replacing orthodox fuel
and filling the energy discrepancy. Biofuel, being the potential renewable energy
solution, is acquiring fame throughout the world since it creates fuel through com-
parable functionality to crude oil. Biofuels are created by converting biomass
through thermochemical or biochemical processes. Microorganisms break down
organic waste or biomass to produce liquid and gaseous fuel. Biofuels like biogas
and ethanol are the consequences of microbial digestion and fermenting, respec-
tively, whereas biogas is produced by the anaerobic degradation of organic waste
(Das 2022).

Travel by air is another important sector of biofuel for the growing socio-global
treaties and economic activity. As per the data from the International Air Transport
Association (IATA), additionally 3.8 billion people and 54.9 million metric tons of
goods valued around $5.5 trillion traveled by air, accounting for nearly 35% of
global trade in terms of value (https://www.iata.org/en/programs/cargo/sustainabil-
ity/benefits/). Forecasts also suggested that over the next 20 years, air passenger
numbers will double (Wei et al. 2019), meaning that airline consumption of fuel will
increase in lockstep. Jet fuel use in the world exceeded 12.48 quadrillion btu,
accounting for 12% of overall mobility power use; while jet fuel use is predicted to
rise by 10 quadrillion btu between 2010 and 2040 (Statistical Review of World
Energy 2021).

Fuel prices continue to be a key issue for the global airline industry, accounting
for around 27% of overall airline operating expenditures and being heavily impacted
by oil  prices (https://www.mckinsey.com/industries/travel-logistics-and-
infrastructure/our-insights/why-rising-fuel-prices-might-not-be-as-bad-for-the-
airline-sector-as-it-seems). As a result, for the purpose of maintaining sustainable
growth, it is necessary to find a substitute for renewable fuel to meet the expanding
demand while reducing the dependency on fossil fuels. As a result, production of
renewable propellant for aircraft from biomass is being widely explored in order to
minimize carbon emissions and accomplish the long-term development of the avia-
tion sector.

Biomass is the only renewable source that contains carbon that is capable of
absorbing CO, directly from the environment to produce biological material. Since
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it is free of carbon, biofuel not only decreases dependency on petroleum and coal,
but also reduces emissions throughout the life cycle. Sustainable aviation fuels have
the potential to cut greenhouse gas emissions by as much as 80% during its life
cycle. Additionally, professional jet fuels must meet certain physical as well as
chemical specifications. Biojet fuels include minimal sulfur material, low emissions
from the tailpipe, excellent thermal capacity, and superb cold flow properties
(Doliente et al. 2020). Furthermore, biojet fuels have a benefit over other alterna-
tives to petroleum (such as ethanol) in regard to interoperability with current motors
and energy frameworks. Biojet fuels may be used without altering the engine and do
not pose any worries about fuel quality (Doliente et al. 2020). Because of its poor
fuel properties, ethanol has been ruled unsuitable for use as an aviation fuel.
Furthermore, the most important issue is incompatibility with present technological
systems upgrading. All aviation engines if run on a new type of fuel, in this regard,
would cost billions of dollars. Hence, biojet biofuels have been evaluated satisfac-
torily (Wei et al. 2019).

Jet fuel is a kind of aviation fuel designed primarily for commercial and military
airplanes. Processing crude oil from 205 to 260 °C yields conventional jet fuel. Jet
fuel is made up of C8—C16 hydrocarbons, which include alkanes, iso-alkanes, naph-
thenic derivatives, and aromatic chemicals. The quantity of every element is closely
connected to the properties of jet fuel. Alkanes to high hydrogen—carbon ratio may
ensure the fuel’s power density. Naphthene helps reduce the point of freezing, which
is essential in high-altitude flights (Bjornsson and Ericsson 2022). The volatile
nature offers fluidity to enhance material compatibility and minimize leaks in cer-
tain aircraft, but excessive volatility has a negative impact on fuel cleanliness, thus
the amount of volatile compounds should be kept within a permissible limit (Yang
et al. 2019). Professional jet fuels must additionally fulfill severe rules for sulfur
content, weight, temperature of ignition, uniformity, smoke point, naphthalene, and
conductivity, in addition to the aforementioned features (Neves et al. 2020).

The two basic technical strategies for biofuel production are the physiological
route and the thermochemical method. The enzymes, along with other microbes, are
often used in the biochemical process to produce biofuel. The thermochemical
approach is capable of converting synthesis gas produced by decomposition or gas-
ification to bioenergy. Examples include oil-to-jet, Fischer—Tropsch process,
alcohol-to-jet, and sugar-to-jet (Ambaye et al. 2021). Several scientists are currently
focusing on the manufacture of jet fuel-range hydrocarbons using lignocellulose-
derived chemical platforms (Wang et al. 2022).

There have lately been a flurry of reviews focusing on the production of biojet
fuels. Kumal et al. 2020 investigated biojet fuel production from three angles:
routes, opportunities, and challenges. Environmental challenges such as food scar-
city, soil quality decrease, and water shortages were included as part of their
research. There was, however, little quantitative analysis of environmental concerns.
Meanwhile, as public awareness of environmental issues grows, environmental con-
sequences such as greenhouse gas (GHG) emissions, utilization of water, and land
usage should be given more attention, which has been lacking in previous publica-
tions (Kumal et al. 2020).
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6.2 Bio-Oil Composition and Characterization

Other names for pyrolysis include pyrolysis oil, bio-oil, and others. Michailos and
Bridgwater (2020) describe the crude bio-oil as black in appearance and essentially
identical to the original biomass (Michailos and Bridgwater (2020). Low molecular
weight ketones and aldehydes are responsible for the scent of the bio-oil liquid. The
oil has a comparatively high density, around 1.2 kg/L, as opposed to 0.85 kg/L for
lightweight fuel oil. This has serious implications for the layout and requirements of
machinery such as compressors. The consistency of new bio-oil at 40 °C or higher
may range from 25 to 1000 cst, dependent on a raw material, amount of water, col-
lecting technique, and additional variables. Once dampened and compressed, pyro-
Iytic vapors are unable to completely distilled by boiling. It swiftly polymerizes at
temperatures over 100 °C, producing a solid remnant containing around half of the
initial fluid in addition to a solution called distillate containing organic compounds
that are volatile and liquid. Low-temperature distillation under vacuum or liquid
separation is utilized to fractionate the oil (Michailos and Bridgwater (2020).

Traditionally, chemical characterization requires fractionating bio-oil into a
number of chemical characteristics, then performing GC/MS analysis of the frac-
tions. Later, simpler characterization methods, including splitting into soluble and
insoluble fractions. The insoluble portion is composed of lignin-derived material
with a high molecular mass, while the water-soluble fraction is composed of water,
aromatic acids, alcohols, and diethyl ether (Dane and Volmer 2023).

Bio-oils are acidic, viscous, and thermally unstable. They are a complex mixture
of over 200 chemical elements, comprising hydroxy aldehydes, hydroxy ketones,
sugars, carboxylic acids, and phenolics in addition to water. Because of condensa-
tion and polymerization reactions catalyzed by acids and traces of inorganic ele-
ments, the existence of up to 45-50 wt% carbon and other reactive polar molecules
in charcoal causes a rise in stickiness during storage (https://www.iata.org/en/pro-
grams/cargo/sustainability/benefits/). Phounglamcheik et al. (2017) carried out
extensive research to verify the impact of charcoal in triggering the course of age-
ing. The experiment is conducted by topically adding carbon to the oil while con-
trasting the method of aging with the process of purified bio-oil. In comparison to
the viscous of filtered fresh bio-oil, the inclusion of char increased the pace of vis-
cosity growth. The char particles are supposed to be generating “aging” because of
perceived tar aggregates of particles (Phounglamcheik et al. 2017).

The temperature and duration of the pyrolysis process, as well as the presence of
catalysts, have a significant impact on the chemical makeup of bio-oils (Dane and
Volmer 2023). The quantity of variation in molecular weight in the resulting oils is
reduced as cracking severity rises, culminating in more gases. Dehydrogenation
activities are accelerated at very high temperatures, resulting in the formation of
larger polynuclear aromatic hydrocarbons, which leads to increased carbonization.
The relationship between the various types of particles in the final lead and the
degree of heat suggested that as warmth grew alkyl groups detached from aromatic
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compounds, which led to the formation of hydrocarbons that are polycyclic aro-
matic, also known as PAHs, at higher temperatures (Patel et al. 2020).

Despite being called “bio-oil,” the pyrolysis fluid does not mix with hydrocarbon
liquids due to its inherent high level of polarities and aqueous nature. In contempo-
rary industrial-scale bio-oil combustion tests, it is shown to be technically suitable
for replacing heavy petroleum products in applications involving heating. This form
of replacement, on the other hand, requires more suitable metallurgy, especially for
parts that encounter bio-oil. In general, the solids, water, and nitrogen content of
bio-oil have a big impact on the emissions. As a result, in order to build highly effi-
cient, trustworthy bio-oil combustion systems, bio-oil grades must be standardized.
Similar restrictions are also applied to other bio-oil applications (Chan et al. 2020).

6.3 Biosynthetic Pathway of Bio-Oil

Bio-oils are generally created utilizing sunshine, CO,, and water from various mate-
rials, which include algal cells, agro and other kinds of waste, etc. Such bio-oils are
created during the course of pyrolysis and must then be improved for commercial
usage like biojet oil (Fig. 6.1).

6.4 Methods for Bio-Qil Production

Pyrolysis occurs in an O,-free environment established by emptying the inside of
the reactor with an inert gas such as N or Ar. Pyrolysis induces heat breaking of the
biopolymers that make up lignocellulosic biomasses, resulting in a variety of
smaller-molecule products that recondense to form bio-oil and biochar, as well as
molecules that are not condensable like carbon monoxide, carbon monoxide, as
well as hydrogen. Bio-oil offers the potential to be employed to create artificial fuels
for transportation as well as biochemical substances. Biochar, on the other hand, is
a carbon-rich solid product that is potentially used in farming, absorbing carbon,
catalytic support, absorbent, graphite synthesis, gas storage, tailored carbon-based
products, and therapeutics (Das et al. 2021). The generating gas contains combus-
tible ingredients such as carbon monoxide, hydrogen, and methane.

There are two types of thermochemical transformation. The primary process is
gasification of feedstock and hydrocarbon conversion. The following method is
used to rapidly liquefy biomass utilizing high-temperature pyrolysis or high-
pressure liquefaction. These techniques turn recyclable materials into high-energy
products that are profitable. The nature and amount of feedstock from biomass, the
expected kind of energy, that is, final application specifications, laws governing the
environment, finances, and site-specific considerations all impact converting choice
of processes. Thermal liquefaction and pyrolytic techniques are the two main ther-
mochemical methods that have been actively exploited for the generation of
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Sunlight, CO?, water

Bio-jet oil

Fig. 6.1 Biosynthetic pathway of bio-oil

powerful bio-oil from garbage (Zhang et al. 2019). Ignition generates heat and elec-
tricity, whereas gasification generates gaseous by-products and hydrothermal car-
bonization aids in the production of materials. The process type and feedstock
variables both influence the level of quality of bio-oils generated by hydrothermal
liquefaction (HTL) and pyrolysis. Pyrolysis oils are less sticky, have a smoky scent,
and possess an inferior thermal value. Also, pyrolysis bio-oil has a higher oxygen
content than HTL bio-oil (Zhang et al. 2019).

With the combination of the level of heat, thermal rate, and gaseous retention
time, pyrolysis is classified as slow, fast, or flash. Slow pyrolysis is employed to
optimize biochar development due to its moderate warming rate, process tempera-
tures, and longer vapors residence durations (Al-Rumaihi et al. 2022). Fast pyroly-
sis, on the contrary, yields more bio-oil owing to its faster warming rates, greater
process temperatures, and shorter vapor residence times. Finally, flash pyrolysis
operates at higher temperatures, with quicker heating rates and a shorter vapor resi-
dence duration. Because flash and fast pyrolysis processes have shorter vapor resi-
dence times, hydrocarbon smoke and volatile species are quickly quenched and
condensed, resulting in higher bio-oil yields (Al-Rumaihi et al. 2022).

All the organic molecules improve the oxygen-to-carbon ratio despite reducing
the thermal value in pyrolytic bio-oil. Catalytic pyrolysis can assist in reducing the
quantity of oxygen-rich organic molecules in bio-oils while increasing the hydrogen-
to-carbon ratio. Catalytic pyrolysis employs a diverse spectrum of homogeneous
and heterogeneous catalysts (e.g., zeolites, aluminosilicate, MgO, Na,CO;, and
other catalysts) (Nanda et al. 2021). It improves organic thermal cracking, boosts



6 Upgrading Biomass-Derived Pyrolysis Bio-Oil to BioJet Fuel Through Catalytic... 123

aromatic content, and raises bio-oil heating parameters synchronously. Apart from
powdered zeolites, numerous metal-supported zeolites (Y-zeolites with Fe, Co, Ga,
Mo, and Ru) have been established to be good catalytic materials for improving bio-
oil quality (Nanda et al. 2021).

Fast pyrolysis procedures produce 60-75 wt% fluid bio-oil, 15-25 wt% solid
char, and 10-20 wt% non-condensable gases, depending on the substrate (Park et al.
2019). A fast pyrolysis procedure has four main characteristics: very high warming
and heat transfer rates, which necessitate a coarsely ground biomass feedstock,
meticulously controlled pyrolytic temperature, short vapor residence times and
quick quenching, along with refreshing of the pyrolysis vapors and aerosols to pro-
duce bio-oil (Uddin 2018). Such a technique is appealing because the biomass gets
swiftly transformed into liquid products. These liquids have benefits in terms of
transportation, storage, combustion, retrofitting, and the manufacture and distribu-
tion of mobility (Demirbas 2009).

6.5 Production of Bio-Oil from Biomass

Bio-oil is a sort of liquid fuel made from biomass resources such as algal bodies,
crops cultivated for agriculture, municipal garbage, and agricultural, as well as for-
estry by-products (Demirbas 2009).

Wood, medicinal plants, crops, human and animal waste, and scrap from facto-
ries are all examples of biomass. The broad categorization of biomass resources is
shown in Table 6.1. The use of biomass is determined by its physicochemical quali-
ties and lignocellulosic composition. Organic configuration and assembly, as well
as Vigor needs, are significant aspects of biomass resources that influence the con-
version course or somewhat precise subsequent dispensation problem (Inayat et al.
2022). The cellulose, lignin, and hemicellulose content of lignocellulosic biomass
varies. Such biomass may also be differentiated by fundamental and final inspec-
tion, which assists in the selection of the process and final product from converting
biomass [40]. In general, proximate and ultimate analysis assists in assessing a
material’s energy content by measuring the ratio of flammable to noncombustible
stuff (Inayat et al. 2022).

6.6 Impact of Operating Parameters on Bio-Qil Production

6.6.1 Impact of Cellulose, Hemicelluloses, and Lignin Content

Each biomass material has varying quantities of hemicellulose, cellulose, and lig-
nin. The number of hemicelluloses and cellulose in a biomass determines its pro-
duction and chemical makeup. These three key constituents of biomass degrade at a
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Table 6.1 List of different types of biomasses used to produce bio-oil
Types of Type of
biomasses | material Condition Remark References
Woody Mallee wood Temperature The upper layer of softwood | Modupe
biomass 350-600 °C, with | bark oil comprised 16 weight | (2019)
biomass particle | percent of the total bio-oil,
size 100-600 pm. | with more than 50 weight
percent of extractive-derived
chemicals, whereas the
upper layer of hardwood
bark represented just 1.3
weight percent of the bio-oil.
Pinewood Catalytic The structures had no effect | Nisar et al.
pyrolysis at on the yield of the pyrolysis | (2022)
450°Cina product phases, but the
fluidized bed chemical composition of the
reactor with bio-oil was affected by the
acidic zeolite. structure of acidic zeolite
catalysts.
Agriculture | Rice straw and | In a bubbling Bamboo sawdust has the Landrat et al.
wastes bamboo fluidized-bed highest bio-oil output (2022)
sawdust reactor, the (70 wt%). The principal
temperature range | components of bio-oil,
for rice straw is | according to compositional
415-540 °C and | analysis, were phenolics,
for bamboo furfural, acetic acid,
sawdust is levoglucosan, guaiacol, and
350-510 °C. alkyl guaiacol.
Fruit bunches | Fluidized bed Maximum bio-oil yield was | Thu et al.
reactor with a found at 450 °C and gas (2020)
residence time of | yield increased as
0.79-1.32 s and a | temperature climbed.
temperature range | Furthermore, the ash
of 400-600 °C. | concentration and particle
size both have an influence
on product yield.
Jute sticks, Bio-oil ‘When compared to pure Sarkar and
sugarcane, and | generation using | willow flash pyrolysis, the Wang (2020)
wood and flash pyrolysis of | economics of flash
agricultural biomass and co-pyrolysis of biomass with
residues biopolymer biopolymer waste improved.
waste. Cost— Polyhydroxybutyrate (PHB)

benefit analysis
and Monte Carlo
simulations were
used to report on
1:1 w/w ratio
blends of willow
and several
biopolymer waste
streams.

was believed to be the most
promising biopolymer under
development, followed by
Eastar, Biopearls, potato
starch, polylactic acid
(PLA), maize starch, and
Solanyl in decreasing order
of profitability.

(continued)
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Table 6.1 (continued)
Types of Type of
biomasses | material Condition Remark References
Algae waste | Chlorella Pyrolyzed in a The saturated and polar Devi et al.
protothecoides | fluidized bed fractions accounted for 1.14 | (2022)
and Microcystis | reactor at 500 °C | and 31.17% of the
aeruginosa and a heating rate | microalgae bio-oils,
of 600 °C. respectively, which were
greater than those of wood
bio-oil.
Chlorella algae | Pyrolytic By lowering the Tirapanampai

conversion to
liquid fuels using
Na,CO; as a
catalyst. TGA
combined with
MS was used to
conduct thermal
breakdown
investigations on
algal samples.

decomposition temperature,
pretreatment of Chlorella
with Na,COj; impacts the
primary conversion. The
bio-oil produced via catalytic
runs had a better heating
value and a lower acidity.
Increased aromatics paired
with increased heating value
showed potential for up to
40% output.

et al. (2019)

Municipal
solid waste

Potato skin, a
food industry
waste

Pyrolysis is
carried out in
three distinct

At 550 °C, the bio-oil output
was 24.77 wt.% in stable
environment and 27.11 wt.%

Yildiz (2022)

atmospheres: in an atmosphere of nitrogen.
Static, nitrogen, | The usage of steam increased
and steam. bio-oil output to 41.09 wt.%.
The viability of the bio-oil
production method was
proven by TG-DTA, FT-IR,
and NMR analyses.
Sludge Pyrolysis is According to the TGA He et al.
collected from | carried out to analysis report, the losing (2021)
pulp and perform thermal | weight procedure for
paper-making | analysis. decontamination sludge was
industries a non-pyrolytic product.

Plants and
shell cake
of different
oil seeds

Jatropha curcas
L. nutshell

Continuous
bench-scale
pyrolyzer at a
feeding rate of
2.27 kg/h at
480 °C and
atmospheric
pressure.

Bio-oil: 50 wt.%.

Romuli et al.
(2018)

Rungam oil
cake

Pyrolysis.

High yield of bio-oil.

Chhabria
et al. (2022)
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variety of temperatures and heating rates. The pyrolysis characteristics of three key
components of biomass were investigated using a thermal analyzer. During the ther-
mal research, hemicellulose pyrolysis was seen at 220-315 °C while cellulose
pyrolysis was observed between 315 and 400 °C. Lignin, on the other hand, was
more difficult to degrade since its weight loss occurred across a temperature range
of 160-900 °C and 40% solid residue was generated (Ansari et al. 2019).

6.6.2 Impact of Product on Biomass Breakdown
and Dynamics Research

Temperature affects biomass degradation during pyrolysis. The percentages of lig-
nin, hemicelluloses, and cellulose in all biomass materials vary. The higher the per-
centage of cellulose and hemicellulose, the more bio-oil is generated and the higher
the concentration of lignin, the more charcoal is created. As a result, biomass ther-
mal degradation progresses as follows: hemicelluloses outnumber cellulose and lig-
nin in abundance. All biomass materials have a high carbon and hydrogen content.
When studying feedstock thermal breakdowns and momentum rate equations, it is
critical to include the effects of heat and biomass mechanics. The ambient humidity,
heating rate, and duration of the reactor’s residency all have an influence on biomass
heating breakdown (Zhang et al. 2019).

6.6.3 Impact of Particle Dimensions

Mass and heat transmission rates as well as surface rates of chemical reactions are
all affected by particle dimension. It also has an effect on the reactor’s pressure
drop. The flow characteristics of biomass materials are also important in determin-
ing the best type of reactor. It was discovered that particle size influenced bio-oil
output and was an important factor in boosting bio-oil production. Small particle
size promotes the transfer of heat among particles of biomass during the pyrolysis
process because of low thermal conductivity. Particle size and heating should be
small in order to obtain a greater amount of liquid fuels from biomass (Qureshi
et al. 2021).

6.6.4 Impact of Moisture Content

Because of the substantial moisture level, biomass is unsuitable for ignition and
hydrolysis. It has an impact on thermal stability, which has an impact on bio-oil
yield and gas production component (CO, CO,, CH, and other gas mixes), as well
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as heating value. A low moisture content is favorable because the steam initiates a
steam gasification process, resulting in higher bio-oil and gas quality. It is well
known that the moisture content of biomass affects the quality of thermal process-
ing products. While pyrolyzing a pinewood sample in a reactor with a fluidized bed
observed that the moisture content of the biomass had a substantial impact on the
dispersion of flammable volatiles through the fluidized bed’s sectional dimension
(Fonseca et al. 2019).

6.6.5 Impact of Fixed Carbon Content

The static carbon concentration in the feedstock samples determines the degree of
oxidation and lessening processes as well as the residence duration in the reactor.
The composition of the gas is also affected by this value (Velez et al. 2018).

6.6.6 Impact of Volatile Matter

Volatile biomass resources have a significant role in the synthesis of bio-oil. More
volatile materials imply more bio-oil production. Aradjo et al. in 2018 extracted
45% bio-oil from sunflower oil cake containing 73.8% volatile materials. Chen
et al. (2020) produced 46% bio-oil from canola with 86.04% volatile compounds.
However, some biomass, such as barley, bagasse from sugarcane, and the seeds of
rap and grapevine bagasse, do not follow the predictable pattern. This might be
related to the original moisture level of the feed material. Singh in 2020 identified a
43% bio-oil output using barley, which includes 98.7% volatile constituents. The
primary oil with a boiling point of 36 MJ/kg was obtained at 300 °C and 12 MPa N,
pressure. The dense viscosity and nitrogen, oxygen, and sulfur contents of the pri-
mary oil were reported to be removed by hydro treatment of the bio-oil with a
NiMo/Al,O; catalyst at a starting H, pressure of 10 MPa. The bio-oil had a yield of
43% at 350 °C.

6.6.7 Impact of Ash Content

The abundance of alkaloid metals in plant waste has an effect on the formation of
bio-oil. The lesser the bio-oil yield, the greater the ash content. The formation of
charcoal is caused by greater amounts of alkali and other metals such as Na, Ca,
Mg, Zn, and Cd. Alkali metals have a higher ash quantity and are accountable for a
reduction in volatile substance, which has caused sludge formation during biomass
pyrolysis (Tomczyk et al. 2020).
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6.6.8 Impact of Temperature

During pyrolysis, temperature is an important parameter. Temperatures for slow and
rapid pyrolysis differ as well. At 350-550 °C temperature, 10—12 °C/min heating
rate, 200-500 cm*/min sweep gas flow rate, and particle size 0.425-0.850 mm, the
greatest bio-oil yield (59%) was obtained. Singh in 2020 obtained 46.1% bio-oil by
pyrolyzing rapeseed (0.85—1.80 mm) at 500 °C temperatures. Rapeseed (0.224 mm)
thicknesses provided 42.9% bio-oil at the same temperature. The influence of reac-
tion circumstances on the characteristics of bio-oil has been reported. It was
observed that the optimal pyrolysis temperature for creating bio-oil was between
400 and 450 °C. With increased flow and feeding rates, its manufacture was more
efficient. Applying the gas as the fluidizing solution resulted in the highest bio-oil
output. With the possible exception of temperature, no single operational factor had
a substantial influence on the physicochemical properties of the bio-oil (Singh 2020).

6.6.9 Impact of Heating Rate

The pace of heating during the pyrolysis process is an important factor in creating a
larger volume of bio-oil. Biomass feed decomposed effectively in a briefer resi-
dence time at a quicker heating rate, resulting in enhanced bio-oil yield. In several
investigations, a rate of combustion of (5-40) °C/min was used in the slow pyrolysis
technique. A higher heating rate may degrade lignin, hemicellulose, and cellulose
more quickly, boosting bio-oil yield. Higher heating rates and lower dimensions of
particles aided bio-oil synthesis in general (Yogalakshmi et al. 2022).

6.7 Weakness of Bio-Oil for Use as Bio-Jet Fuel

Moisture, heteroatoms, and heavy metals are abundant in bio-oil produced by pyrol-
ysis. Furthermore, throughout pyrolysis and liquefying, numerous oxygenated com-
pounds are generated, increasing the degree of tartness of the bio-oil. The presence
of carboxylic acids triggers evaporation and polymerization steps, which increase
the acidity and viscosity of the oil. While the acidity of bio-oil causes corrosion of
crushers and storage vessels, the increased viscosity poses issues with transport.
When contrasted with fossil fuels, these oxygenation molecules diminish the ther-
mal efficiency of bio-oil by nearly 50%. Unprocessed bio-oil might have 15-30%
moisture, reducing heating properties and causing delayed ignition. Bio-oil includes
distinct types of oxygenated compounds, along with carboxylic acids as well as
ethanol (Dalai et al. 2021). The existence of such highly reactive organic com-
pounds in the environment makes the bio-oil thermochemically volatile. The high
ash level has the potential to cause serious damage to the reactor and pipelines.
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Crude oil’s poor lubricity may also lead to the deterioration of metallic parts in
engines, chemical plants, fuel pumps, metering, and pipelines (Dalai et al. 2021).
However, by upgrading and blending bio-oil with normal gasoline oils, the fluidity
may be improved to satisfy fuel specifications. Unprocessed bio-oil contains a
greater concentration of nitrogen and sulfur-containing compounds, which may
result in the production of sulfur oxides (SOx), nitrogen oxides (NOx), and particu-
late matter (PM) during combustion (Dalai et al. 2021).

6.8 SWOT Analysis of Bio-Oil and Its Upgradation

Several thermochemical techniques for producing biocrude oil, then transformed
into fluid transportation fuels, have been developed. Nonetheless, improving biofuel
efficiency, output, and profitability is vital for market survival. When compared to
typical fossil fuels, thermochemical biofuel manufacturing technologies (such as
combustion, gasification, pyrolysis, and liquefaction) strive for environmental
friendliness and financial effectiveness (Shahbaz et al. 2021). Combining pyrolysis
and liquefaction with certain bio-oil upgrading technologies might be a promising
method for generating biofuels efficiently and cheaply (Zhang et al. 2019). An inte-
grated strategy might save capital and operating expenses while also simplifying
processing and using the majority of by-products. Additional studies and develop-
ment are required to determine an effective integrated conversion method.
Co-refining, co-processing, or blending drop-in biocrude with synthetic distil-
lates is an alternate method for producing diesel, petrol, and jet fuel (Dyk et al.
2019; Lindfors et al. 2023). Co-processing hydrotreated biocrude with traditional
crude oil might result in the production of hydrocarbon fractions such as petrol and
diesel (Lindfors et al. 2023). Although this technology has been proven to be eco-
nomically favorable for commercialization, it still requires biocrude pretreatment to
remove oxygenated compounds prior to merging or coprocessing. Thus, improving
the existing process by concurrent monitoring and product characterization may
result in co-refining technologies that are both economical and sustainable (Zhang
et al. 2019). Despite the benefits, the disadvantages of improving bio-oil must be
considered. Catalytic hydrogenation, cracking, and esterification are all important
steps in the upgrading process. However, because of the high process temperatures
and costly catalysts utilized in these catalyst-assisted upgrading procedures, various
problems might occur. Some common difficulties with catalytic upgrading proce-
dures include catalyst deactivation, catalyst poisoning and sintering, and catalytic
point obstruction. Tar accumulation decreases petrol performance and purity (Zhang
et al. 2019). As a result, the creation of coal and paraffin in catalytic boosting pro-
cesses raises the cost of process cleanup and equipment maintenance. Rehabilitation
and regrowth might boost both the time spent and input of energy to catalytic update
procedures while maintaining catalyst recyclability (Inayat et al. 2022).
Contaminants in bio-oil may hinder the improvements process, which leads to low-
carbon conversion and increased processing costs. By eliminating oxygenated
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components and lowering viscosity, noncatalytic bio-oil upgrading techniques,
notably supercritical fluids, significantly increase the fuel effectiveness of improved
bio-oil. However, the costs of liquids and apparatus for pilot-scale implementation
are too expensive. Additionally, supercritical water at elevated pressures and tem-
peratures in the presence of certain catalysts may be harmful to stainless steel ves-
sels owing to salt formation and precipitation (Inayat et al. 2022).

There is an evident need to develop biocrude upgrading methods if it is to become
a viable solution to the problems associated with manufacturing liquid transporta-
tion fuels. Pyrolysis bio-oil must be improved to meet the standards of conventional
jet fuels. When it comes to removing oxygen, this is crucial since the inclusion of
oxygenated molecules impacts the rate of oxidation permanency and thermal effi-
ciency of the produced biofuel. According to the ASTM D1655 and D7566, the
concluding fuel composition must include 99.5% C and H, and the presence of any
kind of oxygenated molecule disqualifies it as a viable biojet fuel (Wang et al.
2022). As a result, eliminating oxygen is critical for boosting the H/C mole ratio
(1.9-2.2), the stability of biojet fuel and its distribution with typical jet fuel (Wang
et al. 2022).

Hence, some specific catalytic methods, such as hydrogenation, catalytic crack-
ing, esterification and transesterification, and noncatalytic methods, such as emulsi-
fier solvent addition, supercritical fluids, electrochemical stabilization, and other
organic reactions, are used to improve the fuel characteristics of bio-oil (Zhang
et al. 2019). Given the negative impact of oxygenated molecules on bio-oil charac-
teristics, hydrodeoxygenation is critical in removing oxygen by generating H,O,
CO,, and CO. The depletion of carbon as a result of CO, and CO, as well as the
undesirable creation of coke, which compromises catalyst selectivity and causes
catalyst poisoning, is a significant drawback of this upgrading process. Catalytic
cracking with zeolites, which eliminates excess oxygen during the cracking opera-
tions, is another approach to enhancing crude bio-oil (Dane and Volmer 2023). The
approach is limited by the negative effects of catalyst poisoning produced by tar
deposition during condensed procedures.

6.9 Catalytic Cracking of Bio-Qil

The combination of fast pyrolysis with catalytic improvement of pyrolysis vapor to
generate a more stable bio-oil with better properties is a watershed moment in bio-
oil development. Pyrolysis oil is enhanced by using a catalyst that acts in the state
of vapor before condensing into a liquid (Al-Rumaihi et al. 2022). By inducing
particular reactions that minimize activation energy, restrict product dispersion,
decrease nitrogen- and oxygen-containing chemicals, and decrease acidity, the cata-
lyst may decrease the pyrolytic temperature, boost feedstock transformation, and
enhance bio-oil properties (Rangel et al. 2023). It also provides a bio-oil intermedi-
ate with substantially less oxygen. However, catalytic pyrolysis provides lesser bio-
oil than heat quick pyrolysis since the usual catalysts used in catalytic fast pyrolysis,
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zeolites, possess a high breakdown action, limiting bio-oil production (Al-Rumaihi
et al. 2022). Oxygen restriction cracking, aromatization, aldol condensation, ketoni-
zation, restructuring, and hydroprocessing are the key chemical reactions that occur
during catalytic pyrolysis of material. Catalytic deoxygenation might efficiently
lower the oxygen component in bio-oil. Deoxygenation is frequently caused by
activities that include decarboxylation, which removes oxygen in the type of CO,,
decarbonylation, which removes oxygen in the form of CO and dehydration, which
removes oxygen in the form of H,O. Catalytic cracking can convert large molecules
into tiny molecules by breaking C—C bonds, isomerization, proton movement, deox-
ygenation, and aromatic side-chain splitting. Aromatization is an intricate proce-
dure that uses the hydrocarbon reservoir principle to transform compounds with
small molecules into aromatic hydrocarbons. Aldol condensation may transform
carbonyl and carboxyl components into longer-chain petroleum products, CO, and
H,O. Reforming and hydroprocessing, which yield H, and H,O, are two more effi-
cient processes for offline upgrading of bio-oil. For further information on the
linked reactions, the literature has been carefully explored (Rangel et al. 2023;
Al-Rumaihi et al. 2022). To enhance product yields, certain reactions can be
increased using a suitable catalyst. Various catalysts are being created and utilized
in this regard to selectively encourage particular reactions in catalytic fast pyrolysis,
like conventional zeolites, metal-modified zeolites, metal oxides, and metal-
supported catalysts, as extensively reviewed in other works on the subject. Zeolites
are the most often used family for catalytic fast pyrolysis, with their acid sites
encouraging cracking and dehydration processes. Furthermore, for catalytic fast
pyrolysis, mesoporous catalysts and metal oxides, transition metal oxides and metal
complex oxides, and carbon-based catalysts and biochar have been used (Lahijani
et al. 2022).

According to the interaction mechanism of the pyrolytic vapor with the catalyst,
catalytic rapid pyrolysis of plant matter can be performed in situ or ex situ. Table 6.2
provides a comparative overview of both systems’ strengths and faults (Muneer
et al. 2019).

It is especially true when the perfect pyrolysis and effective cracking tempera-
tures are not identical. As an outcome, each stage may be managed under optimal
operating conditions, increasing bio-oil extraction and making this technology more
versatile and attractive. However, the greater overall capital cost of constructing two
distinct ex situ power plants, as well as the cost of heating separate reactors, must be
considered. To reduce total expenses, small-scale ex situ catalytic pyrolysis reactors
usually support both the pyrolysis and catalysis processes concurrently, although in
physically distinct zones (Ambaye et al. 2021; Al-Rumaihi et al. 2022). Fast pyroly-
sis combined with catalytic improvement, whether with a catalyst that is installed in
the pyrolysis unit or through a downstream converter to improve the pyrolysis vapor
after it condenses into a liquid, can considerably increase bio-oil quality. However,
the laborious process of turning biomass into high-quality fuels cannot be accom-
plished without more modifications and purifying this substantially improved bio-
oil. Nonetheless, several investigations have demonstrated that jet fuel spectrum
hydrocarbons may be generated by catalytic rapid pyrolysis of biomass, either alone
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Table 6.2 Comparative account of in situ and ex situ catalytic pyrolysis

In situ catalytic pyrolysis

Ex situ catalytic pyrolysis

The catalyst is contained within pyrolysis reactor
and product production and upgrading occur in a
single phase

It is commonly carried out in fluidized-bed reactors,
where the bed material acts as both a catalyst and a
heat transmission medium

It allows for immediate interaction between catalyst
and pyrolytic fragments while minimizing
repolymerization of the initial pyrolytic products,
which leads to a better yield of the desired product
The removal of the catalyst after the reaction, which

Pyrolytic products are formed initially,
followed by catalytic reforming of the
pyrolysis vapor in a second stage
immediately following the reactor

It is chosen for catalyst renewal and the
recovery of char as a valuable solid
by-product from pyrolytic reactors

It also prevents catalyst particles from
coming into touch with biomass minerals,
reducing the minerals’ contribution to
catalyst deactivation

has become entangled with the char, is a major
difficulty

The ex situ technique prevents catalyst
deactivation due to coke or char
development on the catalyst surface
Another benefit is that pyrolysis of
biomass and catalytic conversion are
performed in distinct reactors with
autonomous operating conditions

or in combination with other substrates. Ex situ catalytic rapid pyrolysis of lignin in
the vicinity of a maize stover-based activated carbon substrate to create jet fuel-
range aromatics (Ambaye et al. 2021; Al-Rumaihi et al. 2022).

Because lignin had a H/C ratio just below 0.3, which was unfavorable for excel-
lent bio-oil and could contribute to the deposition of coke on the catalyst, the mate-
rial was co-pyrolyzed with soapstock to provide hydrogen. Meanwhile, for
additional deoxygenation, an acidic catalyst produced from maize stover and acti-
vated chemically using a phosphoric acid (H;PO,) solution was employed. Ex situ
catalytic fast pyrolysis of the identical soapstock feedstock over a comparable cata-
lyst was utilized in another investigation. The product oil’s major components were
C8-C16 aromatic compounds and alkanes, which might be regarded a predecessor
to jet fuel and petroleum range HCs. At a pyrolysis temperature of 500 °C and a
soapstock/catalyst ratio of 1:1.5, the highest response of jet fuel using petroleum
spectrum hydrocarbons was 98.78 and 91.03%, respectively. Zhang et al. (2019)
also reported ex situ catalytic combustion from pine sawdust employing a bimetallic
Pt-Ni/-ALL,O; catalyst to produce jet fuel spectrum hydrocarbon-rich bio-oil.
Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) was used for the
catalytic pyrolysis experiments. The most common aromatic hydrocarbons were
found to include benzene and its analogs, with naphthalene and anthracene being
relatively rare. Duan et al. in 2019 looked into the potential of synthesizing jet fuel
profile hydrocarbons using corncob via co-catalysis rapid pyrolysis. They suggest a
two-step method of conversion that consists of (1) biomass pyrolysis generating
volatile compounds and (2) a catalytic reaction in the presence of a downstream
catalyst (Duan et al. 2019).

Sun et al. (2018) investigated the synthesis of biojet fuel utilizing a dual-
functional activated carbon catalyst with co-pyrolysis of DF and LDPE. To improve
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the pyrolysis vapor, an H;POg-activated carbon catalyst was modified using Fe.
With this approach, they may be able to produce a superior bio-oil, which includes
aromatics, alkanes, and phenols. According to the findings, raising the pyrolysis
temperature and the catalyst-to-feedstock ratio boosted aromatic sensitivity while
decreasing phenol and alkane selective. Applying the stated technique, the acidic
catalyst proved successful in generating aromatics.

Considering the fact that catalytic degradation of bio-oil is a cheaper way of
enhancing bio-oil, it usually ends in low-carbon hydrocarbons, which do not fulfill
jet fuel criteria. Catalytic cracking is usually performed at heats ranging from 350
to 550 °C to ensure that oxygenated particles disintegrate quickly. This situation
produces fairly substantial gaseous output and coke productivity, whereas liquid
hydrocarbon products concentrate in petrol-range chemicals (Nanda et al. 2021).

Consequently, extra operations such as hydroprocessing are required to change
the number of carbons distribution in hydrocarbons in order to meet jet fuel specifi-
cations. Hydroprocessing, also known as hydrotreating, is a popular method for
turning liquid oily materials such as vegetable oil, plant oil, fatty acids, waste cook-
ing oil, and bio-oil into hydrocarbons by eliminating oxygen-rich substances at high
temperatures and pressures with the help of a catalyst (Doliente et al. 2020).
Hydroprocessing has long been used by the petrochemical industry to remove het-
eroatoms that are from fossil crudes such as sulfur (hydrodesulfurization), nitrogen
(hydrodenitrogenation), oxygen (hydrodeoxygenation), and metals (hydrodemetal-
lization) (Nanda et al. 2021). Bio-oil, on the other hand, is thermally unstable
because it includes a lot more oxygen plus heteroatoms compared to crude oil.
Therefore, the hydroprocessing catalysts-associated reaction conditions for bio-oil
are significantly distinct from those for hydroprocessing a fossil crude oil.
Furthermore, deoxygenation is significantly more crucial than sulfur and nitrogen
reduction. Hydroprocessing operations are frequently divided into four categories:
(1) hydrogenation, (2) hydrogenolysis, (3) hydrodeoxygenation, and (4) others
(non-H reactions). Why et al. (2019) demonstrated that it is the simplest and most
practical method for manufacturing biojet fuels from biomass oil feedstock while
the volume generated is large, the carbon number is kept, and the only by-product is
water. Michailos and Bridgwater examined three bio-oil upgrading methods, includ-
ing hydroprocessing, zeolite cracking, and gasification, followed by Fischer—
Tropsch synthesis, to undertake a techno-economic study of biojet fuel generation.
According to modeling, hydroprocessing had the highest total energy efficiency and
jet fuel energy efficiency (Michailos and Bridgwater 2020).

Hydrogenation was suggested as a method of creating jet fuel-range hydrocar-
bons using pyrolytic bio-oil. High-density aromatics, which are common in cata-
lytic pyrolysis-derived bio-oil, are sensitive to hydrogenating into cycloalkanes, like
minor aromatics. Hydrogenation is a hydrogen-saving method by which proton is
changed into cycloalkanes instead of water by hydrogenation-saturated double
bonds or aromatic functional groups. First-row transition metals like nickel and
cobalt have demonstrated significant potential for hydrogenating bio-oil, with inher-
ent hydrogenation ability substantially greater than cobalt (Nanda et al. 2021;
Lahijani et al. 2022; Al-Rumaihi et al. 2022).
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A group of researchers did extensive research on the application of Raney-type
nickel in the manufacturing of biojet fuel, an adaptable catalyst for the negative
reduction of organic molecules in hydrogenation operations. They investigated the
creation of jet fuel family alkanes by co-feeding biomass (DF) with plastic (LDPE)
to a catalytic microwave-induced pyrolysis system (Shumeiko et al. 2019). The bio-
oil was separated with n-heptane after microwave-assisted catalytic pyrolysis and
then hydrogenated. The hydrogenation test was performed in a Parr reactor, where
a mixture of liquid organics and n-heptane was in contact with a Raney Ni catalyst
(20 wt%) for 2 hours at 500 psi pressure and 200 °C temperature. Catalytic micro-
wave co-pyrolysis yielded liquid organics primarily made up of C8—C16 aromatics,
which were regarded to be viable intermediates for jet fuel production. After hydro-
genation, this bio-oil yielded a carbon yield of 38.4% for hydrogenated organics,
with a selection toward jet fuel range alkanes of around 90%, and a high level of
cycloalkanes contributing to 75% of the specificity. During the thermal degradation
of lignocellulosic biomass, furan was largely formed from cellulose and hemicel-
lulose, while lignin was broken down producing phenolic compounds. In contrast,
plastic degradation created free radicals and long-chain carbons, probably by sto-
chastic and chain-end splitting processes. At the same time, hydrogen transfer
mechanisms may transform radical pieces into straight-chain hydrocarbons. While
wax generated by the heat breakdown of plastic may be chemically split over a
zeolite catalyst to generate light olefins, which may then mix with furans via the
Diels—Alder process and dehydrate to form aromatic hydrocarbons. A mixture of
aromatic and aliphatic hydrocarbons was generated as a consequence of catalytic
pyrolysis in microwaves of co-fed biomass and plastic. Then, the Raney Ni catalyst
was employed for hydrogenating unsaturated aliphatic olefins. In the event of the
presence of this catalyst, aromatic hydrocarbons were transformed into cycloal-
kanes or hydroaromatic hydrocarbons. Meanwhile, hydro-isomerization among
dimethylcyclohexanes may occur and hydrocracking events may produce a trace
number of tiny hydrocarbons. Researchers studied the generation of jet fuel-range
cycloalkanes from lignocellulosic biomass using the same microwave-assisted
pyrolysis process as well as bio-oil hydrotreating with a similar catalyst. Under
500 °C temperatures for pyrolysis and a catalyst/biomass proportion of 0.25, aro-
matic hydrocarbons formed during the pyrolysis process in the n-heptane environ-
ment were completely hydrogenated to petrol spectrum cycloalkanes. In
hydrogenation, the selectivity to high-density cycloalkanes is enhanced through
raising the catalyst load (10 or 20 wt%) and reaction temperature (150, 200, and
250 °C). Among the biomass feedstocks examined, hybrid poplar showed the best
cycloalkane selective of 95.2% at a hydrogenation temperature of 250 °C and in the
presence of a 20-weight % Ni catalyst (Shumeiko et al. 2019).

In another significant paper, Wang et al. (2022) catalytically upgraded bio-oil
generated by rapid pyrolysis of wheat stalk to jet and gasoline range HCs via three
reaction steps. Initially bio-oil breakdown and deoxygenation of oxygenated sub-
stances were done in the context of a HZSM-5 zeolite catalyst to yield carbon-free
aromatics (C6—C8) and light oils (C2—C4). The 1-butyl-3-methylimidazolium chlo-
roaluminate ionic liquid was used to alkylate low-carbon hydrocarbons with light
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olefins, yielding C8—C15 aromatics with an 88.4% sensitivity. Following the hydro-
genation procedure, C8—C15 cyclic alkanes (72.5 wt%) with a typical composition
of C10.5H20.9 were produced. The quality of the produced gasoline met the major-
ity of jet fuel criteria. As a consequence, the chosen approach successfully created
C8 C15 aromatic hydrocarbons including cyclic alkanes from biomass-derived bio-
oil under mild reaction conditions. The same three-step technique was utilized in
another research, but the initial step was in situ catalytic pyrolysis, where the cata-
lyst (HZSM-5) and biomass were mixed at an ordinary catalyst/sawdust mass ratio
of 2 and pyrolyzed. They had been capable of obtaining the required C8—C15 aro-
matics with 92.4% purity. The final biofuel encompassed 80.4 wt% cycloalkanes
(Wang et al. 2022).

6.10 Hydrodeoxygenation

Despite the fact that it takes a substantial amount of H, and operates under harsh
conditions, hydrodeoxygenation is another adaptive approach for producing supe-
rior hydrocarbons from bio-oil. Hydrodeoxygenation enhances the enormous pro-
spective of bio-oil as a biofuel and constitutes one of the greatest effective approaches
for its carbon economy. It is fortunate that the necessary facilities for hydrodeoxy-
genation of bio-oil refining may be easily accessed in ordinary petrochemical plants.
Notwithstanding this, the intense H, feed and difficult working conditions highlight
the significance of stringent security protocols. Throughout bio-oil hydrodeoxygen-
ation, which includes simultaneous hydrogenation and deoxygenation processes,
the brittle bonds that are unsaturated are hydrogenated and the oxygen content is
reduced by water generation. Pyrolytic bio-oil again polymerizes at 175-250 °C in
the absence of a catalyst or hydrogen, resulting in char generation within a few
minutes. However, in the condition of a catalyst and H, bio-oil will change into firm
molecules under identical circumstances and hydrodeoxygenation happens when
the degree of heat exceeds 250 °C. High pressures and cool temperatures are often
used for hydrodeoxygenation and an H, source is necessary. Catalysts may catalyze
hydrogenation and dehydration procedure at very low temperatures via their metal
and moderately acidic sites, respectively. As a result, by removing oxygen from
oxygenated compounds and hydrogenating aromatic rings, high-pressure hydrode-
oxygenation can significantly improve bio-oil quality [92]. To preserve the aromatic
quality of the fuel, hydrodeoxygenation ought to be prioritized while preventing
saturation on the aromatic rings in hydroprocessing. The bio-oil hydrodeoxygen-
ation reaction pathways are highly complex. The most commonly accepted method
for bio-oil hydrodeoxygenation is divided into two steps. In the first step, known as
stabilization, reactive functional groups such as carboxyl and carbonyl are con-
verted into alcohols; these processes occur at temperatures ranging from 100 to
300 °C. In the subsequent phase, typically happens at degrees ranging from 350 to
400 °C, cracking and hydrodeoxygenation occur (Why et al. 2019; Lahijani et al.
2022; Inayat et al. 2022).
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Deoxygenation in a hydrogen mixture occurs by numerous separate mecha-
nisms, comprising decarbonylation, decarboxylation, and hydrodeoxygenation,
generating biojet fuel hydrocarbons. During decarboxylation, the carboxyl group is
eliminated, causing carbon dioxide and paraffinic HC. Carbonylation releases the
carbonyl group by producing olefins and emitting carbon monoxide and water.
Under enormous pressures of excessive H gas, hydrodeoxygenation is employed to
break C—O bonds. The dissolution of H, throughout the catalyst active place, result-
ing in extremely reactive H, radicals; the association resulting from H, radicals
alongside bonds of C-O in bio-oil, which produces hydroxyl groups, water and
alkanes, are two of the biggest and most significant occurrences that take place dur-
ing hydrodeoxygenation. Furthermore, H, can degrade the C—O bonds in bio-oil,
resulting in water or alkanes. The amount of energy of bio-oil improves as the per-
centage of deoxygenation increases. In general, fuels with less oxygen, more car-
bon, and less unsaturation have a greater thermal value. Because hydrodeoxygenation
procedures are very exothermic, full deoxygenation may result in the formation of
hot spots and an electrical runaways; this is particularly problematic when applying
a batch or fixed-bed reactor. Due to the inherent contradiction among deoxygen-
ation level and bio-oil results, complete deoxygenation of natural oil is not a final
objective; rather, as an interim goal, deoxygenation ought to be done to the extent
that maintains the bio-oil. For aircraft biofuel use, an oxygen content of fewer than
5% by weightis most likely suitable (Dabros et al. 2018; Cordero-Lanzac et al. 2021).

The catalyst is essential for the successful conversion of hydrodeoxygenation
into HC fuel. Catalyst action, choice, equilibrium, and expense are all important
factors to consider when developing a catalyst for budget-effective biofuel synthe-
sis. Many catalysts with various active stages and promoters have been used in the
hydrodeoxygenation of bio-oil. The majority of the enzymes utilized for hydrode-
oxygenation for bio-oil are now heavy metal (such as Pd, Pt, Rh, and Ru) or transi-
tion metals (such as Ni, Co, Mo, and W)-based catalysts along with bimetallic
catalysts (such as Pt—Pd, Pt—Sn, Rh—Pd, NiMo, NiW, CoMo, and NiCo) endorsed
on AlLO; ZrO, TiO,, MgO, activated carbon, and mesoporous zeolite.
Hydrodeoxygenation catalyst effectiveness was enhanced by using supported bime-
tallic catalysts. By successfully adjusting electrical and geometric factors, a combi-
nation of precious metals and transition metals, in especially, can increase catalyst
constancy and efficacy (Yeboah et al. 2020; Lahijani et al. 2022).

Comprehensive investigations of hydrodeoxygenation catalysts used for bio-oil
upgrade to transportation fuel were reported by Dabros et al. in 2018. In the circum-
stance of multifunctional catalysts, the hydrodeoxygenation action route is con-
nected to a synergistic relationship among the metallic site and the backing to
produce hydrogenolysis goods hydrocarbons and water. Acidic sites are essential
for deoxygenation here, whereas metal sites serve as vital hydrogenation centers.
During hydrodeoxygenation, bifunctional catalysts with both metal and acid sites
can catalyze a wide range of activities, having the metallic site activating H and the
other oxophilic metallic point or acid support activating oxygen (Dabros et al. 2018).

Catalyst inactivation through hydrodeoxygenation is a frequent issue that can be
caused by (Why et al. 2019)
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(i) Bio-oil’s high H,O content

(i) Metal, N, and S toxicity of the catalyst sites that are active
(iii) Metallic site rearranging and melting
(iv) Deposition of coke

Employing a thermally resistant catalyst and a low reaction temperature are done
to avoid metallic particle melting and water degradation. Coke buildup on the cata-
lyst surface is a major problem; it is the principal pathway for catalytic deactivation.
Coke manufacture deactivates catalysts by masking their active regions and restrict-
ing the catalytic pores. As an outcome, the catalytic activity and efficiency of the
catalyst are reduced (Wei et al. 2019).

Continuous hydrodeoxygenation occurs during coke synthesis or the deactiva-
tion of catalysts and can continue up to 100-300 hours. Many undesirable thermal
by-products compete with hydrodeoxygenation. A number of these procedures have
been connected to the generation of coke during the hydroprocessing of bio-oil. The
chemical composition of the oxygenated atoms in bio-oil, the sort of hydrodeoxy-
genation catalyst used, and the seriousness of the reaction’s operating conditions all
influence the quantity of coke generated. The presence of numerous oxygenates,
along with the highly reactive nature of bio-oil, encourages coke generation during
hydrodeoxygenation. Carbonaceous deposits form as a result of the rapid re-
polymerization of unstable and exceptionally reactive oxygenates in bio-oil, such as
phenols, catechol, furfural, and guaiacols. The strength of the reaction circum-
stances influences coke formation as well. While high temperatures are required for
the successful transformation of bio-oil organic elements, they also result in coke
generation. By flooding the polymerization precursors across catalyst metal sites,
high hydrogen pressure inhibits coke deposition. Longer residence periods required
to achieve the desired degree of hydrodeoxygenation improve carbon deposition.
High-acidity catalysts, especially those with Brnsted acidity, have a high probability
of hydrogen protons dissociating and generating carbon ions, which are precursors
to coke synthesis. Lower acidity catalysts, on the other hand, are less suited to trans-
alkylation, hydrogenolysis, and hydrocracking. Activated carbon catalysts having
moderate and low acidity encouraged the synthesis of aviation fuel-ranged alkanes
and aromatic compounds, respectively, according to Zhang et al. in 2019. As a con-
sequence, slightly alkaline catalysts with an acceptable mix of medium and low
acidic locations, as well as proper pore sizes that allow coke precursors to be swept
into the reaction fluid, can partially prevent deposition of coke. The tendency of
various catalysts for coke production in hydrodeoxygenation, according to Dabros
et al. in 2018, varies in an order of alumina > sulfided transition metal oxides >
mono-metallic noble metal catalysts > bimetallic catalysts.

Hu et al. (2020) conducted a thorough review of the methods used to reduce the
formation of coke to reduce blockages in bio-oil-enhancing processes, including
multistage hydrodeoxygenation processes, various reactors designs, and the devel-
opment of various catalysts. The content of the bio-oil, as well as the parameters of
the catalyst and support, affects the performance of the catalysts in the hydrodeoxy-
genation operation. Furthermore, temperature, pressure, catalyst load, gas hourly
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space velocity (GHSV), and batch length all have an effect on the catalyst’s activity
and selectivity. Hydrogen pressure is a key factor determining the distribution of
products in the hydrodeoxygenation method. Larger H, pressures enhance hydrogen
solubility in bio-o0il and consequently an increased supply of H, around the catalyst
accelerates the reaction activity and reduces coking. Thermodynamically, full
hydrodeoxygenation is attainable at temperatures that range from 250 to
400 °C. Under a low temperature, H quickly decreases reactive compounds such as
aldehydes, ketones, and olefins, hence stabilizing the bio-oil. Higher temperatures
promote deoxygenation for refractory phenolic compounds. Due to the intricate
nature of raw bio-o0il’s composition, comparatively few studies on biomechanical
elements involved in pure bio-oil hydrodeoxygenation have been done due to a
plethora of associated reactions, side reactions, and reactant interactions. The vast
bulk of research on the method and fundamentals of hydrodeoxygenation has
focused on individual model molecules. Because of their high concentration in bio-
oil and because they are primarily inert component of hydrodeoxygenation pro-
cesses, lignin-derived elements have been used as model compounds in the bulk of
such studies. Although these results cannot be utilized to reach broad inferences
regarding the hydrodeoxygenation of actual bio-oil, they offer little knowledge into
the reaction routes and efficacy of the catalysts used under specific conditions for
reaction, which is particularly significant given the lack of research on the hydrode-
oxygenation of legitimate bio-oil to jet fuel-range HCs (Dabros et al. 2018; Hu et al.
2020; Lahijani et al. 2022).

Bashir et al. (2022) recently presented a thermo-catalytic reforming system con-
sisting of pyrolytic temperature at 450 °C and post-reforming temperature of
700 °C, resulting in bio-oil enhancing via successive two-step hydroprocessing, fea-
turing hydrodeoxygenation and hydrocracking. Aside from hydrodesulfurization
and hydro denitrification, the hydrodeoxygenation process was used to deoxygenate
organic substances to saturating alkanes while the procedure of hydrocracking was
employed for the catalytic transformation to alkanes of smaller chain (C8-C16),
which correspond to jet fuel-range HCs, as well as isomerization, splitting, and
hydrodealkylation reactions. For hydrodeoxygenation, a NiMo catalyst based on
alumina was used, while for hydrocracking, a NiW catalyst based on silica—alumina
was used. Both catalysts were warmed up for 4 hours using dimethyl disulfide at
20 bar, 350 °C, and hydrogen before each hydroprocessing test. The only variable
in the procedure was hydrogen pressure, which was held constant throughout. The
two-step hydroprocessing experiments were conducted for 4 hours in a bench-scale
autoclave reactor at 350 °C with 30 or 60 bar hydrogen, with a catalyst loading of
1 g/10 g bio-oil. The results revealed a significant decrease in O and N levels and an
increase in C and H values. Hydrodeoxygenation and hydrocracking accomplished
considerable deoxygenation and denitrogenation at 60 bar H,. The hydroprocessing
at 60 bar generated better fuel properties, whereas atmospheric distillation recov-
ered a 25 wt% jet fuel fraction comprised of 7, iso, and cycloparaffins, as well as C8
C16 aromatics; green naphtha and diesel were the main by-products. The majority
of jet fuel fraction metrics, including heating value, viscosity, weight, and freezing
point, satisfied the ASTM D7566 standards; nevertheless, flash point, smoke point,
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and total acid number were predicted to improve with additional treatments. The
crude bio-oil generated via the TCR system exhibited a low O, content, which made
the subsequent deoxygenation procedure easier.

In another study, Chen et al. in 2020 employed fluidized bed fast pyrolysis,
hydroprocessing, and hydrocracking to produce jet fuel from rice husk. The pyro-
lytic bio-oil generated by fast pyrolysis of biomass was directed toward the hydro-
processing and hydrocracking processes, which were catalyzed by Pd/AC and
NiAg/SAPO-11 catalysts. The hydroprocessing unit was operated at 300 °C using a
liquid hourly space velocity (LHSV) of 1 hour and a pressure of 60 bar, with an H,-
to-oil ratio of 1000. The reaction parameters during hydrocracking were 320-380
°C, 40 bar pressure, with the identical LHSV and H,-to-feed proportion as for
hydroprocessing. The results revealed that when the temperature rose, the concen-
tration of aromatics decreased. At 340 °C, the most cycloalkanes were created; nev-
ertheless, once the ambient temperature was raised to 380 °C, the number of
cycloalkanes decreased while more traditional alkanes were formed. These studies
demonstrated that using the NiAg/SAPO-11 catalyst at greater temperatures
improved ring-opening reactions. The ring-opening processes generated alkenes,
which resulted in 360 °C. Aromatics, n-alkanes, and cycloalkanes were chosen as
hydroprocessed oil components. Despite this, the fraction of aromatics was dramati-
cally reduced after hydrocracking, whereas the proportion of n-alkanes, cycloal-
kanes, and isoalkanes rose. The much higher aromatic percentage in hydroprocessed
oils compared to straight-chain and cycloalkanes might be attributed to the unique
appearance of ring-opening occurrences during hydroprocessing. However, because
the catalyst was acidic, the quantity of straight-chain alkanes that consist of pen-
tadecane, hexadecane, heptadecane, and octadecane increased after hydrocracking.
Simultaneously, the catalyst’s metal sites encouraged olefin oligomerization by car-
bonation and hydrogenation. These processes led to a 63% decrease in aromatics
content, bringing the final fuel’s composition closer to that of aviation fuel. The
generated fuel was identical to Jet A-1 in terms of its molecular weight, H/C ratio,
viscosity, and density. While the aromatic content and vapor pressure were much
higher than in Jet A-1, the heat of ignition was somewhat lower. The finished fuel
dissolved adequately in JP-5 fuel with a decreased aromatic content. In pyrolysis
vapor or condensed bio-oil fraction, tiny oxygenates such as ketones, alcohols,
acids, and anhydro-sugars are common (Why et al. 2019). Direct hydrodeoxygen-
ation of such substances yields light olefins, which reduces the carbon length in
desired hydrocarbon-based fuel range products and enhances biofuel costs. Light
oxygenates, which make up around 20% of bio-oil, undergo dehydration directly on
the hydrodeoxygenation catalyst’s acid sites before finishing up in the light gas
stream. This can be handled by catalyzing activities and acylation to create carbon-
coupled extremely oxygenated products with a C—C coupling catalyst. These
carbon-coupling reactions are particularly important in the conversion of biomass-
derived compounds into petroleum-based range HC. Because of the containment of
acids, carbonyls, and alcohols, light oxygenates are extremely reactive. These func-
tionalities can undergo carbon chain development and oxygen removal activities in
the context of bifunctional carbon-coupling catalysts. As a consequence, combining
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a coupling catalyst with a hydrodeoxygenation catalyst might be a potential tech-
nique for enhancing the carbon recovery from pyrolysis vapor. The long-chain oxy-
genates that result from the carbon-coupling mechanism are subsequently
hydrodeoxygenated to form fuel spectrum HC. Nonetheless, merging multiple pro-
cedures in an individual unit is challenging (Bashir et al. 2022). One method for
efficiently merging the various activities of the used catalyst is to use a dual-bed
catalytic biovessel to carry out the cascading events in a single reactor. In this case,
Yeboah et al. in 2020 employed a tandem dual-bed catalytic technology for trans-
forming virtualized bio-oil to jet fuel spectrum HCs. The upstream catalysts were
0.2 weight percent X-TiO, (X: Au, Pd, Ru on TiO, pellet), whereas the downstream
catalysts comprised Ru-MoFeP/Al,Os. A recreated bio-oil containing a characteris-
tic makeup of wood-derived bio-oil gathered through fast pyrolysis, which includes
distilled water, vinegar, acetol, and furfural as typical by-products produced through
the breakdown of hemicellulose as well as phenol, guaiacol, and eugenol as lignin
monomers. All of the tested dual-bed catalysts reduced light gas production by
around 40% while improving HC output in the jet fuel range. Alkylated aromatics
seemed the most common chemical while every kind of catalyst was employed. It
was proposed that the connected light oxygenates be alkylated using phenolic com-
pounds and then hydrodeoxygenated to produce higher hydrocarbons. The most
efficient carbon-coupling catalyst for carbon-chain development was Au/TiO,,
which produced 71.8% C7 hydrocarbons. This was most likely owing to the fact
that Au has a low hydrogenation characteristic, which accelerated an aldol conden-
sation process.

The hydrodeoxygenation of phenolic compounds necessitates a high reaction
temperature due to the supporting benzene ring and phenolic OH groups. Cross-
coupling reactions between phenols are conceivable, which might result in carbon-
ation, and is highly bad for catalyst performance. In the hydrodeoxygenation of
phenols, high aromatic yields may only be obtained by selective breaking of the
strong caryl-O link without hydrogenation of the aromatic ring (Shu et al. 2019).

Phenol-to-jet fuel hydrodeoxygenation occurs through many chemical routes
(Cordero-Lanzac et al. 2021):

(a) Hydrogenation of the ring of phenol to cyclohexanone
(b) Direct deoxygenation of phenol via breaking of the Csp2-O link
(c) Phenol tautomerization

The method used for hydrodeoxygenation of cyclohexanone showed that the
transformation of benzene happens completed through a pair of routes:

(a) Dehydrogenation of cyclohexanone followed by hydrodeoxygenation
(b) Cyclohexanone hydrodeoxygenation, which again is followed by dehydrogena-
tion pathway

Other jet fuel HC are created in four stages:

Hydrogenation of tetralone to tetralol => Dehydration of tetralol to dialin inter-
mediate = Hydrogenation of dialin’s C—C bonds to tetralin = Aromatic hydroge-
nation of tetralin with excess hydrogen to obtain isomers of cis and trans decalin.
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6.11 Future Prospects

Biojet fuels are great prospects for addressing numerous challenges, with biojet
fuels capable of reducing emission of carbon molecule by 80% during the entire life
cycle of the fuel. Any replacement to fossil jet fuel should be inexpensive. Because
the current rate for biojet fuel is roughly three times the cost of standard jet fuel,
affordability continues the most significant impediment. Nevertheless, it is envis-
aged that administrations take the initiative for the growth of renewable fuels in the
aeronautical segment, as well as encourage the application of biojet fuel in market-
level airplanes, which might change the economic value of biojet fuel, also reduce
the tax for carbon dioxide emission.

Fast pyrolysis is an established method. However, the crude bio-oil is of low
quality. As a result, such bio-oil needs to be deoxygenated and improved to enhance
its physicochemical qualities to a standard near to application for fuel. Discussion
of the underlying chemical behavior of the responses tangled in pyrolytic bio stock,
as well as the effect of process parameters, is critical for high bio-oil yield. As a
result, a thorough examination of the pyrolysis condition and the aforementioned
factors is critical. The catalytic cracking includes complicated chemical pathways.
In this case, the design and deployment of an adequate catalyst are vital to the pro-
cess’s success. Furthermore, choosing a proper reactor architecture, either ex situ or
in situ, is critical for achieving a high gradation for improvement.

All these factors should be considered when designing a catalytic pyrolysis pro-
cedure for a given research. Acidic supports are known to enhance catalytic deoxy-
genation, while active sites of metals stimulate hydrogenation. As a result, catalysts
with multivariant property help catalyze various processes throughout the hydrode-
oxygenation process. Yet, catalysts belonging to solid acid are susceptible to inacti-
vation, thus increasing coke formation. As a result, finding a catalyst with the
required strength is critical for achieving an equilibrium between catalytic activity
and deactivation. Another conundrum is that the lignin-generated bio-oil contains a
low level of oxygen atom. Besides, the movement and fussiness of the catalyst in the
direction of the chosen artifact are affected by the hydrodeoxygenation temperature
and hydrogen pressure, along with a dosage of the catalytic product.

Though the hydrodeoxygenation routes have been widely explored, their utiliza-
tion is still novice to produce genuine bio-oil. As a result, a substantial breach exist-
ing at the research level for crude bio-oil broth is utilization as a substrate intended
for jet fuel synthesis and in what way the intricate bio-oil concoction and the col-
laborative interaction between the compounds distresses the worldwide reaction
remains unknown. A significant amount of research and development is required in
this respect for manufacturing effective catalysts for hydrodeoxygenation for the
formation of biojet fuel from bio-oil.

It is advantageous to employ preexisting units for bio-oil hydrodeoxygenation
needed for downstream processing. With this incorporation, it would significantly
cut expenses and make the product’s introduction into the market easier. In terms of
energy use, it also provides a more sustainable scenario. A potential and practical
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approach toward maximizing the value of feedstock as well as fluidic unit of cataly-
sis would be the progressive adaption of eccentric waste products. However, this is
no simple task. As a result, research opportunities for comprehensive investigations
on the advancement of bio-oil to biojet fuel remain open in researched sites until the
commercialization of such projects is implemented.
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Chapter 7
Bio-Aviation Fuel via Catalytic
Hydrocracking of Waste Cooking Oil

Shally Pandit, Anand Prakash, and Arindam Kuila

Abstract The aviation industry faces critical challenges regarding environmen-
tal sustainability due to the drawbacks associated with conventional jet fuels.
These fuels, primarily derived from fossil sources, contribute significantly to
greenhouse gas emissions and global warming. Biomass-based alternatives have
emerged as promising solutions, but they present their own set of challenges,
including feedstock limitations and complex conversion processes. Waste cook-
ing oil, readily available and abundant, emerges as a sustainable savior, offering
an environmentally friendly feedstock option. Various methods for producing
bio-aviation fuel like transesterification and Fischer—Tropsch from diverse
sources like lignocellulosic biomass, and edible and nonedible plants seed-
based oil have been investigated, with hydrocracking standing out as the pre-
ferred choice. It offers high conversion efficiency, superior product quality, and
versatility in meeting stringent jet fuel specification protocols. The jet fuels pro-
duced from waste cooking oils through hydrocracking demonstrate exceptional
compatibility with industry standards, ensuring seamless integration into exist-
ing aviation infrastructure. This chapter covers the promising aspect of waste
cooking oil as a valuable feedstock for bio-aviation fuel production, highlight-
ing the merits of catalytic hydrocracking in achieving sustainability objectives
within the aviation sector.

Keywords Aviation fuel - Waste cooking oil - Catalytic hydrocracking - Trans-
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7.1 Introduction

The global population is continuously increasing, as is the demand for energy.
However, there are growing concerns about the scantiness of resources, including
food and water, as well as the depletion of fossil fuel reserves. A report indicates
that air travel is expected to see a 5% annual increase until 2026, leading to a 3%
growth in jet fuel demand. The aviation sector is a significant consumer of energy,
with commercial aviation fuel consumption reaching 13.16 exajoules (EJ) in 2012,
accounting for 12% of worldwide transportation energy consumption. In 2016,
commercial operators consumed 278 billion liters of jet fuel, resulting in 781 mil-
lion tons of CO, emissions. This consumption is projected to rise by another 10.5 EJ
by 2040. Commercial and military jet fuels typically consist of cycloparaffins,
alkanes, and aromatics, with carbon atoms ranging from C8 to C16, while road
transportation fuels include diesel alkanes, aromatics, cycloparaffins, and a few
oxygenates, with carbon atoms greater than C16. The carbon atom range for com-
mercial jet fuel can be derived from the conversion of waste triglycerides (Asiedu
et al. 2019; Goh et al. 2020).

The negative consequences of burning fossil fuels include the volatility in oil
cost and the release of greenhouse gases. Given the anticipated growth in air travel
passengers and the associated surge in fuel consumption, there is a clear need for
clean alternative fuels within the aviation industry (Goh et al. 2020).

Producing alternative sources like biojet fuel presents a sustainable and viable
option. Developing biojet fuel from renewable sources offers several benefits,
including reducing reliance on fossil fuels and potentially achieving a significant
reduction in CO, emissions, surpassing the aviation industry’s 50% reduction target
for 2050 by up to 68.1% (Khodadadi et al. 2020). Biofuels can be derived from vari-
ous sources (Why et al. 2019), including both nonrenewable ones like conventional
vegetable oil and renewable ones like industrial waste, biomass, animal fats, micro-
algae, and nonedible plant seed-based oils. Hence, the use of renewable resources
holds promise as an alternative to address future challenges. The reutilization of
biomass by techniques analogous to those used in petrochemicals permits the manu-
facture of valuable materials, chemicals, and fuels. However, the use of biomass
creates concerns about competitiveness between food and nonfood item applica-
tions, along with its impact on land usage and water availability. Also, biomass
naturally contains a significant weight percentage of oxygen, and its structural com-
ponents encompass a wide spectrum of molecular weights, ranging from low to
high. ASTM and EU regulations require bio-aviation fuels to be oxygen-free hydro-
carbons with particular specifications for the length of the carbon chain and physi-
cochemical characteristics. Achieving these specifications proves challenging with
current biomass conversion methods. These stringent requirements, coupled with
the inherent limitations of biomass, restrict the feasibility of producing drop-in
hydrocarbon fuels to bio-kerosene exclusively (Wang et al. 2019). Using feedstock
derived from industrial waste, such as waste cooking oil (WCO), can be preferred
because it avoids competition between sectors and allows for a more sustainable and
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environmentally friendly second cycle of utilization (Asiedu et al. 2019; Khodadadi
et al. 2020).

WCO is produced as a waste from the cooking and frying processes in house-
holds or restaurants and often includes oils like canola, soybean, sunflower, and
many others that have been exposed to high temperatures and food particles during
frying (Awogbemi et al. 2021).

Vegetable oils primarily consist of triacylglycerols, making up a significant por-
tion (88-98%) of their composition. Over the years, global vegetable oil usage has
seen a notable increase, rising from 150 million metric tons (MMT) in 2013/14 to
200 MMT in 2020/21. In 2019, it was valued at $5.50 billion and is estimated to
reach approximately $8.48 billion by 2027. This growth likely reflects increased
awareness of recycling and repurposing WCO, driven by environmental and eco-
nomic considerations (Awogbemi et al. 2021).

Canada generates between 120,000 and 135,000 tons of WCO annually. In the
United States, 0.6 million tons of yellow grease were produced in 2011. The UK
and European Union countries produce approximately 700,000—1,000,000 tons of
WCO per year. South Africa collects 60,000 tons of WCO annually, but an esti-
mated 200,000 tons remain uncollected each year. Japan, China, and Malaysia gen-
erate 6000, 45,000, and 60,000 tons of WCO, respectively, on an annual basis.
Despite these figures, it is estimated that more than 60% of globally generated WCO
is improperly disposed of. During the frying process, vegetable oils undergo
repeated exposure to high temperatures, typically ranging between 150 °C and
200 °C. This, along with moisture infiltration and contamination, leads to physical
changes in properties such as color, viscosity, and density, as well as chemical mod-
ifications, including alterations in acid value and fatty acid composition. Additionally,
severe thermal degradation results in the formation of total polar compounds within
the oil structure. These thermal degradation processes induce changes in several oil
properties, including saponification value, kinematic viscosity, moisture content,
iodine value, density, specific heat, peroxide value, flash point, the number of sin-
gle/double bonds, and the percentage of mono/polyunsaturated components as a
consequence of usage (Awogbemi et al. 2021). Consuming food repeatedly pre-
pared with reprocessed waste cooking oil (WCO) can lead to adverse health conse-
quences, including conditions such as hypertension, diabetes, vascular inflammation,
and other health issues. According to available statistics, in 2015, WCO contributed
17% of feedstock used in the production of 11.92 million tons of biodiesel in the
European Union and 9% of the feedstock used for the production of 26.62 million
tons of biodiesel globally. It is crucial to remember, however, that not all WCO
gathered is used to produce biodiesel or other fuels. There are valid fears that fraud-
ulent individuals may be filtering and repackaging discarded vegetable oil for resale
to naive customers. This raises concerns about the quality and safety of food pre-
pared with such recycled oils and underscores the need for proper regulation and
oversight in this industry to protect public health (Awogbemi et al. 2019).

Unfortunately, in many urban areas, WCO is improperly disposed of into water
resources like rivers, polluting natural water bodies and decanting waste oil into sew-
ers, drains, and open spaces like forests. This leads to several adverse consequences,
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including the generation of offensive odors, blockage of drainage systems, damage to
concrete structures, and contamination of both terrestrial and aquatic habitats.
Improperly disposed WCO can also induce froth formation, raise the level of organic
matter in water sources, disrupt wastewater treatment operations, diminish dissolved
oxygen levels in aquatic habitats, and upset ecological balance. However, there is
potential for a more responsible approach. When catalyzed with certain agricultural
waste materials, WCO can be used to generate biodiesel, which can be used to serve
various applications, including the production of bio-aviation fuel. This conversion
process can significantly hamper the harmful impacts of WCO on the environment.
This would not only mitigate environmental problems but also contribute to more
sustainable practices in handling waste cooking oil (Awogbemi et al. 2021). It is
important to highlight that disposing of waste cooking oil (WCO) in natural environ-
ments can have a detrimental impact on plant and animal life, primarily because of its
low water solubility. However, WCO can be utilized effectively without the need for
extensive treatment in various industrial processes. It can serve as a primary raw mate-
rial for activities like bio-lubricant and fuel production, as well as additives for appli-
cations like asphalt modification and animal feed.

Moreover, WCO has the potential for transformation through chemical or bio-
chemical processes to yield valuable products, including biofuels, bio-plasticizers,
synthetic gas (syngas), and sorbents for capturing volatile organic compounds.
These versatile applications demonstrate the potential for WCO to be repurposed
and contribute to sustainable and environmentally friendly solutions across multiple
industries (Khodadadi et al. 2020).

7.2 Waste Cooking Oil (WCO): Feedstock
for Bio-Aviation Fuel

Bio-aviation fuel is often referred to as renewable jet fuel, biojet fuel. Biofuel
designed for the aviation industry is acknowledged as a strategy to help reduce
greenhouse gas emissions within the aviation sector as a whole (Doliente et al.
2020). WCO is generated through a continuous oxidation process of virgin cooking
oil, typically occurring during open-air frying. This process primarily operates
through a free radical mechanism, resulting in the production of hydroperoxides as
the main oxidation product. These hydroperoxides can further oxidize into toxic
substances like 4-hydroxy-2-alkenals, making WCO a hazardous waste. Additionally,
WCO is considered nonedible due to its potential to cause various adverse effects
such as indigestion, diarrhea, stomach discomfort, and even gastric cancer.

There are several compelling reasons to consider using WCO as a feedstock for
jet and diesel fuel: (a) abundance: WCO is readily available in humongous quanti-
ties, with annual generation of 29 million tons across the globe. (b) Environmental
impact: discharging just 1 1 of WCO into water bodies can contaminate approxi-
mately 500,000 1 of water, adversely affecting aquatic ecosystems by obstructing
sunlight and hindering the exchange of oxygen. (c) Cost-effectiveness: WCO is 3x
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than virgin vegetable oil, making it an economically attractive option. WCO costs
approximately $224 per ton compared with $771 per ton for soybean oil. (d)
Environmental benefits: reusing WCO not only benefits the environment but also
reduces the cost of wastewater treatment. (e) Chemical composition: WCO has a
fatty acid composition with approximately 14-22 carbon atoms, and carboxylic
acid is the primary functional group in waste triglycerides. These properties make it
relatively straightforward to upgrade triglycerides into hydrocarbon fuels.
Considering these factors, WCO has already been successfully used as a feedstock
for the commercial production of biodiesel, with established processing facilities in
place. This suggests that there is a feasible feedstock logistics system and potential
to adapt existing infrastructure for the production of waste cooking oil-based biofu-
els, specifically for the aviation industry (Asiedu et al. 2019; Awogbemi et al. 2021).
Table 7.1 indicates the values of various chemical and physical parameters of waste
cooking oil and neat oil.

Table 7.1 Differences between various chemical and physical properties of waste cooking and
vegetable oil

Waste cooking

Property oil Neat oil References

pH 5.34 7.38 Awogbemi et al. (2021)

Viscosity at 40 °C 31.381 28.744 Awogbemi et al. (2019)

(mm?/s)

Density (kg/m?) 921.41 at 919.21 at El-Sawy et al. (2020), Awogbemi
15°C 20 °C et al. (2019)

Flash point (°C) 213 161-164 El-Sawy et al. (2020)

Pour point (°C) 7 El-Sawy et al. (2020)

Water content, wt.% 0.25 0.2% El-Sawy et al. (2020), Negash et al.

(2019)

Kinematic viscosity 48.8 at 37.8 °C | - El-Sawy et al. (2020)

(mm?/s)

Elemental composition

Sulfur content (wppm) | 38 0.9 Bezergianni et al. (2009)

Nitrogen content (wppm) | 47.42 0.69 Bezergianni et al. (2009)

C (Wt %) 76.74 76.36 Bezergianni et al. (2009)

H (wt %) 11.62 11.62 Bezergianni et al. (2009)

O (Wt % 11.6 12.02 Bezergianni et al. (2009)

Fatty acid composition

(Wt%)

Oleic acid 0.8 - Awogbemi et al. (2019)

Palmitic acid 0.36 32.21 Awogbemi et al. (2019)

Linoleic acid 0.10 21.98 Awogbemi et al. (2019)

Erucid acid 0.26 - Awogbemi et al. (2019)

Caprylic acid 0.20 0.22 Awogbemi et al. (2019)

Stearic acid 1.14 9.27 Awogbemi et al. (2019)

Myristic acid 17.04 12.36 Awogbemi et al. (2019)
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7.3 Hydrocracking Process

Various process technologies are available for converting materials based on bio-
mass into substitutes for aviation fuel. These technologies range from commercial
scale to those still in the research and development phase. Their applicability very
much depends on the type of feedstock being used. Oil-based feedstocks are typi-
cally processed into biojet fuels using hydroprocessing technique. These include
hydrotreating, deoxygenation, and isomerization/hydrocracking. Catalytic hydro-
thermolysis (CH) is another method developed for treating triglyceride-based oils.
Solid feedstocks are processed into biomass-derived intermediates via processes
like gasification. They can also be transformed into alcohols using biochemical and/
or thermochemical methods, in sugars by biochemical processing method, and in
bio-oils via pyrolysis. These intermediate products (alcohols, syngas, bio-oils, sug-
ars) can then be further enhanced into bio-aviation fuel through various synthesis,
fermentative, or catalytic processes. Bio-aviation fuels produced through Fischer—
Tropsch synthesis and oil hydroprocessing technologies have received approval
from the ASTM International (ASTM) method D7566 for blending into aviation
fuel at levels up to 50%. Hydroprocessing technologies that use vegetable and waste
oils are currently the most mature and ready for large-scale production. The cost of
production is a critical factor in the commercial feasibility of bio-aviation fuel. The
aviation industry consumes a vast amount of jet fuel, and even small price increases
can result in significant additional costs. The cost of petroleum-derived aviation fuel
is closely tied to crude oil prices, making long-term budgeting challenging. However,
it is predicted that advancements in conversion technology could reduce the produc-
tion cost of bio-aviation fuel to as low as $2.54 per gallon by 2030, potentially
replacing a substantial portion of annual airline fuel consumption. The production
cost of bio-aviation fuel is influenced by several factors, including the feedstock
cost and composition, process design, conversion efficiency, valorization of co-
products, and energy conservation. Reducing production costs requires improve-
ments in feedstock productivity, extraction yield of oil or sugar from crops,
energy-efficient processes, and maximizing the value of co-products. The develop-
ment of biojet fuels involves various technologies and considerations, with a focus
on reducing production costs to make these fuels economically competitive with
traditional petroleum-based jet fuels. As advancements continue, bio-aviation fuels
have the potential to play a significant role in reducing the aviation industry’s car-
bon footprint (Wang and Tao 2016).

Catalytic hydroprocessing is a technology for bio-aviation fuels production that
leverages the preexisting infrastructure of petroleum refineries. It is a well-
established and widely adopted industrial process with numerous applications. This
technology involves the use of catalysts and hydrogen to upgrade feedstocks, such
as vegetable oils or triglycerides, into biofuels like biodiesel. The advantage of cata-
Iytic hydroprocessing is that it can be integrated into existing refinery operations,
making it a practical and cost-effective approach to produce biofuels at scale. This
helps in maximizing the utilization of resources and reducing the environmental
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impact by replacing or blending with traditional petroleum-based fuels. The process
flow for hydrotreating and hydrocracking shares striking similarities, utilizing high-
pressure hydrogen and catalysts to purge impurities from various petroleum frac-
tions. Both processes involve some degree of conversion and make use of similar
equipment and hardware. The historical evolution of these technologies can be
traced back to the mid-twentieth century. In the 1950s, hydrotreaters were pioneered
to primarily target the removal of sulfur from feedstocks, particularly before they
entered catalytic reformers, thereby improving feedstock quality and reducing sul-
fur content in the final products. Subsequently, in the 1960s, the advent of hydro-
crackers revolutionized the conversion of gas oil into naphtha, presenting a more
intensive process that not only eliminated impurities but also broke down larger
hydrocarbon molecules into smaller, more valuable products. Today, both hydrotreat-
ers and hydrocrackers are deployed across various configurations to process a wide
spectrum of petroleum fractions. Hydrotreaters handle vacuum gas oil, gas oil, ker-
osene, and even heavier residue fractions, effectively reducing sulfur, nitrogen, and
other impurities. Conversely, hydrocrackers are designed to accommodate feed-
stocks such as coker gas oil, visbreaker gas oil, vacuum gas oil, and heavy cycle oil,
characterized by boiling points ranging from 650 °F to 1050 °F (343 °C to 566 °C)
(Robinson and Dolbear 2006).

Hydroprocessing encompasses a range of catalytic reactions occurring in the
presence of hydrogen. The process of saturating double bonds in molecules by add-
ing hydrogen catalytically in a reactor at specific temperatures and pressures is
referred to as “hydrogenation.” A triglyceride is composed of three fatty acid chains:
linoleic, oleic, and stearic acid. Complete hydrogenation of this molecule involves
converting all unsaturated fatty acids into saturated ones, resulting in three stearic
acid chains.

Furthermore, another commonly used term for modifying a triglyceride mole-
cule is “hydrotreatment.” In hydrotreatment, hydrogen is added to carbonyl group
after hydrogenation, and three additional reactions can occur simultaneously
depending on the process’s selectivity. Excess hydrogen addition after saturation
can lead to the breakdown of the glycerol compound, forming propane and a chain
of free fatty acids. The remainder of the carboxylic acid group must be eliminated
in order to convert these free fatty acids into straight-chain alkanes, which can be
done in the following ways: the hydrodeoxygenation (HDO) pathway, which reacts
with hydrogen to produce a hydrocarbon with the same amount of carbon atoms as
the fatty acid chain and two moles of water; and the decarboxylation (DCOX) route,
which generates a hydrocarbon with one carbon atom lesser than the fatty acid chain
and one mole of CO and H,O.

Depending on the composition of the final n-alkanes produced, they may require
further processing such as isomerization, cracking, and cyclization to enhance the
combustion properties, yielding isoalkanes, lighter hydrocarbons along with aro-
matics. When hydroprocessing most vegetable oils, the end products typically
involve organic liquid products, water, and gases (C;Hg, H,, CO, H,S, CO,, CH,),
and other hydrocarbons. A comprehensive understanding of these chemical reac-
tions presents a valuable opportunity for their application in the synthesis of jet
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biofuels. One critical aspect of this method is the fact that the hydrogen requirement
for these reactions varies from vegetable oil to vegetable oil.

The processes of hydrodeoxygenation and hydrodecarboxylation are demon-
strated using a saturated molecule; palmitic triglyceride.

HDO:C,H,O, +12H, - 3C,H,, + C,H; + 6H,0
DCOx : C,,H, O, +3H, - 3C,;H,, + C;H, +3CO,
DCO:CyH,O, +6H, - 3CH,, + C;H, +3CO+H,0

The HDO (hydrodeoxygenation) reaction consumes dodeca moles of hydrogen
for every mole of triglyceride needing treatment. In contrast, the DCOx (decarbox-
ylation) and DCO (decarbonylation) reactions require only three and six moles of
hydrogen/mole triglyceride, respectively (plus one more hydrogen mole/double
bond in the vegetable oil for saturation). The CO and CO, generated during hydro-
decarboxylation reactions can be transformed into methane through a methanation
reaction. To achieve this conversion, additional hydrogen would be necessary.

CO+3H, - CH, +H,0
CO, +4H, - CH, +2H,0

When compared to the hydrodeoxygenation method, the hydrodecarboxylation
approach will need three more hydrogen molecules. The higher the initial saturation
of the feedstock, the more desirable it is since less hydrogen is required during the
hydrogenation phase. The iodine value (IV) is commonly used to quantify the
degree of unsaturation of fatty acids in a feedstock, with a higher IV indicating a
greater number of double bonds present. Biodiesel is often made from feedstocks
with higher levels of IV. However, depending on the carbon atom length of the
intended product, one of these reactions will be more selective. All of this empha-
sizes the importance of selecting the vegetable oil when doing a feasibility analysis.
This choice depends not only on its availability but also on its degree of saturation,
considering the hydrogen requirements and how to ensure an adequate supply of
hydrogen for the process (Vasquez et al. 2017). The hydro-isomerization and hydro-
cracking are subsequently followed by a fractionation step aimed at segregating the
blends into desired products, viz., paraffinic diesel, naphtha, kerosene, and light
gases (Wang and Tao 2016). For the classical mechanism of ideal hydrocracking for
the conversion of an n-alkane on a bifunctional catalyst, one can refer to
Weitkamp 2012.

To evaluate the efficiency of hydrocracking reactions, hydrocracking conversion
is a useful metric. Hydrocracking conversion (%) (Bezergianni et al. 2009) is deter-
mined as the proportion of the heavier fraction of the feedstock that has undergone
transformation into lighter products during the hydrocracking process:

Conversion (%) =[ (Feed,q,, —Product,y,, )/ Feed,,, |x100
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where Feedss), and Productsg, are the wt% of the feed and product, respectively,
which have a boiling point higher than 360 °C.

Additionally, to assess the hydrocracking process’s efficiency in generating a
specific product while minimizing the production of other by-products, selectivity
is used. Selectivity can be quantified for various products (e.g., diesel, gasoline)
depending on their defined boiling point ranges. For instance, for a product with
specified initial and final boiling points, denoted as A and B, respectively, selectivity
can be defined as

Product selectivity (%) =[ (Product,_,-Feed, , )/ (Feed,, -Product,, ) |x100

where Feedsgy, and Productsg, are the wt% of the feed and product, respectively,
which have a boiling point higher than 360 °C (i.e., heavy molecules of feed and
product) and Feed AB and Product AB are the wt% of the feed and product, respec-
tively, which have a boiling point range between A and B degrees Celsius. Selectivity
can be defined for diesel (180-360 °C), kerosene/jet (170-270 °C) and naphtha
(40-200 °C) (Bezergianni and Kalogianni 2009).

When dealing with feeds having significant quantities of polyunsaturated fatty
acids, efficient hydrogenation is critical. This is due to the proclivity of unsaturated
fatty acids to undergo oligomerization and Diels—Alder reactions, each of which
impair catalyst performance by generating coke and increasing hydrogen consump-
tion in cracking processes (Zula et al. 2022).

7.4 Catalyst

Creating a hydrocracking catalyst typically consists of two primary phases: firstly,
producing a support material with acidic properties, like zeolite (act as acidic sup-
port), and then applying metal nanoparticles onto this support. For a comprehensive
examination of catalyst synthesis, please refer further to Saab et al. (2020). Nickel—-
molybdenum (NiMo) and nickel-tungsten (NiW) catalysts are extensively employed
in hydroprocessing. Specifically, the NiMo/y-Al,Os catalyst has shown impressive
performance in hydrotreating activities, encompassing hydrodesulfurization (HDS)
and hydrodenitrogenation (HDN). Conversely, NiW/Y-zeolite catalysts exhibit
encouraging hydrocracking capabilities and can selectively target the desired prod-
uct outcome (Peng et al. 2018). The influence of precursor and promoter substances
also plays a crucial role in catalytic reactions. In the petroleum industry, various
types of promoters and active metals are employed for processes such as refining,
hydrodesulfurization (HDS), and hydrodeoxygenation (HDO) (Ameen et al. 2017).

Hydrocracking technology has gained increasing importance in recent times,
with various types of reactors utilized for upgrading heavy oil. These reactors,
namely fixed-bed, ebullated-bed, moving-bed, and slurry-phase reactors, share fun-
damental principles but vary in technical aspects and their ability to handle
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impurities. Typically, fixed-bed reactors are well-suited for hydrotreating middle
distillates or high API gravity feeds, while moving-bed or ebullated-bed reactors are
employed for more complex feedstocks. In fixed-bed reactors, catalysts need peri-
odic replacement, whereas moving-bed reactors introduce fresh catalysts at the top
and remove deactivated ones at the bottom, showcasing catalyst expansion that can
help reduce pressure drop to some extent. In cases where feed quality is insufficient
for a fixed-bed reactor, combining moving-bed reactors in series or integrating
ebullated-bed reactors with fixed-bed reactors can be effective solutions.

For hydrocracking heavy feeds in fixed-bed or ebullated-bed reactors, supported
metal catalysts are generally favored. Catalyst activity depends on the active metals
and supports, which include materials like zeolites, alumina and mixed alumina
oxide, and mesoporous substances. These supported catalysts are typically prepared
using wet or incipient wetness impregnation methods, followed by calcination,
reduction, and utilization in hydrocracking reactions. Prior to the reaction, catalysts
are pretreated with a sulfur agent to convert them into their sulfide form.

Fixed-bed, ebullated-bed, and moving-bed reactors encounter challenges related
to mass transfer, pressure drop, feed diffusion, and intra-particle mass transfer
between liquid and solid phases. Factors such as particle size and agitation speed
amplitude must also be taken into account. Diffusion issues can be mitigated by
employing high agitation speeds (>300 rpm) and ensuring an optimal mixture of
reactants. However, these challenges limit the commercial feasibility of hydrocrack-
ing processes in these reactors. To address these issues and make the process more
viable for industrial applications, slurry-phase hydrocracking is considered a prom-
ising alternative (Sahu et al. 2015).

7.5 Jet Fuel Specifications

Along with establishing target compositions, the specifications and requirements
for jet fuel are primarily defined in terms of essential performance properties. These
specifications are crucial to ensure a safe and efficient operation of aircraft. Some of
the key specifications for jet fuels include minimum energy density by mass; high
allowable freeze point temperature (specifies the coldest temperature at which the
fuel should remain liquid); high allowable deposits in standard heating tests (ensures
that the fuel does not leave harmful deposits when heated); high allowable viscosity
(defines the fuel’s resistance to flow, ensuring it can be pumped and atomized effec-
tively); high allowable sulfur and aromatics content (limits the presence of sulfur
and aromatic compounds, which can be detrimental to engine performance and
emissions); high allowable amount of wear in standardized test (determines the
level of wear and tear the fuel can cause to engine component); high acidity and
mercaptan concentration (sets limits on acidic and mercaptan compounds, which
can corrode fuel system components); minimum aromatics content (specifies the
minimum amount of aromatic compounds for certain performance characteristics);
minimum fuel electrical conductivity (ensures that the fuel can dissipate static
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electricity safely); and minimum allowable flash point (sets a minimum temperature
at which the fuel can ignite).

Certification of aviation fuel is typically carried out according to specific stan-
dards, including

I. ASTM D1655: The American Society for Testing and Materials (ASTM) stan-
dard for aviation turbine fuels, covering various performance and quality
criteria.

II. International Air Transport Association Guidance Material (Kerosene Type):
Provides guidance on fuel quality and performance for aviation.

III. United Kingdom Ministry of Defence, Defence Standard (Def Stan): A British
standard that sets requirements for aviation fuel used by the military (Wang and
Tao 2016).

ASTM Specification D7566 applies to alternative jet fuels. This standard defines
the qualities and criteria required to manage the generation and the standard of sus-
tainable aviation fuels while also addressing safety issues. D7566 expands on
D1655 (Lin and Wang 2020) to include specifications for synthetic paraffinic kero-
sene (SPK) blend stocks. One critical consideration for jet fuel is its high flash
point, which is essential for safety as it reduces the risk of fire. While major fuel
properties are consistent across different standards, some variations exist to accom-
modate specific requirements. For example, ensuring good cold flow properties,
such as a lower freezing point, is crucial to guarantee that the fuel remains fluid at
high altitudes, where temperatures can drop significantly (Wang and Tao 2016).

7.6 Factors Affecting Hydrocracking Process

The effectiveness of hydrocracking reactions is influenced by a combination of
intrinsic (related to the catalyst) and extrinsic (related to the process) factors. Here
is a breakdown of these factors:

Catalyst characteristics: The properties of the catalyst, including its morphology,
shape selectivity, porosity, structure, and composition, have a great impact on
hydrocracking performance. Catalysts with larger surface areas and improved
accessibility to acid sites, such as nanosized and mesoporous zeolites, tend to
exhibit enhanced conversion and reaction rates.

Incorporation of carbon nanotubes (CNTs): The introduction of carbon nano-
tubes (CNTs) during zeolite synthesis can create hierarchical zeolites having both
the micro- and mesoporosity. This can boost catalytic activity, but the amount of
CNTs added must be carefully controlled to avoid negatively impacting Bronsted
acid sites and selectivity.

Variation in pore sizes: Adjusting the pore sizes of zeolites can either facilitate or
hinder the accessibility of molecules to reaction sites. This allows for different reac-
tion pathways based on molecular size.
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Influence of binders: Adding binders to the catalyst can alter its mechanical and
thermal properties, acidity, coke buildup, and porosity. This can often have positive
effects on hydrocracking performance.

Choice of catalyst type: Different types of catalyst are used depending on the
specific hydrocracking application. For example, catalyst based on nickel supported
by zeolite beta can be suitable for aromatics while catalyst based on Ni-Mo sup-
ported over zeolite Y can be used for heavy vacuum gas oil. Catalyst based on Ni—
Mo and supported over alumina can be employed for vegetable oil.

Catalyst deactivation: Evaluating catalyst deactivation is crucial for assessing its
performance. Some catalysts, like nanosized f} zeolite loaded with Ni2P, have dem-
onstrated superior stability and resistance to coke formation compared to others.

Si/Al ratio: Enhancing the Si/Al ratio in protonic zeolites enhances stability dur-
ing reactions and prevents de-alumination.

Feedstock type: The nature of the feedstock significantly influences the hydro-
cracking reaction pathway. Different feedstocks result in various mechanisms and
product outcomes.

Process conditions: Factors like temperature, pressure, and the hydrogen-to-feed
ratio are critical in determining hydrocracking performance. Elevated temperatures
accelerate cracking but can also lead to issues like coking and catalyst deactivation.
Selecting the right process parameters depends on the desired product goals.

Temperature: High value of hydrocracking temperature is beneficial for both
conversion and overall biofuels’ yield. Higher temperatures enhance cracking activ-
ity and improve the transformation of feedstock into biofuels. However, the choice
of temperature depends on the desired biofuel product. Moderate temperatures are
preferable if diesel production is the main goal. In contrast, higher temperatures are
much suitable when gasoline synthesis is also a priority.

Liquid hourly space velocity (LHSV): Decreasing LHSV is advantageous for
conversion and biofuels’ yield. Lower LHSV values allow for more extensive crack-
ing reactions to occur within the same time frame. This parameter is closely linked
to the reaction kinetics.

Heteroatom removal: The heteroatoms (nitrogen, sulfur, oxygen) removal
increases as the hydrocracking temperature rises. Deoxygenation, in particular, is a
favorable reaction. Higher temperatures promote the efficient removal of these
impurities, enhancing the quality of the biofuels produced.

Saturation: Saturation reactions are not favored at higher temperatures. This sug-
gests the need for a pretreatment step before hydrocracking to saturate double bonds
before addressing heteroatom removal. Ensuring full saturation is important for
improving the properties of the resulting biofuels.

Catalyst deactivation: Over time, catalyst deactivation is observed as DOS
increases. The effectiveness of the catalyst decreases with prolonged use, affecting
various reaction mechanisms differently. Sulfur and nitrogen removal are affected
earlier in the process, while saturation reactions are impacted only after reaching the
maximum DOS studied. Conversion and oxygen removal are also affected, with
their loss of effectiveness occurring more rapidly than other reaction mechanisms.
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Effective hydrocracking relies on a combination of carefully tailored catalyst
characteristics and precise control of process parameters to optimize the reaction for
the desired biofuel production (Bezergianni and Kalogianni 2009; Saab et al. 2020).

7.7 Challenges in WCO Biofuels

Challenges in the generation of biofuels from WCO encompass several key aspects.
Firstly, the by-product glycerol purification is energy-intensive, thereby increasing
production costs. This expense may be partly compensated by the selling value of
glycerol. To meet stringent aviation fuel specifications, bio-aviation fuel must have
high flash point, along with excellent cold flow properties. Achieving this requires
the hydrocracking and hydro-isomerization of normal paraffins generated during
deoxygenation to produce a synthetic paraffinic kerosene (SPK) with carbon chains
ranging from C9 to C15. However, hydrocracking reactions, though exothermic, are
slow and predominantly occur in the latter part of the reactor. Overcracking can lead
to diminished yields of jet fuel-range alkanes and increased production of lighter
substances, such as C1-C4 and naphtha (C5-C8), which fall outside the aviation
fuel range and possess low economic value compared to diesel or jet fuel. Moreover,
pricing and availability challenges of glycerin, a significant by-product, pose eco-
nomic and environmental considerations. Additionally, the substantial investments
required for large-scale biodiesel production units may deter smaller-scale produc-
ers or regions with limited resources (Wang and Tao 2016).

One of the primary hurdles for the commercialization of biofuels lies in their
economic competitiveness relative to conventional fuels. Despite recent price reduc-
tions, biojet fuel remains twice as expensive as fossil jet fuel, raising concerns about
its economic viability. Fuel prices are intricately tied to the fluctuating costs of
crude oil and biomass, introducing significant uncertainty into production costs. A
potential solution for WCO biofuels is the implementation of subsidies to incentiv-
ize adequate disposal and biofuel adoption. For instance, the United States gener-
ates a substantial daily volume of WCO but offers a sale subsidy of $0.50 per gallon
for WCO. The United States and Japan have stringent regulatory policies to ensure
proper WCO disposal. Japan employs WCO-derived biodiesel for garbage trucks
and supports biodiesel sales with consumption taxes, while Brazil and Korea man-
date blending of WCO biodiesel with conventional biodiesel. However, research
suggests that China’s WCO policies focus more on regulation and administration,
lacking market-oriented initiatives and adequate funding, resulting in limited bio-
fuel consumption. While regulatory enforcement can improve WCO disposal, only
a few countries combine law enforcement with subsidies, indicating room for
enhancement in fully realizing the potential of WCO biofuels. In the European
Union (EU), regulatory frameworks have driven WCO utilization and recovery,
establishing a viable market while encouraging efficient WCO collection.
Nevertheless, challenges remain as WCO biofuels in the EU are highly sensitive to



160 S. Pandit et al.

established double counting rules and recent caps on WCO biofuels that may affect
their attractiveness in member states.

The commercialization of WCO biofuels faces a significant challenge due to a
limited supply of WCO. Inefficient recovery, particularly in smaller restaurants with
cost and space constraints, contributes to recovery rates often below 40%. Globally,
inadequate government oversight, the absence of penalties, high disposal fees, and
insufficient incentives lead to improper WCO disposal. To increase recovery rates,
suggested measures include subsidies for biofuel companies, infrastructure
upgrades, stricter regulations, and improved biofuel sales policies.

WCO biofuel production currently tends to be limited to small-scale operations,
primarily due to logistical challenges associated with large-scale production.
Challenges include limited collection centers, improper facilities, farther distances
between collection to production points, and lesser space constraints. Even if eco-
nomically feasible, the varying properties of WCO present challenges for commer-
cialization. Techno-economic analyses have shown that feedstock prices have a
substantial influence on biojet fuel costs. While waste materials like grease have
economic benefits, the pretreatment process adds complexity and increases produc-
tion costs. Nonetheless, the usage of WCO as a source of commercial bio-aviation
fuel faces challenges, particularly with regard to regulations. Furthermore, the dif-
ference in fatty acid saturation in WCO directly impacts the hydrogenation reac-
tion’s hydrogen requirements. Therefore, a more selective approach to WCO
collection, separating it into bio-aviation fuel feedstocks, may be necessary to
address these challenges effectively (Goh et al. 2020).

7.8 Conclusion

The global population is growing, leading to increased demand for energy. However,
concerns are rising about resource scarcity, including food and water, and the deple-
tion of fossil fuels. The aviation industry, a major energy consumer, is expected to
see significant growth, causing a surge in jet fuel demand and greenhouse gas emis-
sions. To address these challenges, there is a need for clean alternative fuels in avia-
tion. Biojet fuel derived from renewable sources, like WCO, is a promising solution.
WCO is generated from frying processes and includes various vegetable oils
exposed to high temperatures. It is a valuable resource, with a growing market.
Improper disposal of WCO can lead to environmental issues, but it can be converted
into biodiesel and, potentially, bio-aviation fuel, reducing its impact. Various coun-
tries generate significant amounts of WCO, but more than 60% of it is not properly
managed. WCO has potential applications beyond fuel, including biolubricants,
asphalt modification, and animal feed. Repurposing WCO through chemical or bio-
chemical processes can yield valuable products, contributing to sustainability in
multiple industries. Challenges in WCO biofuel production include energy-intensive
glycerol purification, slow and overcracking-prone hydrocracking reactions, and
economic concerns related to glycerin. Biofuels face economic competitiveness
issues, with biojet fuel costing twice as much as fossil jet fuel. Subsidies can
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incentivize proper disposal and adoption. Supply scarcity stems from inadequate
recovery rates due to oversight issues and inappropriate disposal. Commercialization
tends to be limited to small-scale operations due to logistical challenges. A selective
approach to WCO collection may be needed to overcome regulatory hurdles and
address these challenges effectively.
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Chapter 8 )
Techno-Economic Analysis of Biojet Fuel <z
Production

Y. Lalitha Kameswari, Samakshi Verma, and Sonu Kumar

Abstract The creation of biojet fuel (BJF) has become a viable alternative as the
aviation sector looks to lessen its carbon impact and dependency on fossil fuels.
Utilizing a process-based model to assess several biojet fuel production methods,
such as feedstock cultivation, conversion technologies, and refining processes, the
research includes both technical and economic elements. A thorough cost analysis
is carried out, taking into account capital expenses, operating costs, and income
streams while taking market dynamics and feedstock price uncertainty into account.
Key findings show that, in some circumstances, the manufacture of biojet fuel has
promising potential. The cost-competitiveness of biojet fuel in comparison to con-
ventional jet fuel is highlighted as being significantly influenced by the type of
feedstock, the effectiveness of the conversion technology, and economies of scale.
Sensitivity analysis shows how policy incentives and changing feedstock costs
affect the overall techno-economic viability. Additionally, this analysis takes into
account broader ramifications, like the potential decrease in greenhouse gas emis-
sions and the diversification of energy sources for the aviation industry. The findings
offer insightful information for stakeholders seeking to promote the development of
sustainable aviation fuels, including politicians and investors. This techno-economic
analysis concludes by highlighting the significance of a comprehensive assessment
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when determining the viability of producing biojet fuel. Even though there are still
difficulties, improvements in conversion technology and favorable market circum-
stances may spur the commercialization of biojet fuel and help the aviation sector
become more ecologically conscious. This chapter gives a thorough techno-
economic analysis (TEA) of the manufacturing of biojet fuel, evaluating its viabil-
ity, economics, and potential environmental advantages.

Keywords Aviation industry - Sustainability - Economic viability - Techno-
economic analysis of biojet fuel, etc.

8.1 Introduction

The aviation industry, a crucial element of international transportation, is under
increasing pressure to reduce its negative environmental effects, especially its role
in greenhouse gas emissions (Aakko-Saksa et al. 2023). The demand for sustainable
aviation fuels increases as climate change worries intensify. The development of
biojet fuel from renewable biological feedstocks offers a possible way to lessen the
carbon footprint of the aviation sector and increase its long-term profitability. This
study undertakes a thorough techno-economic analysis (TEA) of the production of
biojet fuel in an effort to evaluate the viability, feasibility, and probable difficulties
of switching from conventional jet fuel to biojet fuel (Detsios et al. 2023). This
analysis offers a comprehensive knowledge of the opportunities and challenges in
the way of sustainable aviation by integrating technological, economic, and envi-
ronmental issues (Ng et al. 2021). This chapter’s main goal is to assess the techno-
economic elements of large-scale biojet fuel production. To do this, the analysis
takes into account several steps in the manufacturing of biojet fuel, such as feed-
stock selection, cultivation, conversion technologies, and refinement (Escalante
et al. 2022). This study quantifies the inputs, outputs, and expenses linked to each
production chain using a process-based model, enabling a thorough cost analysis.
The evaluation of the economic viability of the manufacturing of biojet fuel is a
vital component of this investigation. The goal of the study is to compare the cost-
competitiveness of biojet fuel to conventional jet fuel by taking into account capital
expenses, operating costs, and prospective revenue streams (Elkelawy et al. 2022).
Sensitivity assessments are used to provide a more thorough knowledge of potential
future scenarios by taking into account uncertainties in feedstock costs, technology
improvements, and regulatory frameworks (Van Schoubroeck et al. 2021). This
study also recognizes the wider effects of biojet fuel production. Beyond its viabil-
ity economically, the environmental advantages of biojet fuel including fewer car-
bon dioxide emissions and less reliance on fossil fuels are investigated (Tiwari et al.
2023). The analysis also takes into account policy incentives and regulatory frame-
works that may have an impact on the uptake of biojet fuel.
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Techno-economic analysis adds to the expanding body of knowledge about envi-
ronmentally friendly aviation fuels. This analysis provides insights into the difficul-
ties and possibilities of shifting to more environmentally conscious aircraft practices
by evaluating the technical and financial viability of producing biojet fuel (Michaga
et al. 2022). The study’s ensuing sections go into its methodology, data sources, and
specific findings in order to give light on how biojet fuel might affect how people
travel in the future.

8.2 Feedstock’s Composition and Their Properties for Biojet
Fuel Production

The phrase “feedstock’s composition” in a techno-economic analysis (TEA) of the
manufacture of biojet fuel refers to the chemical and elemental composition of the
raw materials used to make biojet fuel (Baral et al. 2019). Given that it has a direct
impact on the effectiveness of conversion processes, yields of valuable products,
and total costs, feedstock composition is a crucial consideration when assessing the
viability and economics of the manufacture of biojet fuel. Depending on the source
material, the feedstock used to produce biojet fuel might have a very different
makeup (Escalante et al. 2022). The manufacturing of biojet fuel frequently uses a
variety of biomass as feedstocks, including waste fats, algae, plant oils, and ligno-
cellulosic materials. With different concentrations of carbon, hydrogen, oxygen,
nitrogen, sulfur, and other components, each feedstock has a distinct composition
(Kusenberg et al. 2022). Additionally, feedstocks could include non-biomass com-
ponents or contaminants that must be taken into account during the conversion
process.

The composition of the feedstock affects a number of significant elements of the
techno-economic analysis (Kumar et al. 2020). The energy content and chemical
composition of various feedstocks can have an impact on how well they can be
transformed into biojet fuel. Higher yields of biojet fuel may result from feedstocks
with higher energy densities or better chemical characteristics for conversion pro-
cesses (Goh et al. 2020). Distribution of the final product as well as its yield and
composition can be influenced by the feedstock’s makeup, as can the composition
of the biojet fuel and other byproducts produced during the conversion process
(Adeniyi et al. 2018). While some feedstocks may produce more desired byproducts
than desired ones, such as jet fuel-suitable hydrocarbons, others may provide higher
yields of desired products (Gutierrez-Antonio et al. 2017). The structure of the feed-
stock can affect how the conversion process is designed and set up. To attain the best
conversion yields, certain feedstocks could need unique processing conditions, cat-
alysts, or technology. The composition of the feedstock affects the expenses involved
with its acquisition, transportation, and processing (Wright et al. 2010). A more
cost-effective production process might be enabled by feedstocks with higher
energy content or better compatibility with conversion technology. The environ-
mental effects of producing biojet fuel can also depend on the composition of the
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feedstock (Escalante et al. 2022). For instance, when made into biojet fuel, feed-
stocks with higher carbon content might produce fewer greenhouse gas emissions.

To effectively model and simulate the complete manufacturing process in a
techno-economic analysis, it is critical to characterize the composition of the feed-
stock accurately (Zhang et al. 2021). Understanding the feedstock’s chemical
makeup, elemental composition, contaminants, and other important characteristics
is necessary for this. To optimize their composition before conversion, certain feed-
stocks could need various pre-processing procedures (Ramos et al. 2022). The com-
position of the feedstock is ultimately a key factor that influences the technical
viability, economic viability, and sustainability of production pathways for biojet
fuel (Goh et al. 2022). Within the TEA, proper consideration of feedstock composi-
tion provides more precise cost projections, performance forecasts, and environ-
mental assessments. The practicality and effectiveness of the conversion process are
greatly influenced by the composition and characteristics of the various feedstocks
utilized in the manufacturing of biojet fuel (Goh et al. 2022).

Overview of some typical feedstocks and their pertinent characteristics for the
manufacturing of biojet fuel is given below:

1. Oil/Lipid extract from plants such as camelina, jatropha, and soybean.

(a) Composition: Triglycerides, which are fatty acids (both saturated and unsat-
urated) connected to a glycerol backbone, make up the majority of plant oils.
Plant oils often have significant levels of energy, different unsaturation lev-
els, and distinctive fatty acid compositions (Jadhav and Annapure 2023).
These characteristics affect whether they are appropriate for conversion
processes.

(b) Algae: Proteins, carbohydrates, and lipids (oil) can all be found in
algae. Lipids play a crucial role in the production of biojet fuel. Algal lipids
can include a lot of lipids; however, different strains of algae might have
varied fatty acid profiles and lipid structures (Reddy et al. 2023).

(c) Fatty and oil waste: Animal fats and used cooking oils are examples of waste
fats and oils, which are obtained from industrial sources or during the cook-
ing process (Lopes et al. 2020).

(d) Properties: Waste fats and oils can have a wide range of contaminants, free
fatty acids, and breakdown products in their composition. Consistent con-
version could require pre-processing (Ghadge et al. 2022).

2. Wood chips and other lignocellulosic biomass, such as agricultural residues.

Lignocellulosic biomass is made up of three different compounds: cellulose,
hemicellulose, and lignin. Lignin, another component of lignocellulosic bio-
mass, is a complex polymer that adds rigidity and resistance to enzymatic degra-
dation, making the biomass recalcitrant (Deng et al. 2023).

Properties: To convert lignocellulosic feedstocks into sugars for future fer-
mentation or conversion to biofuels, more complicated conversion procedures
(such as biochemical or thermochemical techniques) are needed (Awasthi
et al. 2023).
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3. Organic waste and municipal solid waste.

Composition: Organic trash, including food scraps and yard clippings, is
mixed with municipal solid waste (MSW) (Yakah et al. 2023).

Properties: The quality and availability of potential biofuel precursors are
impacted by the content of MSW, which can vary greatly. Sorting and pre-
processing are frequently required (Yaashikaa et al. 2020).

4. Agriculture and forestry leftovers.

Composition: These are made up of sawdust, wood chips, and crop wastes.

Qualities: Depending on the type of residue, the composition and qualities
will vary. Pre-processing may be needed on some feedstocks to get rid of con-
taminants and make them more suitable for conversion (Velusamy et al. 2022).
Important characteristics to take into account while assessing feedstocks are:

1. Energy content: In general, biojet fuel with higher energy content has better
potential yields (Zhu et al. 2022).

2. Fatty acid profile: The kinds of fatty acids contained in lipid-based feedstocks
might affect the characteristics of the resulting biojet fuel (Wang et al. 2022).

3. Moisture content: High moisture content might make drying more labor-intensive
(Hiloidhari et al. 2023).

4. Ash content: High ash content might cause equipment for conversion to foul up
and erode (Tobio-Perez et al. 2022).

5. Oxygen content: High oxygen content may affect the biojet fuel’s energy density
(Lim et al. 2021).

6. Impurities: Metals, sulfur, nitrogen, and other impurities can affect catalysts and
subsequent processes (Neves et al. 2020).

It’s crucial to remember that a feedstock’s applicability depends on the particular
conversion pathway being studied because different technologies are better suited
for different feedstock types (Dahiya 2020). A complete evaluation of the qualities
of the feedstock in relation to the selected conversion process should be included in
a full techno-economic analysis, taking into account things like conversion effi-
ciency, yields, and overall costs (Alkasrawi et al. 2020).

8.3 Opportunities and Barriers for Adopting BJF
and Their Feedstocks

8.3.1 Opportunities

1. The ability of biojet fuel to dramatically lower greenhouse gas emissions as
compared to traditional fossil-based jet fuel is the main driver behind its adop-
tion. Biojet fuels can help the aviation sector reduce its environmental effect and
work towards carbon neutrality (Zhu et al. 2022).

2. A lot of nations and international aviation organizations are putting laws and
rules into place to encourage the use of biojet fuels and other sustainable aviation
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fuels. Adoption of biojet fuel can be facilitated by regulatory incentives like
blending requirements and carbon pricing (Harahap et al. 2023).

3. The manufacturing of biojet fuel is possible with a variety of feedstocks, includ-
ing algae, waste oils, and agricultural leftovers, which offers flexibility and less-
ens reliance on particular raw materials. The supply chain’s resilience is increased
by this diversification (Ahmed et al. 2023).

4. The efficiency of the production processes for biojet fuel is always being
improved through ongoing research and development (Zhang et al. 2020). Cost
savings and increased scalability may result from improvements in feedstock
choices, conversion technology, and refining methods.

5. Through the production and processing of feedstock, the biojet fuel industry’s
expansion can promote economic growth in rural areas. Additionally, it can gen-
erate employment in the manufacturing, research, and development fields related
to the generation of biofuels (Thanigaivel et al. 2022).

8.3.2 Barriers

1. Finding reliable and reasonably priced feedstock sources can be difficult when
there is a shortage of viable feedstocks combined with rivalry from other busi-
nesses (such as food production) (Usman et al. 2023).

2. Growing energy crops for the manufacture of biojet fuel might lead to worries
about changing land uses, deforestation, and potential conflicts with the produc-
tion of food. It is essential to ensure sustainable land use practices (Ahmed
et al. 2023).

3. At the moment, biojet fuels are frequently more expensive than regular jet fuel.
Cost parity can only be attained by technology improvements, scale economies,
and supportive legislation (Tiwari et al. 2023).

4. Because biojet fuels differ from conventional jet fuels in their characteristics,
current aviation infrastructure and engines must be modified. There may be com-
patibility problems, necessitating certification and retrofitting investments
(Zhang et al. 2020).

Technical constraints include effective feedstock conversion, catalyst develop-
ment, and process optimization due to the complexity of biojet fuel production pro-
cesses, particularly for advanced feedstocks like lignocellulosic biomass (Walls and
Rios-Solis 2020). From small-scale to commercial-scale biojet fuel production, it is
necessary to make significant financial expenditures and ensure that the product is
ready for the market (Larson et al. 2020). It is crucial to increase public acceptance
of biojet fuels and debunk common misconceptions about their use, food competi-
tiveness, and sustainability. The market dynamics of biojet fuels may be impacted
by the regulatory environment (Zhang et al. 2023). Future policy, incentive, and
subsidy uncertainty can have an impact on project planning and investor confidence.

Biojet fuels have a lot of potential for lowering aviation emissions and diversify-
ing energy sources, but there are a lot of opportunities and challenges associated
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with their use (Rony et al. 2023). To improve the sustainability and viability of
biojet fuel generation, these issues must be addressed holistically through techno-
logical innovation, helpful legislation, stakeholder collaboration, and ongoing
research (Hiloidhari et al. 2023).

8.3.3 Adoption of Biojet Fuel (BJF) and Their Feedstocks:
Opportunities and Challenges

The main reason for using biojet fuel is that it has the potential to produce much
fewer greenhouse gas emissions than regular jet fuel. This supports international
initiatives aimed at reducing climate change and achieving environmental objec-
tives (Tiwari et al. 2023). By having access to a variety of feedstock resources, such
as plant oils, algae, used cooking oil, and lignocellulosic materials, flexibility is
increased and reliance on a single resource is reduced (Escalante et al. 2022). The
supply chain for biojet fuel is more resilient as a result of this diversification. To
power conversion operations and improve sustainability overall, biojet fuel produc-
tion can be integrated with renewable energy sources like solar or wind (Chong
et al. 2022). By reusing waste materials for the manufacture of useful fuel, using
waste fats and agricultural leftovers as feedstocks promotes the principles of the
circular economy. By generating jobs in agriculture, feedstock production, refining,
and research, the rise of the biojet fuel business can promote economic growth
(Ahmed et al. 2023). Local feedstock production and farming can boost rural econo-
mies and cut emissions associated with transportation.

Obtaining sufficient and reliable feedstock is a significant hurdle. Algae as a
feedstock could have scaling issues, while other feedstocks could compete with
food production or cause land use issues (Sarwer et al. 2022). Growing biofuel
feedstock on the same area as food production could cause issues with food security
and morality. Various feedstocks need for distinct conversion processes, each of
which has unique technical difficulties (Lynd et al. 2022). It might be challenging to
create efficient and affordable conversion procedures for each feedstock.

Due to technical, financial, and logistical issues, moving from small- to large-
scale commercial production can be difficult (Goh et al. 2020). Depending on the
price of feedstock, the effectiveness of the conversion technology, and the scale
involved, it may now be more expensive to produce biojet fuel than conventional jet
fuel (Tiwari et al. 2023). Due to the special characteristics of biojet fuels, modifica-
tions to the current aviation infrastructure, engines, and fuel delivery systems may
be required (Dahal et al. 2021). Public acceptability of biojet fuels, feedstocks, and
their environmental advantages depends on increasing public awareness of and
comprehension of these topics (Kumar et al. 2023). Investment and adoption may be
hampered by a lack of consistent and encouraging policy frameworks, including
mandates, mandated programs, and regulatory standards (Zetzsche and Anker-
Serensen 2022). Each feedstock faces unique obstacles, such as the complexity of
growing algae, the difficulty of converting lignocellulosic biomass, and the
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consistency of obtaining waste oil. For new biojet fuel types and feedstocks, meet-
ing the safety and quality requirements set by the aviation sector can be a barrier to
entrance (Usman et al. 2023). Governments, businesses, researchers, and stakehold-
ers must work together to create long-lasting, all-encompassing solutions to these
opportunities and barriers (Kumar et al. 2023). Technology breakthroughs, enabling
legislation, public involvement, and the capacity to address feedstock-specific dif-
ficulties are all necessary for the successful deployment of biojet fuels (Priya
et al. 2023).

8.4 Specification for Biojet Fuel Production

To ensure safe and effective usage in aviation while minimizing environmental
impact, the requirements for biojet fuel manufacturing specify the quality and per-
formance parameters that biojet fuel must achieve (Goh et al. 2020). These require-
ments are necessary to keep biojet fuel compatible with the current aircraft
infrastructure and engines. The ASTM D7566 standard outlines the specifications
for biojet fuels and other aviation turbine fuels containing synthetic hydrocarbons
(Ng et al. 2021). This standard includes information on performance, characteris-
tics, and composition. To achieve consistent and dependable conversion processes,
the feedstock used to produce biojet fuel must adhere to strict purity criteria. The
characteristics of the final biojet fuel can be influenced by the fatty acid composi-
tion, oxygen content, and impurity levels of the feedstock (Misra et al. 2023). In
order to retain the performance and range of an aeroplane, biojet fuel should have
similar energy content to conventional jet fuel. To provide optimum handling, stor-
age, and flow properties, biojet fuel should have density and viscosity values com-
parable to those of conventional jet fuel (Lahijani et al. 2022). Biojet fuel needs to
have a low enough freezing point to avoid gelling in cold weather. Low sulfur con-
centration is essential for reducing emissions and avoiding engine component dam-
age. In order to reduce microbial development, corrosion, and icing problems, biojet
fuel should have low water content (Johnson et al. 2022). The cetane number is
significant for ignition quality and combustion performance if the biojet fuel con-
tains hydrocarbons in the diesel range. While the oxygen content in some biojet
fuels is important for the oxygenate function, it should nevertheless fall below cer-
tain bounds to ensure engine compatibility (Lahijani et al. 2022). The greenhouse
gas emissions linked to the manufacture and consumption of biojet fuel are mea-
sured by carbon intensity. It is a crucial factor to consider when evaluating the envi-
ronmental advantages of biofuels. The infrastructure used in aviation, such as fuel
storage tanks, pipelines, and aircraft fuel systems, should be compatible with biojet
fuel (Dahal et al. 2021). In terms of ignition quality, combustion efficiency, and
emissions, biojet fuel ought to function similarly to conventional jet fuel in engines
(Sundararaj et al. 2019). To ensure adherence to aviation safety and quality stan-
dards, biojet fuel needs go through certification and approval procedures. In order to
produce biojet fuel blends that meet the required quality standards, specifications
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may additionally include the permissible blending ratios with conventional jet fuel
(Goh et al. 2022). These regulations guarantee that biojet fuel complies with strict
safety, performance, and environmental standards. They facilitate the seamless inte-
gration of biojet fuel into current aviation operations and support the sustainability
objectives of the aviation sector.

8.5 Pathways for Synthesis of BJF

There are multiple techniques to make biojet fuel (BJF), and each one uses various
feedstocks and conversion processes. The availability of feedstock, the level of tech-
nological development, cost-effectiveness, and sustainability all play a role in the
decision-making process (Alkaraan et al. 2023). The following are some typical
methods for producing BJF.

8.5.1 Hydroprocessed Esters and Fatty Acids (HEFA)

Plant oils, leftover cooking oil, and animal fats are used as feedstock.

Process: Triglycerides are transesterified to create fatty acid methyl esters
(FAME), which are then hydroprocessed to create hydrocarbons like regular jet fuel
(Huang et al. 2022).

Benefits: Makes use of already-existing refinery infrastructure and produces bio-
jet fuel with characteristics similar to those of conventional jet fuel.

Challenges include the scarcity of feedstock and competition from the food
industry.

8.5.2 Synthesis Through Fischer-Tropsch (FT)

Syngas (a combination of hydrogen and carbon monoxide) generated from biomass
is the feedstock.

Process: Synthetic paraffinic kerosene (SPK) is created through the catalytic
conversion of syngas into hydrocarbons in the FT synthesis process, which also cre-
ates biojet fuel (Goh et al. 2022).

Benefits: Can use a range of feedstocks, including agricultural wastes and waste
biomass.

High capital expenses and complicated gasification and syngas production pro-
cedures are challenges.
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8.5.3 AT]J (Alcohol-to-Jet)

Alcohols generated from biomass, such as butanol or ethanol, are the feedstock.

Process: Alcohols are dehydrated and oligomerized to create long-chain hydro-
carbons appropriate for aviation fuel (Domenech et al. 2022).

Benefits: Can use current infrastructure for alcohol production; may result in
lower production costs.

Challenges include a process that requires a lot of energy and a limited supply of
feedstock.

8.5.4 Hydrothermal Catalysis (CH)

Waste oils or lignocellulosic biomass are used as feedstock.
Process: High-pressure hydrogen and heat are used to process biomass in order
to disassemble complicated structures into simpler hydrocarbons (Ke et al. 2022).
Benefits: Wide range of feedstocks can be used; greater yields may be possible.
Process optimization and catalyst development face difficulties.

8.5.5 (Lipid-CHTC) Lipid-Catalytic Hydrothermal Conversion

Feedstock: Lipid-rich feedstocks like algae.

Process: Algal lipids are transformed into hydrocarbons by a catalytic hydrother-
mal conversion process that takes place at extremely high temperatures and pres-
sures (Ravichandran et al. 2022).

Advantages: Possibility of high yields; ability to use lipid-rich feedstocks
like algae.

Process improvement needed for algae harvesting and culture problems; process
improvement needed.

8.5.6 Biochemical Transformation

Lignocellulosic biomass or other complex sugars are used as feedstock.

Process: Biomass is transformed into biojet fuel precursors by enzymatic or
microbiological processes, which are then upgraded to hydrocarbons (Keasling
et al. 2021).

Benefits include the use of non-food biomass and the possibility for high
efficiency.

Complex metabolic processes and process efficiency face difficulties.

Each route has its own benefits, difficulties, and particular technical require-
ments. The decision of the pathway is influenced by regional variables, feedstock
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availability, technological readiness, and economic reasons (Julio et al. 2021). A
multidisciplinary approach is used in the development of BJF, including feedstock
production, conversion technologies, process optimization, and sustainability anal-
yses (Cervi et al. 2021).

8.6 Production Routes for Biojet

Here are some typical production methods for biojet fuel (BJF), each of which
makes use of various feedstocks and conversion procedures.

8.6.1 Hydroprocessed Esters and Fatty Acids (HEFA) Pathway

Plant oils, leftover cooking oil, and animal fats are used as feedstock.

Process: The feedstock is transesterified to produce fatty acid methyl esters
(FAME), which are then hydroprocessed to yield hydrocarbons that are similar to
traditional jet fuel (Chong et al. 2022).

Benefits: Produces biojet fuel with characteristics that are very similar to those
of conventional jet fuel and may make use of existing refinery infrastructure.

Challenges include the scarcity of feedstock and competition for those resources
from the food and other industries.

8.6.2 Synthesis Through Fischer-Tropsch (FT)

Syngas (a combination of hydrogen and carbon monoxide) generated from biomass
is the feedstock.

Process: Synthetic paraffinic kerosene (SPK), a biojet fuel, is produced through
the catalytic conversion of syngas into hydrocarbons in the FT synthesis process
(Emmanouilidou et al. 2023).

Advantages: Offers flexibility in manufacturing and can employ a variety of
feedstocks, including waste biomass.

High capital expenses and complicated gasification and syngas production pro-
cedures are challenges.

8.6.3 Pathway from Alcohol-to-Jet (AT])

Alcohols generated from biomass, such as butanol or ethanol, are the feedstock.
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Process: Alcohols are dehydrated and oligomerized to create long-chain hydro-
carbons appropriate for aviation fuel (Domenech et al. 2022).

Benefits: Reduced greenhouse gas emissions, potential integration with the
infrastructure already in place for the manufacture of alcohol.

Challenges include a process that requires a lot of energy and a limited supply of
feedstock.

8.6.4 Pathway for Catalytic Hydrothermolysis (CH)

Waste oils or lignocellulosic biomass are used as feedstock.

Process: Heat and high-pressure hydrogen are used to convert biomass from
complicated structures into simpler hydrocarbons (Ke et al. 2022).

Wide variety of feedstock alternatives, potential for better yields, and decreased
pre-processing of feedstock are benefits.

Process optimization and catalyst development face difficulties.

8.6.5 Pathway for Lipid-Catalytic Hydrothermal Conversion
(Lipid-CHTC)

Feedstock: Lipid-rich feedstocks like algae.

Process: Algal lipids are transformed into hydrocarbons by a catalytic hydrother-
mal conversion process that takes place at extremely high temperatures and pres-
sures (Ravichandran et al. 2022).

Benefits include the use of lipid-rich feedstocks like algae, the possibility for
large yields, and the ability to remediate wastewater.

Algae cultivation problems and effective lipid extraction are issues.

8.6.6 Pathway of Biochemical Conversion

Lignocellulosic biomass or other complex sugars are used as feedstock.

Process: Biomass is transformed into biojet fuel precursors by enzymatic or
microbiological processes, which are then upgraded to hydrocarbons (Keasling
et al. 2021).

Benefits include the use of biomass other than food, the potential for high effi-
ciency, and the potential for co-products such biochemicals.

Challenges: Availability of feedstock, efficiency of enzymes and microbes, and
complex metabolic pathways.
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The availability of feedstock, technological readiness, economic viability, and
environmental considerations are only a few examples of the variables that influ-
ence the production route decision (Julio et al. 2021). Additionally, improvements
in these pathways are constantly being made with the goals of boosting sustainabil-
ity, cutting costs, and improving efficiency.

8.7 Sensitivity Detection

Sensitivity analysis in the manufacturing of biojet fuel entails determining the
effects of changes in a variety of input parameters and variables on the final results,
costs, and efficiency of the production process (Fitriasari et al. 2023). This study
aids in determining the variables that have the biggest impact on the outcomes and
can help with risk assessment, process optimization, and decision-making. Identify
the factors and variables that have the biggest impact on the technological, eco-
nomic, and environmental aspects of producing biojet fuel (Julio et al. 2021). Costs
of feedstock, conversion effectiveness, capital expenses, energy usage, and govern-
mental incentives are a few examples (Manikandan et al. 2023). Set ranges for each
parameter that has been chosen. Consider a range of probable feedstock prices that
represent market volatility, for instance, when analyzing feedstock costs. Change
one parameter at a time, while maintaining the other values constant, and track how
the changes impact important performance measures like production costs, green-
house gas emissions, and net present value (Chen and Quinn 2021). Change several
parameters at once to see how they interact. By doing so, interactions and nonlinear
effects can be found. To simulate the full generation of biojet fuel, use mathematical
models or process simulation tools (Kroyan et al. 2022). You may evaluate how
parameter changes affect the entire process chain using these tools.

Consider the sensitivity analysis’s findings. Determine which variables have the
biggest effects on the outcomes and which have the least. To see these effects, uti-
lize sensitivity plots, tornado diagrams, or correlation matrices (Senova et al. 2023).
Rank the criteria according to their degree of sensitivity. Give top priority to those
that will have the biggest impact on the project’s overall success, economic viabil-
ity, and environmental performance. Utilize scenario analysis to investigate multi-
ple “what-if” situations by combining the values of various parameters.
Understanding the variety of possible outcomes and hazards is aided by this.
Sensitivity analysis can highlight weak spots and potential threats (Uludere Aragon
et al. 2023). Utilize risk management techniques to deal with uncertainties, such as
diversifying the feedstocks used or creating backup plans. Locate areas for optimi-
zation based on the results of the sensitivity analysis. Identify the variables that can
be changed to improve project resilience, reduce environmental impact, and ensure
economic viability (Hiloidhari et al. 2023). Take into account how the viability and
allure of the manufacturing process for biojet fuel might be affected by the suscep-
tibility to policy changes, such as carbon pricing or biofuel mandates (Chong and
Ng 2021). Sensitivity analysis is a helpful tool for producing biojet fuel when
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making decisions. It offers perceptions into the stability of the manufacturing pro-
cess, the susceptibility of financial indicators to changes in the market, and the pos-
sibility for efficiency and cost-effectiveness gains (Vela-Garcia et al. 2020).

8.8 Various Potential Assessments

Life Cycle Assessment (LCA): Throughout every stage of the manufacture and use
of biojet fuel, including feedstock cultivation, processing, transportation, and burn-
ing, LCA assesses the environmental impact. It evaluates elements including
resource depletion, energy use, and greenhouse gas emissions (Hiloidhari
et al. 2023).

Qualities of Biojet Fuel (BJF): Examining the density, viscosity, flash point,
freezing point, energy content, and combustion characteristics of biojet fuel is one
way to determine its qualities (Why et al. 2022). The compatibility with aviation
engines and infrastructure is determined by these features. A yield evaluation deter-
mines how much biojet fuel can be produced from a specified amount of feedstock.
It takes into account variables including feedstock quality variations, processing
losses, and conversion efficiency.

Recovery Cost: The costs connected with removing and separating biojet fuel
from the conversion process are referred to as recovery costs. It comprises expenses
for byproduct management, catalysts, and separation technologies (Romero-
Izquierdo et al. 2022).

Input Costs: The costs associated with purchasing the feedstock, raw materials,
and other inputs required for the manufacturing of biojet fuel are referred to as input
costs (Umenweke et al. 2023). Depending on the supply of feedstock and the state
of the market, these costs may change.

Conversion Cost: The costs related to the actual conversion process, such as
energy use, catalysts, equipment upkeep, and labor, are included in the conversion
cost (Wang et al. 2022).

Operational Cost: Operational costs include continuing costs associated with
running the facility that produces biojet fuel. This covers labor costs, utilities,
upkeep, and other ongoing costs (Tanzil et al. 2021).

Production Cost: The total cost of production includes all input costs, conver-
sion costs, operating costs, and other costs incurred during the complete manufac-
turing of biojet fuel (Vela-Garcia et al. 2020).

Together, these diverse analyses offer a thorough understanding of the manufac-
turing of biojet fuel’s viability, economics, and effects on the environment. They
enable stakeholders to take well-informed decisions, streamline procedures, and
pinpoint problem areas in order to promote the growth of a competitive and sustain-
able biojet fuel business.
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8.9 Environmental Significance of BJF Production

The manufacture of biojet fuel (BJF) is significant for the environment since it has
the potential to lessen the harmful effects of aviation on the environment (Cervi
et al. 2021). The ability of BJF production to reduce greenhouse gas emissions is
one of the most important advantages. BJF may emit fewer greenhouse gases than
traditional jet fuel, particularly if it is made from feedstocks with low carbon inten-
sity or through the use of cutting-edge conversion techniques (Rajpoot et al. 2023).
BJF participates in global initiatives to mitigate climate change and achieve carbon
neutrality in the aviation sector by lowering the aviation sector’s dependency on
fossil fuels and causing fewer emissions (Fathi et al. 2023). From feedstock cultiva-
tion to fuel burning, emissions are taken into account throughout the entire supply
chain in the life cycle study of BJF production (Julio et al. 2021). This thorough
evaluation aids in calculating the overall carbon footprint decrease. BJF provides a
sustainable and renewable option to fossil-based jet fuels, assisting in reducing reli-
ance on non-renewable resources and slowed-down fossil fuel reserve depletion
(Dahal et al. 2021). BJF produces less sulfur and particulate matter than traditional
jet fuel, which can enhance the local air quality near airports and flight paths.

8.9.1 Innovations in Conversion Technologies, Refining
Processes, and Sustainable Feedstock Cultivation

The research and development efforts targeted at BJF production lead to innova-
tions in these fields. These developments have broader effects on bio-based goods
and sustainable energy (Gunasekaran et al. 2021). BJF production promotes the use
of a variety of feedstocks, which can lessen strain on particular land resources and
minimize harmful land-use changes like deforestation. By employing waste fats,
oils, or agricultural byproducts as feedstocks, BJF manufacturing can be integrated
with waste management systems (Sharno and Hiloidhari 2022). Reusing waste
materials for beneficial purposes encourages a circular economy. The demand for
BJF may influence the creation of enabling laws, technology, and financial invest-
ments in processes for sustainable forestry, agriculture, and conversion (Hiloidhari
et al. 2023).

BJF production can change people’s perceptions of sustainable aviation and
nudge travelers to think about how their travel decisions will affect the environment
(Larsson et al. 2020). Projects like the International Civil Aviation Organization’s
(ICAO) Carbon Offsetting and Reduction Scheme for International Aviation
(CORSIA) are examples of how the environmental significance of BJF production
fosters international collaboration on sustainability goals within the aviation indus-
try (Atmowidjojo et al. 2021). By lowering aviation’s carbon footprint, supporting
renewable energy sources, and pushing technological advancements that go beyond
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the aviation industry, BJF production has the potential to greatly contribute to envi-
ronmental sustainability (Cervi et al. 2021).

8.10 Future Prospects of BJF

The prospects for biojet fuel (BJF) in the future are positive due to rising environ-
mental concerns, aviation industry objectives, regulatory backing, technological
improvements, and expanding sustainability consciousness (Hooda and Yadav 2023).

The airline industry is under pressure to lower its carbon emissions as global
climate targets become increasingly ambitious. By offering a less-carbon-intensive
substitute for standard jet fuel, BJF provides a useful option to accomplish these
objectives (Gray et al. 2021). Governments and international organizations are put-
ting policies and rules into place that encourage the use of BJF and other sustainable
aviation fuels. These regulations may improve the business climate and encourage
investments in the production of BJF. To develop BJF production, airlines, aircraft
makers, and fuel producers are working together (Julio et al. 2021). Research,
development, and commercialization initiatives are being driven by partnerships
between aviation stakeholders and renewable energy companies. Ongoing studies
are aimed at enhancing feedstock utilization, conversion efficiency, and BJF pro-
duction technology (Escalante et al. 2022). Higher yields, lower manufacturing
costs, and enhanced fuel characteristics could result from this. As technology devel-
ops and economies of scale are realized, BJF production may become more com-
petitive in terms of price. A feasible choice for airlines, BJF might become more
affordable as production volumes rise (Dahal et al. 2021). For the production of
BJF, researchers are looking into new feedstock sources, such as algae, trash, and
non-food crops (Goh et al. 2020). These feedstocks might be more readily available,
more environmentally friendly, and less competitive with food production. The
need for more environmentally friendly travel options is being driven by growing
public awareness of climate change and environmental sustainability. Airlines that
use BJF can set themselves apart in a cutthroat industry. By creating clear, globally
accepted certification and quality standards for BJF, it will be possible to increase
passenger and airline confidence that the fuel satisfies all safety and performance
requirements (Kumar et al. 2023). To assist BJF production infrastructure, research,
and innovation, governments and private investors are funding and offering
incentives.

The production of BJF can work in harmony and with greater sustainability with
other renewable energy sectors, including bioenergy, biorefineries, and waste-to-
energy processes (Julio et al. 2021). To demonstrate the viability and performance
of BJF, airlines are undertaking successful demonstration flights. These flights serve
to illustrate how BJF is used in real-world situations and can encourage interest and
adoption (Lyu et al. 2023). International partnerships, like the Carbon Offsetting
and Reduction Scheme for International Aviation (CORSIA) run by ICAO, show a
commitment to lowering aviation emissions and establish a conducive environment
for the implementation of the BJF (Atmowidjojo et al. 2021). BJF has the potential
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to transform the aviation sector by offering a cleaner substitute for traditional jet
fuel. Future prospects of BJF are projected to be characterized by higher accep-
tance, improved sustainability, and a smaller carbon footprint for aviation as tech-
nology develops, costs fall, and regulatory backing rises (Peters et al. 2023).

8.11 Conclusion

A crucial tool for assessing the viability, sustainability, and economics of switching
to renewable and more ecologically friendly aviation fuels is the techno-economic
analysis of the generation of biojet fuel. This thorough analysis covers a thorough
investigation of numerous variables that affect the cost, performance, and method of
producing biojet fuel. Stakeholders may make well-informed decisions that support
the development of the biojet fuel industry and its favorable effects on the aviation
industry and the environment by integrating technical, economic, and environmen-
tal concerns. The techno-economic analysis offers insights into the potential diffi-
culties and opportunities related to the production of biojet fuel through the
evaluation of feedstock availability, conversion technologies, operational costs, and
market dynamics. It allows for a complete understanding of the variables influenc-
ing production costs, enabling the identification of potential areas for cost- and
efficiency-saving optimization. The analysis also considers how producing biojet
fuel affects the environment, including how it may help achieve global sustainabil-
ity goals by lowering greenhouse gas emissions and improving air quality.
Stakeholders are given a clearer understanding of the environmental advantages
provided by biojet fuel by quantifying the life cycle impacts and contrasting them
with those of conventional jet fuel. Techno-economic analysis’s insights help the
aviation sector make decisions about where to spend, how to build policies, and
what research to prioritize. This is because the sector wants to comply with regula-
tions and targets for carbon reduction. The economic viability and competitiveness
of the production of biojet fuel are projected to be further improved by ongoing
improvements in feedstock diversity, conversion technology, and process efficiency.
The techno-economic analysis emphasizes the significance of a balanced strategy
that takes into account both environmental stewardship and economic viability. The
aviation sector can move towards a more sustainable and resilient future while sup-
porting international efforts to slow down climate change by encouraging innova-
tion, cooperation, and investment in the development of biojet fuel.
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Chapter 9 )
Different Applications of Bio-Jet Fuel i

Ankita Kumari, Depak Kumar, Priyanka Sati, Sudesh Kumar,
Ashok Kumar Yadav, and Ajay Singh Verma

Abstract Bio-jet fuel, referred to as aviation biofuel in academic literature, is a
form of sustainable fuel obtained from biomass sources, including plants, algae, and
waste materials. The sustainable nature of alternative jet fuel, as opposed to tradi-
tional jet fuel sourced from fossil fuels, has garnered significant interest. This focus
is mostly owing to its ability to mitigate greenhouse gas emissions and minimise
reliance on finite resources. The integration of contemporary technology advance-
ments and the production of alternative jet fuels are pivotal factors that possess the
potential to mitigate the presence of greenhouse gases (GHGs), namely carbon
dioxide (CO,) emissions. The emissions of greenhouse gases (GHGs) generated by
conventional jet fuel have become a significant cause for concern on a worldwide
level. In comparison to traditional aviation fuel, biofuel is widely perceived as pos-
sessing greater renewable attributes and exhibiting reduced environmental pollu-
tion. Bio-based jet fuels have the potential to serve as a viable alternative. This
chapter offers a thorough analysis of the various bio-jet fuel varieties, their produc-
tion procedures, the legal environment in which they are used, and their effects on
the environment. The following processes are often employed for the production of
bio-jet fuel using both edible and inedible feedstock. Second-generation biofuels,
which possess both environmental benefits and sophisticated technical features,
provide a highly favourable option. The potential of biomass jet fuel as a viable
substitute for conventional jet fuel is significant, as it caters to the requirements of
both commercial and military aircraft. This chapter will address the contemporary
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technology, significant concerns, practicality, and obstacles in the emerging sector
that are being presented.

Keywords Bio-jet production - Aviation fuels standards - Feedstocks -
Applications - Environmental aspects

9.1 Introduction

Bio-jet fuel, commonly referred to as aviation biofuel, serves as a viable substitute
for conventional jet fuel, as it is sourced from renewable biological resources. In
contrast to traditional jet fuels that are predominantly obtained from crude oil, bio-
jet fuel is produced from biomass sources such as plants, algae, and waste materials.
The proposed solution is a more sustainable and ecologically conscious option for
fuelling aircraft. Bio-jet fuel is a form of renewable energy that may be derived from
a diverse range of organic sources, such as agricultural crops (e.g. sugarcane, corn,
and soy), algae, and waste oils. This characteristic renders it a viable and environ-
mentally friendly substitute for fossil fuels, therefore mitigating reliance on dimin-
ishing oil sources (Abdullah et al. 2019). Bio-jet fuel has been found to have a lower
greenhouse gas (GHG) emission profile when compared to conventional jet fuel.
The reduction of the carbon footprint of the aviation industry, which is widely rec-
ognised for its substantial contributions to greenhouse gas (GHG) emissions, serves
as a means to combat climate change.

Bio-jet fuel has been specifically formulated to ensure compatibility with the
current engines and infrastructure utilised in the aviation industry. The integration
of this fuel with traditional jet fuel does not necessitate any alterations to aircraft
engines or fuelling systems, hence facilitating a seamless transition within the avia-
tion sector. Continual research and development endeavours are driving advance-
ments in the field of bio-jet fuel producing technology. Ongoing research endeavours
are focused on the advancement of methodologies aimed at enhancing the efficiency
of biofuel production processes, so rendering them more economically feasible and
capable of being scaled up. International organisations and governments are actively
promoting the adoption of bio-jet fuels within the aviation sector. Numerous nations
have established specific objectives and regulatory measures with the aim of aug-
menting the utilisation of biofuels within the aviation sector, therefore fostering a
more environmentally conscious trajectory for the future of air transportation. Bio-
jet fuel has the potential to be derived from a diverse array of feedstock sources,
encompassing non-food crops as well as waste products (Agusdinata et al. 2011).
The availability of a diverse range of feedstock alternatives serves to mitigate poten-
tial conflicts with food crops and encourages the utilisation of underutilised
resources. Many airlines and aviation companies are investing in bio-jet fuel as part
of their corporate sustainability initiatives. By using bio-jet fuel for their flights,
these companies are demonstrating their commitment to reducing their environmen-
tal impact.
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Although bio-jet fuel has significant potential, there are several obstacles that
must be overcome, including the availability of feedstock, manufacturing costs, and
scalability (Cantarella et al. 2015). Continuous research and collaborative efforts by
governmental bodies, companies, and research institutions play a pivotal role in
surmounting these obstacles and establishing bio-jet fuel as a feasible choice for
wider implementation.

9.2 History of Bio-Jet Fuel

The origins of bio-jet fuel may be traced back to the early 2000s, when extensive
research and development endeavours were undertaken to explore viable and envi-
ronmentally friendly substitutes for conventional jet fuel. In February 2008, Virgin
Atlantic successfully executed the inaugural commercial aircraft flight with biofuel,
marking a significant milestone in aviation history. In one of the aircraft’s engines,
a mixture of coconut and babassu oil was utilised throughout the voyage from
London to Amsterdam. ASTM International, formerly known as the American
Society for Testing and Materials, has certified the specification for aviation turbine
fuel containing synthetic hydrocarbons (Chiaramonti and Horta Nogueira 2017).
This approval signifies a significant milestone in the certification and potential com-
mercialisation of bio-jet fuels in the aviation industry.

The inauguration of the initial commercial-scale bio-jet fuel manufacturing facil-
ity in Geismar, Louisiana, marks a significant milestone for Dynamic Fuels, a col-
laborative effort between Tyson Foods and Syntroleum. The production facility
generated sustainable diesel and aviation fuel by using animal fats, greases, and
vegetable oils. In June 2012, Lufthansa achieved the distinction of becoming the
inaugural airline to successfully execute a scheduled transatlantic passenger flight
with bio-jet fuel. The air travel route between Frankfurt and Washington, D.C.,
employed a biofuel mixture sourced from recycled cooking oil. A number of carri-
ers, such as Cathay Pacific, United Carriers, and Alaska Airlines, have initiated
regular commercial flights use mixes of bio-jet fuel. This development signifies a
notable step towards the incorporation of biofuels into conventional aviation
practices.

Fulcrum Bio Energy has just established a bio-jet fuel production plant in Reno,
Nevada. This facility possesses the capability to transform municipal solid waste
into transportation fuels with low carbon emissions, namely bio-jet fuel (Dincer and
Acar 2014).

The research and development endeavours persisted in their concentration on
enhancing the efficacy of bio-jet fuel production methods, investigating novel
sources of feedstock, and tackling obstacles associated with scalability and
cost-efficiency.

Over the course of recent years, the aviation sector, together with its diverse
range of stakeholders, has achieved notable progress in the advancement of bio-jet
fuel technology. Production routes for bio-jet fuel is shown in Fig. 9.1. Ongoing
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research, substantial expenditures, and collaborative efforts are important for the
advancement of sustainable bio-jet fuel alternatives, with the aim of achieving eco-
nomic feasibility and widespread use within the aviation industry (Gonzalez
et al. 2011).

9.3 Types of Bio-Jet Fuel

Bio-jet fuel, often known as aviation biofuel, may be derived from a diverse range
of feedstock sources and can be synthesised using numerous methodologies. Bio-jet
fuel types are essentially classified according to the feedstock used and the technol-
ogy applied throughout the production process. Here are the main types.

9.3.1 Feedstock-Based Classification
9.3.1.1 Plant-Based Bio-Jet Fuel
Derived from various plant oils, such as soybean, palm, jatropha, and camelina (Ail

and Dasappa 2016). These oils can be converted into bio-jet fuel through processes
like esterification and hydrogenation.
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Fig. 9.1 Production routes for bio-jet fuel
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9.3.1.2 Algae-Based Bio-Jet Fuel

Produced from algae, which have high oil content and can be cultivated rapidly.
Algae-based bio-jet fuel is in the research and development stage and holds great
promise due to its potential for high yields.

9.3.1.3 Waste-Based Bio-Jet Fuel

Created from waste and residue materials, including used cooking oil (UCO), ani-
mal fats, agricultural residues, and municipal solid waste. These feedstocks are con-
sidered sustainable as they repurpose waste materials into valuable energy sources
(Han et al. 2013).

9.3.2 Process-Based Classification
9.3.2.1 Hydroprocessed Esters and Fatty Acids (HEFA)

HEFA bio-jet fuel is derived from vegetable oils and animal fats through a hydro-
processing method. This process involves hydrogenation and refining to convert
triglycerides into hydrocarbons suitable for aviation use. HEFA is the most common
type of bio-jet fuel in commercial use.

9.3.2.2 Fischer-Tropsch Synthesis (FT)

FT bio-jet fuel is produced through a chemical reaction known as Fischer-Tropsch
synthesis. Syngas, a mixture of hydrogen and carbon monoxide, is transformed into
hydrocarbons through this process. FT synthesis can utilise various feedstocks,
including biomass and coal, to produce aviation biofuel (Khatun et al. 2017).

9.3.2.3 Alcohol-to-Jet (ATJ)

AT]J bio-jet fuel is synthesised from alcohols, such as ethanol and butanol, through
dehydration and chemical processes. These alcohols are derived from biomass
sources and can be converted into hydrocarbons suitable for jet engines.
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9.3.2.4 Biomass-to-Liquid (BTL)

BTL bio-jet fuel is produced through gasification of biomass, followed by Fischer-
Tropsch synthesis to convert the syngas into liquid hydrocarbons. This method
allows for the use of a wide range of feedstocks, including wood, agricultural resi-
dues, and organic waste (Liu et al. 2013).

9.3.3 Blending and Certification

The aviation industry frequently uses blends of conventional jet fuel and bio-jet
fuel, such as Jet A-1/bio-jet fuel. The bio-jet fuel blending ratio can change and is
frequently decided in accordance with certification standards established by avia-
tion authorities. These standards are put in place to ensure that the bio-jet fuel is
compatible with the current aircraft and infrastructure.

Itis important to acknowledge that continuous research and development endeav-
ours are being conducted in the realm of bio-jet fuels, hence facilitating the study of
novel feedstocks and manufacturing. These developments aim to enhance the sus-
tainability, efficiency, and economic viability of bio-jet fuels, making them more
widely adopted in the aviation industry (Murphy et al. 2015).

9.4 Advantages of Bio-Jet Fuel

Bio-jet fuel, which is produced from sustainable biomass feedstocks, has several
benefits, rendering it a compelling substitute for conventional jet fuel. Here are
some key advantages of bio-jet fuel.

9.4.1 Reduced Greenhouse Gas Emissions

Carbon-Neutral or Low-Carbon Footprint: Because the carbon dioxide (CO,)
absorbed during the growth of the feedstock balances the CO, emitted during com-
bustion, bio-jet fuel is regarded as carbon-neutral. This leads to a net reduction in
greenhouse gas emissions, mitigating climate change (Mohammed et al. 2019).



9 Different Applications of Bio-Jet Fuel 191
9.4.2 Energy Security and Diversification

Reduced Dependence on Fossil Fuels: By utilising renewable feedstocks, bio-jet
fuel reduces reliance on fossil fuels, enhancing energy security and decreasing vul-
nerability to oil price fluctuations and supply disruptions.

9.4.3 Compatibility with Existing Infrastructure

Effortless Integration: Bio-jet fuel is made to work with current aircraft engines and
fuelling systems. It can be used without modifying aircraft or refuelling systems by
blending it with regular jet fuel.

9.4.4 Job Creation and Economic Development

Rural Development: Bio-jet fuel production creates jobs and stimulates economic
growth, especially in rural areas where feedstocks like crops and algae are cultivated
and harvested.

9.4.5 Waste Utilisation and Sustainability

Utilisation of Waste Materials: Bio-jet fuel can be produced from various waste
materials, including forestry waste, agricultural residues, and municipal solid waste.
This promotes the efficient use of waste, reducing pollution, and promoting sustain-
ability (Pham et al. 2010).

9.4.6 Promotion of Innovation and Research

Technological Advancements: Research and development in bio-jet fuel technology
drive innovation in biotechnology, chemistry, and engineering, leading to more effi-
cient production processes and novel feedstock options.
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9.4.7 Corporate Sustainability
and Environmental Responsibility

Corporate Initiatives: Many companies and airlines invest in bio-jet fuel to align
with their sustainability goals and demonstrate environmental responsibility,
enhancing their corporate image and social responsibility efforts (Pirker et al. 2016).

9.4.8 Compliance with Regulations
and International Agreements

Alignment with Environmental Goals: The use of bio-jet fuel aligns with interna-
tional agreements and initiatives aimed at reducing greenhouse gas emissions, such
as the Paris Agreement. Countries and airlines investing in bio-jet fuel contribute to
global efforts to combat climate change.

9.4.9 Air Quality Improvement

Reduced Air Pollutants: Bio-jet fuel has the potential to reduce emissions of air pol-
lutants, such as sulphur oxides and particulate matter, leading to improvements in
air quality and public health.

9.4.10 Technological Advancements and Scale-Up Potential

Ongoing Research: Continuous research and development efforts lead to techno-
logical advancements, addressing challenges related to feedstock availability, pro-
duction costs, and scalability, making bio-jet fuel a more viable option for the
aviation industry. Bioprocessing to make bio-jet fuel is shown in Fig. 9.2.

These advantages make bio-jet fuel an increasingly viable and sustainable alter-
native to traditional jet fuels, driving its adoption in the aviation sector and contrib-
uting to a more environmentally friendly future for air travel.

9.5 Disadvantages of Bio-Jet Fuel

While bio-jet fuel offers numerous advantages, it also has its share of challenges
and disadvantages. Here are some of the key disadvantages associated with bio-
jet fuel.
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Fig. 9.2 Bioprocessing to make jet fuel

9.5.1 Limited Feedstock Availability

Competition with Food Production: Some biofuel crops can compete with food
crops for agricultural resources, leading to concerns about food security and
increased food prices. Striking a balance between food and fuel production is a
significant challenge (Rathmann et al. 2010).

9.5.2 Land Use and Deforestation

Land Use Change: Converting natural habitats or forests into biofuel crop cultiva-
tion can lead to deforestation, disrupting ecosystems, reducing biodiversity, and
contributing to habitat loss and greenhouse gas emissions.

9.5.3 Water Usage and Impact on Water Resources

High Water Requirements: Certain biofuel crops, especially those grown in arid
regions, can require significant amounts of water, leading to increased stress on
local water resources and potential conflicts with agriculture and communities.
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9.5.4 Energy Intensive Production

Energy Input: The production processes for bio-jet fuel can be energy-intensive,
potentially offsetting some of the environmental benefits. It’s crucial to develop
methods that minimise energy inputs and maximise output efficiency (Shah
etal. 2019).

9.5.5 Impact on Soil Quality

Soil degradation can result from the intensive cultivation of biofuel crops, which
lowers soil fertility and long-term agricultural productivity.

9.5.6 Greenhouse Gas Emissions

Indirect Emissions: The entire lifecycle of bio-jet fuel, including cultivation, pro-
cessing, and transportation, can still result in greenhouse gas emissions, especially
if fossil fuels are used in these processes.

9.5.7 Economic Viability and Scale-Up Challenges

Production Costs: Bio-jet fuel production can be expensive compared to conven-
tional jet fuel, making it economically challenging for widespread adoption without
subsidies or incentives.

Limited Scale-Up: Large-scale production of bio-jet fuel faces challenges related
to feedstock availability, technology scalability, and investment, hindering rapid
deployment.

9.5.8 Technological and Infrastructure Challenges

Infrastructure Compatibility: While efforts have been made to ensure compatibility
with existing aircraft and infrastructure, full integration still faces challenges,
including storage, transportation, and distribution logistics (Samsatli and
Samsatli 2018b).
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9.5.9 Food Security Concerns

Diversion of Agricultural Resources: Large-scale cultivation of biofuel crops can
divert agricultural resources away from food production, potentially impacting food
security in certain regions. Table 9.1 shows benefits and drawbacks of bio-jet fuel.
Addressing these challenges is crucial for the sustainable development and deploy-
ment of bio-jet fuel. Continued research, innovation, and international collaboration
are essential to overcoming these disadvantages and making bio-jet fuel a truly
sustainable and widely adopted alternative to traditional jet fuels.

9.6 Growth of Aviation Industry

With a compound annual growth rate (CAGR) of 18% by 2020, the Indian aviation
industry would have the fastest growth. The profitability of smaller airlines is
impacted by India’s high fuel prices and taxes, if not the highest in the world. In the
past 5 years, both domestic and international air traffic in India has increased by
about 20%. Carbon dioxide (CO,), nitrogen oxides (NOy), water vapour (H,0O), and
particulate matter (PM) are the primary greenhouse gas (GHG) emissions produced
by air travel during flight, which contribute to global air pollution. As an alternative
to fossil fuel-based jet A-1 fuel, green fuel is urgently needed by the aviation indus-
try. Second-generation biofuels are an option that can be combined with fossil fuel-
based Jet A-1 to partially meet the demand for aviation fuel while reducing the net
emissions of carbon dioxide (CO,), nitrogen oxides (NOy), water vapour (H,O), and
particulate matter (PM). These fuels can be blended with aviation fuel in part using
the current refuelling infrastructure, which makes the global supply chain simple.
Bio-jet fuel production process is shown in Fig. 9.3.

Carbon dioxide (CO,) emissions are decreased by 3.16 kg for every kilogramme
of fuel saved (Suresh et al. 2018). However, compared to other modes of transporta-
tion like cars, there are a number of difficulties in applying biofuels for aviation

Table 9.1 Benefits and drawbacks of bio-jet fuel

Advantages Disadvantages

Theoretically limitless supply | The lack of biodiversity and pest susceptibility that come with
of feedstock. monocultures.

Long-term risk reduction in If energy crops become more profitable for farmers than food
the event of fuel spillage. crops, there could be a conflict with the supply of food.

Depending on the production | Changing land use in a negative way, such as clearing

process, can burn with lower | vegetation from the area, using fertilisers to the point where the
net CO, emissions. water becomes eutrophic, and using water and energy to
cultivate the land.

Use as a “drop-in” Boundaries of space and time, for example, feedstock may not
replacement for current be grown year-round or at all in some areas if certain
engines. conditions are needed.
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purposes. Meeting stricter fuel specifications than those for automobiles is one of
the biggest obstacles to the use of biofuels in aviation. Here are some of the primary
requirements for environmentally friendly alternative jet fuels:

e Can be blended with regular jet fuel,

e Able to utilise the same infrastructure for supply and don’t need to modify
engines or aircraft (drop-in fuel),

e Meet the same requirements as traditional jet fuel, especially in terms of resis-
tance to cold (Jet A: 40 °C, Jet A-1: 47 °C),

e A lot of energy (minimum 42.8 MJ/kg),

e Meet sustainability requirements like reducing lifecycle carbon emissions,
requiring less freshwater, not competing with food production, and not
deforestation. Any alternative fuel must unquestionably adhere to the strict
requirements for aviation fuel set by the current aircraft industry.

9.7 Various Applications of Bio-Jet Fuels

Bio-jet fuel has various applications and benefits, including the following.

9.7.1 First-Generation Biofuels (Edible Crops)

These are biofuels made from various edible plants, such as soybean, rapeseed, and
various derivatives of palm oil. This sort of fuel falls under the category of first-
generation biofuel (Oladosu and Msangi 2013). Soybean and rapeseed oil are typi-
cally used in some regions of America and Europe to produce biodiesel and its
by-products (Tao et al. 2014). Palm oil was used as a feedstock in the production of
biodiesel in the southern region of Asia. The claim that using first-generation feed-
stocks for biodiesel synthesis results in a significant amount of GHG emissions into
the atmosphere is one of the biggest issues facing academics and scientists (Woytiuk
etal. 2017).
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9.7.2 Second-Generation Biofuels (Lignocellulose, Non-Edible
Crops, Animal Feedstock)

Non-edible plants such as jatropha and camelina are employed as feedstock for the
production of second-generation biofuels. Camelina has robust growth in regions
characterised by high temperatures. The cultivation of this particular plant species
is characterised by its ease of growth and its ability to provide a substantial quantity
of oil seeds. The Jatropha curcas plant, which exhibits a preference for a humid
climate, has the capability to be cultivated throughout the whole year. According to
a study conducted by researchers (Zhu et al. 2018), it has been shown that jatropha
has a higher oil production capacity compared to other plant species. The use of
bio-jet fuel generated from camelina exhibited superior fuel efficiency and shown
less environmental impact. Camelina has the potential to yield an annual production
of 800 million metric gallons of oil. Jatropha exhibits higher energy levels, ranging
from 18 to 19 MJ kg~!, and possesses a notable seed dry weight of up to 55%
(Zhang et al. 2018). The aforementioned ethanol is often regarded as the most supe-
rior renewable fuel source on a global scale, exhibiting commendable environmen-
tal benefits.

9.7.3 Third-Generation Biofuels (Algal Feedstock)

A biofuel source from the third generation of biofuels is algae feedstock. Algae can
be collected using a variety of techniques, including flotation procedures, centrifu-
gal sedimentation techniques, flocculation methods, and filtering techniques. The
predominant post-harvest technique employed is drying, sometimes denoted as
dehydration. Moreover, it provides additional commercial benefits, including
enhanced simplicity and cost-effectiveness in comparison to similar technologies
(Yang et al. 2019). When compared to other fuels, third-generation or advanced
biofuels regularly demonstrate superior cost-effectiveness and performance. In
comparison to preceding generations of feedstock, algae have been seen to have a
greater year-round productivity. Algal farming employs brackish, saline, and waste-
water as alternative sources of water, as opposed to freshwater, hence necessitating
a greater water demand compared to conventional food crops. There are many note-
worthy proteins that may be obtained as by-products from the process of oil extrac-
tion, which have the potential to be repurposed and utilised as fertilisers. Algae
possesses a significant quantity of oil. Utilising photobiology for hydrogen produc-
tion, algae demonstrate a reduced emission of greenhouse gases compared to alter-
native forms of oil refineries. This methodology employs reduced energy
consumption and incurs lower financial expenses in the production of algae.
Table 9.2 shows bio-jet fuel production technologies.
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Table 9.2 Bio-jet fuel production technologies

Technologies Production processes
Alcohol-to-jet

. N-butanol-to-jet
. Ethanol-to-jet

. Methanol-to-jet

. Iso-butanol-to-jet

Oil-to-jet . Catalytic hydrothermolysis
. Hydroprocessed renewable jet

. Hydrotreated depolymerised cellulosic jet

Gas fermentation
. Fischer-Tropsch synthesis

Gas-to-jet

Sugar-to-jet . Catalytic upgrading

. Direct sugar to hydrocarbons

=0 = W= AW =

Two limitations of this approach are low production and the requirement for a
significant amount of land (Trivedi et al. 2015). Closed photo-bioreactor systems
have a higher energy input and entail a greater financial cost, up to $22.4 per gallon.

Commercial Aviation: One of the primary applications of bio-jet fuel is in com-
mercial aviation. Airlines can use bio-jet fuel to power their aircraft, reducing their
carbon footprint and contributing to a more sustainable aviation industry.

Military Aviation: Military aviation operations can also benefit from bio-jet fuel.
Armed forces of various countries have started exploring the use of bio-jet fuel to
enhance their energy security and reduce environmental impact.

Climate Change Mitigation: Bio-jet fuel helps mitigate climate change by reduc-
ing carbon dioxide (CO,) emissions. Unlike fossil fuels, bio-jet fuel is derived from
renewable sources, and the CO, released during its combustion is part of the natural
carbon cycle, making it a more sustainable option.

Energy Security: Bio-jet fuel production can enhance energy security by diversi-
fying the sources of aviation fuel. It reduces dependency on imported fossil fuels,
which can be affected by geopolitical tensions and price fluctuations.

Rural Development: The production of feedstocks for bio-jet fuel, such as certain
crops and algae, can create economic opportunities in rural areas. This can lead to
the development of local economies and job creation.

Waste Utilisation: Various organic waste products, such as agricultural residues,
forestry waste, and municipal solid waste, can be used to make bio-jet fuel. This
promotes the efficient use of waste materials and reduces the environmental impact
of landfilling (Tapia and Samsatli 2020).

Innovation and Research: The development and application of bio-jet fuel tech-
nology drive innovation in the fields of biotechnology, chemistry, and engineering.
Research in this area can lead to more efficient production processes and novel
feedstock options.

Corporate Sustainability: Many companies and organisations are investing in
bio-jet fuel to demonstrate their commitment to sustainability. Using bio-jet fuel for
corporate travel and transportation aligns with their environmental goals and corpo-
rate social responsibility initiatives.
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Reduction of Air Pollutants: Bio-jet fuel has the potential to reduce emissions of
air pollutants, such as sulphur oxides and particulate matter, which can have harm-
ful effects on air quality and human health.

International Agreements: The adoption of bio-jet fuel aligns with international
agreements and initiatives aimed at reducing greenhouse gas emissions, such as the
Paris Agreement. Countries and airlines that invest in bio-jet fuel contribute to
global efforts to combat climate change.

9.7.4 Fourth-Generation Feedstocks

Several options, including non-biological resources and genetically modified organ-
isms, are included in ATAG’s assessment of the portfolio of feedstocks for sustain-
able aviation fuels. These resources are classified as fourth-generation (4-G)
feedstocks, as identified by ATAG. Genetically modified organisms, such as cyano
bacteria, microalgae fungus, and yeast, have been subject to genetic alterations that
result in increased oil and/or sugar production, as well as the ability to sequester
carbon dioxide. However, it is important to note that these advancements are still in
the early stages of scientific investigation. Despite the promise of biofuels, further
research is required to investigate the possible health and environmental concerns
associated with these creatures. Additionally, studies are needed to explore ways for
containment and mitigation when these organisms are introduced into global supply
chains. Non-biological feedstocks, such as CO,, water, renewable power, and sun-
shine, have the potential to be a more ecologically friendly alternative, particularly
when industrial plant exhaust gases are utilised. One potential approach is the
power-to-liquid (PtL) pathway, which entails the electrolysis of water using renew-
able electricity to generate hydrogen and oxygen. Subsequently, the hydrogen is
reacted with CO,/CO to synthesise biomass-derived aviation fuel (BAF).
Nevertheless, in the long run, the environmental advantages of PtL fuels, such as
their near carbon neutrality and minimal demands for water and land, may surpass
the economic considerations and external effects associated with CJF. An alterna-
tive approach involves harnessing concentrated solar energy to facilitate the elec-
trolysis of water and the decomposition of CO,, resulting in the creation of syngas
as a precursor for biomass-derived aviation fuel (BAF) synthesis. Although these
pathways are currently in the preliminary phases of investigation, Richter et al.
(2018) have found two European endeavours, namely Sunfire and SOLAR-JET,
which have successfully showcased the ability to produce jet fuel with carbon diox-
ide, water, and solar energy. Regarding the research conducted on the supply chains
of 4-G feedstocks, it is worth noting that the existing studies in this area have been
rather few (Samsatli and Samsatli 2018a). However, Mesfun et al. (2017) have made
a significant contribution by employing a spatiotemporal Mixed Integer Linear
Programming (MILP) model to examine the integration of power-to-gas (PtG) and
power-to-liquid technologies within the context of an Alpine energy supply system.
Once these technologies reach a state of commercial maturity, it is anticipated that
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biomass-derived alternative fuels (BAF) sourced from fourth generation feedstocks
would offer the highest level of sustainability. These fuels have the potential to
achieve zero carbon emissions and facilitate the integration of electricity, heating,
and aviation sectors.

9.7.5 Potential Source of Microalgae for Bio-Jet Fuel

Microalgae have been utilised as promising sources of biofuel for several decades.
Microalgae have similarities to terrestrial plants in that they possess chlorophyll, a
crucial photosynthetic pigment, enabling them to convert carbon dioxide and water
into sugar through the process of photosynthesis (Richter et al. 2018). In general,
microalgae have a greater oil content in comparison to alternative sources of bio-
fuel. Microalgae have demonstrated comparative benefits over other sources of bio-
fuel, mostly attributed to their ability to achieve significant levels of biomass
productivity and oil content within a very brief timeframe. Based on the findings of
Behera and Varma (2016), it has been shown that the annual microalgal oil output is
significantly higher than that of soybeans and palm oil, with approximate ratios of
92-215 times and 11-26 times, respectively. According to Trent (Quarton and
Samsatli 2018), it has been demonstrated that microalgae have the potential to yield
a substantial amount of fuel, ranging from 2000 to 5000 gallons per acre (equivalent
to 18,708 to 46,770 L/ha) annually. This output surpasses that of palm oil, the sec-
ond most prolific source, which yields from 1400 to 4400 gallons per acre (equiva-
lent to 13,096 to 41,157 L/ha). According to previous research, microalgae have
demonstrated a much higher energy yield per hectare in comparison to other types
of terrestrial crops, with estimates ranging from 30 to 100 times greater. In a com-
parative study, it was shown that microalgae yielded an annual biofuel production
of 94,000 L/ha, but maize only yielded 560 L/ha per year. According to the research
conducted by Chisti (2007), it was observed that the production of microalgae often
exhibited a twofold rise within a span of 1 day. However, several types of microal-
gae were shown to have a doubling time of 3.5 h, with oil deposition exceeding 80%
of the dry biomass weight. Microalgae have the capacity to produce advantageous
by-products, including carbohydrates, proteins, and residual biomass subsequent to
the extraction of oil. The use of microalgae co-products has been seen in many
applications such as animal feed, fertiliser, and ethanol production via fermentation
(Perkis and Tyner 2018). The utilisation of existing techniques for microalgae culti-
vation can provide a consistent provision of feedstock for the generation of bio-jet
fuel. Microalgae exhibit a greater capacity for lipid production in comparison to
alternative sources of biofuel feedstocks. Lipids found in microalgae may be cate-
gorised into two distinct forms: (a) non-polar or neutral lipids, which function as
energy stores, and (b) polar lipids, which are utilised as food supplements and act as
elements of organelles and membranes. Microalgae possess the capacity to acquire



9 Different Applications of Bio-Jet Fuel 201

lipid content ranging from 30% to 70%. According to Marcilla et al. (2013), the
thermochemical conversion techniques of hydrothermal liquefaction and catalytic
pyrolysis have been identified as viable methods for the manufacture of biofuels
from microalgae. The experimental findings indicate that the maximum bio-oil
yield (43%) is achieved at a temperature of 350 °C, accompanied with a heating
value of 39 MJ/kg. Additionally, dote et al. found that 64% of the bio-oil in their
sample had a higher heating value (HHV) of 45.9 MJ/kg. In contrast, Fong et al.
conducted a study on the impact of several catalysts (HZSM-5 zeolite, limestone
(LS), bifunctional HZSM-5/LS) on the catalytic pyrolysis of Chlorella vulgaris.
The findings of this study indicate that the use of bifunctional HZSM-5/LS catalyst
in catalytic pyrolysis has considerable potential as a thermochemical route for the
synthesis of biofuels, when compared to non-catalytic pyrolysis. The use of the
bifunctional HZSM-5/LS catalyst led to a reduction in the average activation energy
(EA) (133.26 kJ/mol) and enthalpy (AH) (128 kJ/mol), suggesting a decrease in the
energy demands for the biofuel generation process. Furthermore, the inclusion of
carbohydrates derived from microalgae serves as an additional chemical constituent
in the manufacture of biofuels. Carbohydrates such as starch, glucose, cellulose,
paramylon, and laminarin play a significant role as energy sources. According to
Arun et al. (Oladosu and Msangi 2013), the authors reported that bioethanol and
biobutanol may be produced by extracting the carbohydrate content of microalgae.
In the field of biofuel generation, Saccharomyces cerevisiae is commonly employed
for fermentation processes to generate bioethanol, whilst Clostridium acetobutyli-
cum yeast is utilised for the creation of biobutanol. Microalgae have some benefits
over carbohydrates derived from other sources due to their absence of lignin and
hemicelluloses. In addition, the carbohydrate constituents present in microalgae can
be used for the generation of methane gas. The study conducted by Passos et al.
(2016) examined several thermochemical pre-treatment conditions, including acids
and alkaline, to determine their effectiveness in enhancing biogas generation from
microalgae biomass. The findings indicate that the use of thermochemical pre-
treatment including a 0.5% acid and 0.5% alkaline solution resulted in significantly
increased methane production. Specifically, the methane output observed in this
pre-treatment condition was found to be 82% and 86% greater compared to the
control condition. While the alkaline pre-treated condition yields the maximum
amount of methane, it is not considered an optimal environment for methane pro-
duction because to its longer lag phase (1.20 day) and lower rate of methane genera-
tion compared to the acid pre-treated condition.

In brief, the use of bio-jet fuel encompasses a wide range of significant implica-
tions, including but not limited to the reduction of carbon emissions and the mitiga-
tion of climate change. Additionally, it contributes to the advancement of rural
development and serves as a catalyst for innovation within the energy sector. The
use of bio-jet fuel is anticipated to have a substantial impact on the future of sustain-
able aviation as technology progresses.
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9.8 Current Policies on Bio-Jet Fuels

The distribution and advancement of conversion technologies for biofuels can be
significantly influenced by government legislation. Renewable fuel standards aim to
assure the cost-competitiveness of alternative jet fuel by providing financial assis-
tance for the establishment of new technology production plants and delivering
agricultural incentives. The objective of this initiative was to provide the necessary
infrastructure and logistics for the delivery of biofuel. The European Union (EU)
has established a programme aimed at the advancement of biofuel energy develop-
ment within the timeframe of 2020 to 2030, with the objective of enhancing aviation
fuel policy (Mesfun et al. 2017). According to projections, the demand for alterna-
tive jet fuel in Indonesia is expected to increase by 5% by the year 2025, compared
to the levels observed in 2018. In 2018, Indonesia had a requirement of 2%.
Furthermore, the People’s Republic of China has implemented a comprehensive
5-year energy strategy. It is projected that there will be a substantial increase in the
utilisation of renewable energy sources, such as biomass-derived fuels, in the com-
ing years [89]. During the CAEP/11 cycle (2016-2019), the ICAO Task Force on
different Fuels (AFTF) conducted an assessment on the efficacy of different policy
instruments in facilitating the commercial utilisation of jet fuel. There are some
technologies presently undergoing production, such as the FT and
HEFA. Nevertheless, several sophisticated technologies require more development
prior to their industrialisation. The concept of sustainable aviation fuel certifications
was initially proposed by ASTM. In 2009, fuels generated using the Fischer-Tropsch
(FT) technique were officially sanctioned. Consequently, the petrol manufactured
by HEFA received clearance from the American Society for Testing and Materials
(ASTM) in the year 2011. In 2014, SIP Fuel achieved its third ASTM certification,
which was obtained using the hydroprocessed fermentation method that produces
Isoparaffin. In order to fulfil the necessary criteria, it is vital to validate additional
methodologies such as cellulosic jet, alcohol-to-jet, and paraffinic kerosene jet.
Between the years 2011 and 2015, a total of 2500 commercial passenger flights
were analysed. Within this sample, it was observed that 22 different airlines utilised
a blend of bio-jet fuel, constituting around 50% of the overall fuel composition (Liu
et al. 2013). Furthermore, it is worth mentioning that in the year 2016, the global
production of sustainable aviation fuel exceeded 4.5 million litres, which represents
a significant increase of over 100% compared to the production levels seen in 2015.
Aireg (Germany), Biofuel Net (Canada), Plan de Vuelo (Mexico), CAAFI (US),
Sustainable Aviation (UK), Ubrabio (Brazil), NISA (Nordic countries), Bioport
Holland (The Netherlands), Bioqueroseno (Spain), and AISAF (Australia) are now
engaged in the development of plans pertaining to the distribution of jet fuel.
Presently, there are ongoing initiatives of this nature in Japan, China, Qatar, the
United Arab Emirates, and Israel. When considering the accessibility of data per-
taining to biomass feedstock, previous research has indicated a more substantial
influence on the production of bio-jet fuel. These data have been compiled to facili-
tate the evaluation process. China possesses significant energy potentials in both
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lignocellulosic and sugar feedstocks, estimated at 6.72 EJ/yr and 0.41 EJ/yr, respec-
tively. According to the projections made by the US Energy Information
Administration, there is an anticipated increase in the global consumption of jet
fuel, reaching a total of 22.88 exajoules by the year 2040 (Ganguly et al. 2018).

9.9 Challenges and Future Outlook

Due to alternative biofuels’ superior environmental performance compared to con-
ventional petrol, which is primarily explained by the environment’s excessive emis-
sion of greenhouse gases (GHGs) and carbon dioxide (CO,), the use of alternative
biofuels is essential. Several obstacles are still being experienced. The aviation
industry stands to gain several environmental advantages from the utilisation of
sustainable bio-jet fuel. These benefits encompass the ready availability of feed-
stock, the formation of novel sectors, as well as the promotion of both economic and
environmental sustainability. The achievement of sustained success over an extended
period of time may be impeded by the choice of feedstock, which should possess
attributes such as a high yield while minimising any adverse impact on food produc-
tion. Considering the imperative nature of large-scale manufacturing, the require-
ment for a feedstock that is economically viable has equal significance (Zaher et al.
2015). The creation of feedstock and the establishment of a formula for the wide-
spread production of alternative fuels necessitate minimal resource requirements in
terms of water quality, land and fertiliser availability. In order to mitigate the price
disparity and facilitate the procurement of fuels by airlines, as well as foster a
market-oriented approach, it is imperative to implement incentive programmes or
compensation mechanisms that promote environmental well-being by encouraging
the use of bio-jet fuels. This strategy is expected to attract potential investors and
mitigate the perceived level of risk. The manufacture of bio-jet fuel is influenced by
several factors, including the cost of extracted fuels and by-products, operational
expenses, product yield, conversion efficiency, and feedstock prices. Hence, in
order to achieve cost reduction, it is imperative to enhance feedstock productivity,
maximise the value of co-products, optimise equipment distribution, establish ideal
reaction conditions, utilise low-cost catalysts, and optimise recovery processes,
among several other factors. The enhanced competitiveness of alternative jet fuels
can be facilitated by reduced market price in comparison to traditional jet fuel. This,
in turn, can result in more backing and funding for the research and development of
bio-jet production, as well as advancements in technology. In recent decades, exten-
sive research and development efforts have been dedicated to exploring and estab-
lishing various production pathways. The properties of the fuel exhibit similarities
to conventional aviation petrol, but with a few notable distinctions, such as a lower
proportion of aromatic compounds that can lead to fuel leakage (Xue et al. 2017).
Nevertheless, appropriate chemical compounds are introduced to compensate for
this limitation. The success and profitability of the F-T synthesis, similar to HRJ,
may be attributed to its ability to utilise a wide range of feedstocks, hence enhancing
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its adaptability. One of the notable limitations of this approach is its protracted and
intricate procedure, which is contingent upon many factors, rendering it among the
costliest alternatives for producing presently available. Conversely, the use of less
complex and cost-effective production methods is limited by the limiting supply of
raw materials, necessitating a dependence on proximity for accessibility. The acces-
sibility of affordable hydrogen is an additional essential element in the manufactur-
ing of jet fuel from biomass. Small-scale businesses are unaffected, but large-scale
manufacturers must take the availability of hydrogen as a fuel source into account.

9.10 Conclusions

The imperative for sustainable aviation is indisputable, given the projected escala-
tion of the sector’s prominence within the realm of global transportation. The inves-
tigation yielded results indicating that second-generation biofuels are widely
recognised for their high level of technological sophistication, economic feasibility,
and environmental sustainability. Jatropha possesses negligible nutritional value,
although it exhibits remarkable potential for energy generation. The primary find-
ings of this research suggest that oils and lipids may be converted into bio-jet fuels
by the use of intricate and advanced techniques such as hydrogenation, decarboxyl-
ation, hydrodeoxygenation, hydrodecarbonylation, and/or isomerisation. A variety
of methodologies have been devised for the conversion of biomass; however, the
HEFA process has gained significant prominence and recognition as the most often
utilised and esteemed approach for the production of biofuels, owing to its advanta-
geous attributes of cost-effectiveness and superior energy efficiency. Despite the
higher initial investment required, Fischer-Tropsch (FT) technologies are consid-
ered commercially established and effective methods for reducing greenhouse gas
(GHG) emissions. Lignocellulose has superior characteristics as a feedstock for
biofuel production; yet, its conversion into bio-jet fuel poses challenges due to the
intricacies involved in the conversion process. The process involves many sequen-
tial stages and exhibits inherent accessibility for the production of bio-jet fuel. The
technological and economic viability of bio-jet production methods has been dem-
onstrated in laboratory settings. However, in order to transition these technologies
into large-scale production, more advancements in catalyst and feedstock are neces-
sary. In order to achieve a substantial reduction in greenhouse gas (GHG) and car-
bon dioxide (CO,) emissions within the aviation sector, it is imperative to streamline
the processes associated with GHG and CO, emissions. It is imperative for research-
ers and scientists to prioritise efforts towards bridging this disparity.
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Chapter 10 )
Sustainability of Biojet Fuel
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Abstract The unavoidable detrimental impacts on the environment due to continu-
ous dependency on traditional jet fuels have urged global initiatives in the direction
of alternate possibilities for the aviation sector. The lack of possibilities for decar-
bonization of fossil fuels has made the adoption of biojet fuels (BJF) a success
because of their critical contribution to the aviation sector as a means to reduce
greenhouse gas (GHG) emissions. The long lifespan and substantial capital expenses
of aircraft make the rapid substitution with carbon-neutral technologies a less favor-
able choice. Therefore, “drop-in” solutions that can be installed seamlessly in the
engines of current aircraft may be needed. The usage of lignocellulosic biomass in
the Fischer-Tropsch production pathway has the highest probability of reducing
GHG emissions and could possibly be useful for the mid- to long-range objectives
of the airline sector, but because of its restricted technological development and
higher capital expenditures, more study and optimization are needed before it can
be implemented on a large scale. Practically, the “optimum” raw materials and
advancements in logistics management are significantly reliant on spatiotemporal
parameters. Furthermore, most studied factors are connected to one another, and the
strategies that are operative in the mitigation of GHG emissions are mostly expen-
sive. Therefore, guidelines must be rationalized via the constituents of logistics
management to aid the economic and long-term use of BJF.
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10.1 Introduction

The Intergovernmental Panel on Climate Change (IPCC) anticipates that earth’s
temperature will upsurge by 2.5-7.8 °C until the year 2100, compared to the normal
for the time frame between 1850 and 1900 (Bernstein et al. 2008). The globalization
of trade and travel has led to a significant increase in air transport, which contributes
about 2% of all industrial sector total carbon emissions. Biofuel or electrical power
are not practical aviation fuel substitutes for the foreseeable future because of the
requisite energy density, though jet fuel can be employed in fuel-cells to generate
electrical energy remotely for dispersed purposes. Present methods to produce jet
fuel utilize fossil fuel as a feedstock and necessitate large amenities that are compli-
cated to operate.

Mitigation of carbon release in the airline sector is necessary to overcome cli-
mate change. The airline sector has made major strides towards mitigating emis-
sions, involving enhancements to air traffic management and jet fuel efficiency,
with the goal of ensuring reliable, efficient, and sustainable flights. But less than
15% mitigation of GHG emissions was achieved (The global aviation industry
2010). The utilization of substitute aviation fuel is thought to be the most effective
strategy to attain zero-carbon flight operations since it can reduce carbon emissions
by an additional 50-80% in contrast to various non-fuel approaches. So as to accom-
plish a substantial decrease in GHG emissions, it is crucial to address the fuel source
utilized by the airlines. BJF is a non-depletable alternate fuel to traditional
petroleum-based aviation gas that must be permitted by the American Society for
Testing and Materials (ASTM) aviation fuel norms. It can be generated from both
biological and non-biological sources (Ng et al. 2021). The most widespread tech-
nique for BJF production is hydroprocessing technology, which has been accepted
by the majority of test flights (Gutiérrez-Antonio et al. 2017).

Conventional jet fuel (CJF), made from petroleum, is a mixture of several paraf-
fin hydrocarbons (HCs). Aviation fuel has a HC length that falls between that of
gasoline and diesel. Aviation fuel (or paraffin) is the intermediate distillate in a tra-
ditional refinery, accounting for about 10% of the petroleum portion, while gasoline
and petrodiesel are in the majority. Jet fuel is preferred as an aviation fuel over
petrol as it has low volatility and density; in contrast to fossil diesel, aviation fuel is
also light and less susceptible to wax at lower temperatures (Yang et al. 2019). An
alternative jet fuel (AJF) must resemble CJF on account of its physical and chemical
characteristics. So as to meet the high energy requirements of long-haul flights, an
ideal jet fuel should have good cold stabilizing properties at temperatures between
—47 °C and 40 °C and altitudes above 30,000 feet (The Engineering ToolBox 2003;
Wilbrand 2018).

Jet A and Jet A-1 are the two major kerosene-based CJFs used in the industry. Jet
A-1 possesses a low melting point of —4 °C, thus becoming a good option for over-
seas flights. A jet fuel should have a desired composition of 75-85 vol% paraffins,
cycloparaffins, and iso-paraffins, with the residual 15-25 vol% being aromatics and
olefins. Further crucial features involve worldwide accessibility, reasonable costs,
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good flow behavior, and effective combustion properties. As a “drop-in” fuel, AJF
may therefore be simply incorporated into prevailing structures, enabling a smooth
conversion (Tiwari et al. 2023). In comparison to CJF, which normally has ecologi-
cal footprints of around 4 metric tonnes per metric tonne of fuel, a BJF should have
reduced environmental impacts during its whole life-cycle (Kargbo et al. 2021).

BJF (commonly referred to as bio-aviation fuel, BAF, or sustainable aviation
fuel, SAF), a form of biofuel for the aviation industry, is viewed as a brief- to mid-
range approach for the complete mitigation of the air sector’s GHG pollution. Yang
et al. (2019) reported the normative conditions for both CJF and BJF to which pro-
ducers are required to adhere. It states that the subsequent emissions characteristics
of a jet operating on BJF would resemble those of Jet A-1 (Tiwari et al. 2023).
However, atmospheric carbon sequestration during biomass growth establishes a
closed carbon cycle, which is liberated at the termination of its life process as BJF,
resulting in overall lower GHG pollution in contrast to CJF (Doliente et al. 2020).
Although this renders BJF an appealing AJF choice, numerous problems emerged
during its execution. It failed to gain adequate funding because of a lack of admin-
istrative and industrial support (Gegg et al. 2014), a shortage of raw materials, the
indeterminate commercial viability of the production paths, and insufficient logis-
tics management approval. The employment of different feedstocks, like lignocel-
lulosic biomass (Cheng and Brewer 2017), vegetable oils (Vasquez et al. 2017),
municipal and agrarian residues (Jiménez-Diaz et al. 2017), and microalgae
(Bwapwa et al. 2018), for potential BJF production has been reported.

10.2 Biojet Fuel

BJF is a synthesized paraffinic kerosene (SPK) blend made from biomass that is
added to conventional aviation fuel made from petrol (Wang et al. 2019). A list of
five SPK varieties for combining (in a certain amount percent) with CJF as approved
by ASTM D7566-19a (ASTM 2019) and their production pathways, comprising an
overview of the method on the basis of which SPK are categorized, is shown in
Table 10.1.

The hydroprocessed esters and fatty acids (HEFA) production pathway, an avia-
tion fuel generation path from oil, creates HEFA-SPK by deoxygenation of fats and
oils with subsequent hydroprocessing (Wang et al. 2019). Other oil-to-jet platforms
include hydrous pyrolysis of plant or algal oil and rapid pyrolysis of cellulose, with
subsequent aviation fuel advancement (Wang and Tao 2016). The gas-to-jet tech-
nology uses the Fischer-Tropsch (FT) production pathway to transform syngas from
biomass gasification into paraffinic and olefinic HCs, which are then hydropro-
cessed to create FT-SPK. Gas-to-jet platforms can also be used to create FT-SPK/A
(Fischer-Tropsch synthetic paraffinic kerosene with aromatics) with the incorpora-
tion of alkylated and bio-derived aromatics (de Medeiros et al. 2022). In the alcohol-
to-jet (ATJ) synthesis path, biomass is disintegrated to acquire soluble sugars; sugar
fermentation for the production of iso-butanol and ethanol; and subsequent
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Table 10.1 An overview of production pathways of SPK (Yang et al. 2019; Wang and Tao 2016)

Production
pathway SPK Outline of the method Airline companies
Oil-to-jet | HEFA- Deoxygenation of fats and oils | Virgin Blue, Lufthansa, GE
SPK with subsequent Aviation, Boeing, Virgin Atlantic,
hydroprocessing Rolls-Royce, Romanian Air, Alaska
Airlines, Interjet, Air New Zealand,
Continental, JAL, CFM, Pratt &
Whitney, Air France, Thomson
Airways, Air China, Porter Airlines
Gas-to-jet | FT-SPK Gasification of biomass to United Airlines, British Airways,
produce syngas (CO + H,); FT | Airbus, Qatar Airways
to synthesize paraffins and
olefins, with subsequent
hydroprocessing
Gas-to-jet | FT-SPK/A | Besides FT-SPK, the aromatic | N/A
concentration is purposely
improved by addition of
alkylated & bio-based
aromatics
Alcohol-to- | ATJ-SPK | Breakdown of biomass to Virgin Atlantic, United Airlines,
jet produce simple sugars; sugar Boeing, Continental Airlines
fermentation for production of
iso-butanol and ethanol, with
subsequent dehydration,
oligomerization,
hydrogenation, and
fractionation
Sugar-to-jet | SIP-SPK | Breakdown of biomass to GE, Boeing, Azul Airlines, Trip
produce simple sugars; sugar Airlines, Embraer
fermentation to obtain
farnesene, with subsequent
hydroprocessing and
fractionation

dehydration, oligomerization, hydrogenation, and fractionation to obtain ATJ-SPK
(Ng et al. 2021). The sugar-to-jet (SIP) or direct sugar-to-hydrocarbon (DSHC)
aviation fuel production comprises the breakdown of biomass to obtain simple sug-
ars and farnesene production from sugar fermentation, followed by hydroprocessing
and fractionation to obtain DSHC-SP (Doliente et al. 2020). Other SIP platforms
include direct sugar to HCs and catalytic transformation of sugar or sugar interme-
diary products through biochemical or chemical methods, with subsequent progres-
sion to aviation fuel by aqueous phase reforming (Wang and Tao 2016).

Figure 10.1 summarizes the benefits and drawbacks of BJF; however, in order for
it to be a really sustainable substitute, emissions reductions are needed during all
manufacturing steps, including extraction, refining, and shipping. Additional poten-
tial benefits include a rise in employment, energy security, and cost stability. The
use of BJF increases the potential development of rural areas in the form of increased
employment in crop cultivation and harvesting and enhanced yields from marginal
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Fig. 10.1 Biojet fuels—advantages and disadvantages (Doliente et al. 2020)

non-agricultural land. Regardless of its financial advantages, BJF implementation
has not received enough funding (Gegg et al. 2014). For the production pathways to
be economically competitive with crude refinery production, funds in the form of
incentives and governmental assistance are required (Hendricks et al. 2011).

BJF faces issues comparable to those faced by clean energy fuels overall, with
the primary issue being how to guarantee that the raw materials, derived from
organic debris or other renewable sources, are safe, eco-friendly, commercially via-
ble, and sufficiently accessible to meet spatiotemporal needs (Su et al. 2015;
Hendricks et al. 2011). As the airline sector, as well as the heating, chemicals, trans-
portation, and electrical industries, work to transition from reliance on non-
renewable fuels to bioenergy, their needs for similar raw materials lead to a fresh
inventory competitiveness (de Jong et al. 2017).

10.3 Raw Materials for SPK Derived from Biomass

Raw materials required for BJF production can be grouped into following catego-
ries: 1st generation (1G), 2nd generation (2G), 3rd generation (3G), and 4th genera-
tion (4G) as shown in Table 10.2. A crucial parameter in selection of a raw material
is its accessibility. In case of agricultural raw materials, their obtainability and
potential yield are interconnected.
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Table 10.2 Raw materials for biojet fuel production (Alalwan et al. 2019; Staples et al. 2018; Hari
et al. 2015)

Categories Feedstocks

Ist generation Starch and sugar crops: Potato, sweet sorghum, wheat, corn
(1G) Oil seed crops: Rapeseed, soybean, sunflower, camelina, oil palm

2nd generation | Wood energy crops: Poplar, eucalyptus, willow

2G) Oil-seed energy crops: Castor beans, jatropha

Grass energy crops: Miscanthus, Napier grass, switch grass

Food and municipal waste: Biogenic fraction of municipal solid waste, used
cooking oil, animal fats

Agricultural and forestry residues: Sorghum straw, wheat straw, corn stover,
wood harvesting/processing remains

3rd generation | Algae: Microalgae

(3G)
4th generation | Genetically modified organisms
4G) Non-biological raw materials: Renewable electricity, water, CO,

10.3.1 1Ist Generation (1G) Raw Materials

The 1G group includes consumable agricultural crops like sugarcane, corn, sugar
beets, wheat, and oil palm (Lee and Lavoie 2013). These crops are harvested for
their fat/oil content, sugar, and starch. The well-known HEFA technique may
quickly transform these fats or oils into aviation fuel. The newly developed DSCH
technology can be used for the processing of starch or sugar. The USA is highly
interested in ATJ, another new technology, because they have an abundant supply of
1G ethanol made from corn (Radich 2015). Although corn utilizes water effectively,
the total amount that needs to be grown will lead to a high water demand and more
fertilizer consumption.

Growing agriculture can put a burden on a nation’s water supply and can lead to
eutrophication and other water-related problems like scarcity. These are the major
disadvantages of using 1G raw materials because the majority of agricultural crops
have higher nutrient and water requirements. Conflict for water, space, and energy
sources with food production is another major obstacle to the production of 1G raw
materials (Moioli et al. 2018). The practical solution to the shortage of land resources
has been to expand into forestland, but this has resulted in deforestation and the loss
of biodiversity (Paschalidou et al. 2016). The cultivation of oil palm, a dependable
agricultural crop and potential BJF raw material, has also remained connected to
these negative effects (Ayompe et al. 2021; Meijaard et al. 2020; Vijay et al. 2016).

10.3.2 2nd Generation (2G) Raw Materials

The nourishment versus energy source conundrum of 1G raw materials can be over-
come by non-edible 2G biomass resources (Liu et al. 2021). They are categorized
into two primary categories: waste biomass and biofuel crops. Further, waste
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feedstock is divided into food and municipal wastes as well as agricultural and for-
estry residues. Despite the categorization, 2G raw materials are either sugar- or
oil-rich in nature. However, the sugars of 2G feedstocks, in contrast to 1G crops, are
encased in the hard and resistant lignocellulosic network of cell walls of plants,
necessitating pretreatment with thermochemical transformations, enzymes, and
microorganisms for biofuel production (Cavelius et al. 2023; Yu et al. 2022).

The primary problems with the use of 2G feedstocks are the practical obstacles
and excessive prices of these conversion processes (Alalwan et al. 2019).
Nevertheless, lignocellulosic 2G feedstocks are a possible substitute for 1G crops
due to their relative availability and low use competition (Nazari et al. 2021).
Utilizing residual biomass also provides even better advantages, including the
development of sustainable development, the elimination of waste, and conserva-
tion of the environment (Okolie et al. 2021; Richter et al. 2018). Up until this point,
the generation of biofuels for land transportation from 2G raw materials still falls
behind 1G raw materials (Doliente et al. 2020). Millinger et al. (2017) estimated
that for land transportation in the long-term, liquid biofuels from 1G raw materials
will be more economical compared to those from 2G raw materials, whereas gas-
eous biofuels produced from 2G raw materials for gas-operating transports are
expected to be the more resource- and cost-competitive choice in the near future.
However, as gaseous fuels are impractical for the aviation industry, liquid biofuels
from 2G feedstocks may develop to be more significant (Millinger et al. 2017).
However, it must be established that there is a sufficient, reliable, and cost-effective
supply of 2G feedstocks.

Various wood energy crops and grass have been suggested as 2G raw materials
for BJF production by biochemical and thermochemical methods (Wang et al.
2019). Grass energy crops are desirable for biofuel production because of their sig-
nificant lignocellulosic percent and widely accessible harvesting technologies (Herr
et al. 2016; Schorling et al. 2015). Wood may be a better feedstock source than
grasses because of their higher biomass accessibility per area and cheaper transport
expenses (Lu and El Hanandeh 2017; Murphy et al. 2015). Typically, short-rotation
coppices are employed for the farming of woody energy crops for the production of
biofuel. These trees grow quickly and are harvested after a cycle or rotation of about
10 years. Additionally, in times of drought, short-rotation coppices can replenish the
limited availability of grass energy crops (Doliente et al. 2020).

Residual biomass may be a better alternative to energy crops as it requires fewer
space (as they are generated from domestic, industrial, agro-forestry, and commer-
cial sectors), very little economic significance, and less water footprints than culti-
vated plants (Rao and Rathod 2019; Mathioudakis et al. 2017; Caicedo et al. 2016).
The primary category of waste feedstock includes a variety of agrarian and forest
leftovers. Usually, these are lignocellulose-containing waste materials from agricul-
ture, reaping, woodcutting, and postharvest processes like grinding, breaking, and
processing wood (Doliente et al. 2020; Ali et al. 2019). There are existing practices
accessible to turn this waste biomass into aviation fuels, for instance, butanol, pyrol-
ysis oil, ethanol, and syngas (Devi et al. 2022; Ren et al. 2022; Karthick and
Nanthagopal 2021; Pandiyan et al. 2019; de Corato et al. 2018). Initiatives to
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produce BJF from agro-forestry waste using direct sugar-to-farsenene and
isobutanol-to-jet processes have been described (AviationPros 2015). The only
waste stream with a viable purpose in the aviation sector at the moment is low-cost
UCO (used cooking oil) (Roth et al. 2018). Jet fuel that is generated from or com-
bined with UCO has been employed in a lot of experimental and passenger flights
(Yang et al. 2019). Recently, Boeing flights in China have used jet fuel blends that
contain UCO from homes and eateries that end up in the drains (Karmee 2017).

10.3.3 3rd Generation (3G) Raw Materials

Microalgae as a source of energy promises great output and the accessibility of fatty
acids easily changeable to BJF through HEFA (Elkelawy et al. 2022; Martinez-
Villarreal et al. 2022). Additionally, there is an increase in the development of ther-
mochemical approaches using pyrolysis and hydrothermal liquefaction processes to
streamline as well as expand the manufacturing routes (Agbulut et al. 2023). Thus,
microalgae are widely acknowledged for producing bioenergy on a huge scale.
Despite substantial investment in algae biofuels, there are still many practical and
technical problems (Martinez- Villarreal et al. 2022; Warshay et al. 2011).

Challenges faced in the production, processing, and extraction of oil processes
that are currently ineffective and costly in terms of capital and resources, as well as
suppressive environmental effects, hinder industrialization (Sudhakar et al. 2019;
Muhammad et al. 2021; Goh et al. 2019). There have been several test and pilot
microalgae production facilities, as well as demonstration flights that used jet fuel
derived from algae, but as of now, no such production is still economically viable
(Lim et al. 2021; Bwapwa et al. 2018; Martinez-Villarreal et al. 2022).

10.3.4 4th Generation (4G) Raw Materials

Cyanobacteria, microalgae, yeast, and fungi are a few examples of genetically mod-
ified organisms that have exaggeratedly increased oil and sugar yields and negative
carbon capabilities that are still in the early phases of study (Mat Aron et al. 2020).
Despite the fact that they have a promising future as biofuels, more research is
required on the wellness and ecological concerns that these microbes can represent,
as well as their control and reduction measures when they are introduced into global
supply networks (Shokravi et al. 2021).

Non-living raw materials, such as renewable electricity, CO,, sunlight, and water,
may be a more eco-friendly choice, particularly when exhaust gases from power
plants are used (ATAG 2017). One method is power-to-liquid (PtL), which includes
breaking water into hydrogen and oxygen using an electrolyzer powered by renew-
able energy and then combining the hydrogen with CO,/CO to make BJF. According
to environmental and techno-economic assessments, in the near future, PtL fuels
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(influenced by the cost of green energy) will be costlier than CJF. Though, in the
long-term, ecological profits of PtL fuels such as zero carbon and a lower require-
ment of space and water, as well as enhancements in financial profits, can possibly
compete with the monetary profits of CJF (Dieterich et al. 2020).

Another method is to split water and CO, using concentrated solar energy to cre-
ate syngas, which is a precursor to the production of BJF (Richter et al. 2018).
Considering the case that both pathways are still in the initial stages of study, Richter
et al. (2018) found two European programs, SOLAR-JET and Sunfire, that proved
the generation of aviation fuel with solar energy, water, and CO,. Even though
research on supply networks of 4G raw materials has been restricted thus far,
Mesfun et al. (2017) used a spatiotemporal MILP model for the combination of PtL
and power-to-gas (PtG) processes in an Alpine energy supply. Relying on the cost
of carbon and non-renewable fuels, the research established that green energy
sources are more adaptable when combined with PtL and PtG processes, as they
transform the additional erratic renewable energy into fuels as well as allow the
usage of substantial quantities of captured CO, (0.20-15 million metric tonnes
annually) via fuel generation. The commercial maturity of these technologies
ensures that BJF from 4G feedstocks becomes the most eco-friendly technology
with the possibility of zero GHG emissions and connecting the heating, power, and
airline industries (Mesfun et al. 2017).

10.4 Production Pathways for SPK

There have been significant advancements in the study of BJF production pathways,
and a few have been given approval for commercial employment. In the sections
that follow, HEFA, FT, ATJ, and hydroprocessing of fermented sugars (HFS) are
discussed and contrasted.

Life-cycle analysis (LCA) is a procedure that enables the evaluation of the eco-
logical effects instigated both on the environmental and human wellness of an orga-
nization (Wangetal. 2019). The LCA system boundary determines the manufacturing
procedures that are involved, and all feed-in and results from every method or stage
are comprised (Pan et al. 2018). The fundamental processes covered by the LCA are
demonstrated in Fig. 10.2.

10.4.1 HEFA

In order to produce aviation fuel, the HEFA method involves the use of pyrolysis
oil, animal fats, waste cooking oil, algal oil, and vegetable oils in hydroprocessing.
In the HEFA process, the fats and waste oils used are derived from sustainable
sources. It is also possible to identify appropriate and sustainable feedstocks for
specific nations based on their geographic and commercial characteristics.
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Fig. 10.2 Life-cycle steps (ICAO 2019)

The initial steps in the process involve oil extraction from oil-rich biomass.
Unsaturated fatty acids and glycerides in the extracted oil must be converted to satu-
rated triglycerides using a catalytic hydrogenation procedure in order to eliminate
the double bond. The pressure of 0.7-4 bar in the presence of nickel as a catalytic
agent at 150-220 °C is required for the hydrogenation process, whereas in the pres-
ence of palladium and platinum as catalysts, a low temperature of 80-120 °C can
also be used. Triglyceride can be thermally hydrolyzed into 1 molecule of glycerol
and 3 molecules of free fatty acids (FFA), and glycerol can then be further trans-
formed into propane by adding hydrogen (Alenezi et al. 2010). The FFA undergoes
either a hydrodeoxygenation (HDO) or a decarboxylation (DCO) process to remove
the oxygen, resulting in the production of octadecane (C,sHss) and heptadecane
(Ci7H3¢), respectively. The key distinction among both processes is that the prior
one needs 9 mol of hydrogen and produces water as a byproduct, whereas the other
produces CO,. The HDO process requires a substantial hydrogen expenditure rate at
high pressure. A heterogeneous catalytic agent, for instance, sulfided NiMo and
CoMo maintained on alumina, is commonly used in this process, which is normally
conducted at temperatures between 300 °C and 600 °C (Seo et al. 2022; Huber
et al. 2006).

An alternative treatment for eliminating the oxygen concentration in FFA is
DCO, which rejects CO, rather than H,O as in HDO. The benefit of DCO is that it
performs effectively at low pressure, resulting in lesser hydrogen expenditure
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(Rahmawati et al. 2023). Although straight-chain paraffins (C,sH;s from HDO or
C,7H;¢ from DCO) are formed, the end outcomes fail to match the requirements for
aviation fuel implementation regarding flash point, cloud point, and freeze point
(Tao et al. 2017; Wang 2016). Thus, straight-chain paraffins undergo additional pro-
cessing in a hydroisomerization process to produce branched-chain paraffins with
the goal of reducing the freeze point to comply with the aviation fuel criteria (Wang
2016). SPK, which has a carbon chain length reaching from C, to C;s, is created by
the hydrocracking reaction, which can happen either sequentially or simultaneously
with hydroisomerization (Wang 2016). The corporations producing HEFA fuel
include Dynamic Fuels, Neste Oil, UOP, and AltAir.

104.1.1 LCA

Numerous research teams have established an LCA for GHG emissions (Bailis and
Baka 2010). The soybean yield, liming emissions, N,O emissions from fertilizer,
and H, supplies in the hydrotreating method all contribute to the soybean oil’s GHG
emissions, which range from 40% to 80% of those of traditional aviation fuel (89
2C0O,e/MI for Jet A fuel) (Hileman et al. 2009). On account of land use change,
there is a rise in GHG emissions. According to one study, 800% more emissions
were obtained from low soybean yields in tropical rainforests compared to tradi-
tional aviation fuel. In comparison to traditional aviation fuel production methods,
the pollutants of the palm oil to aviation fuel method are around 30-40%, as a result
of the methane releases from palm oil-mill sewage management, H, necessities in
the hydrotreating procedure, palm fresh-fruit-bunch yield per acre, hydroprocessing
fuel yield, and farming energy. Upon consideration of land use change, emissions of
GHGQG rise to the range of 40-800% for CJF (Stratton et al. 2010).

The pollutants from rapeseed oil are around 45-87% of those from CJF and rise
to 87-147% when taking land use change into account. The pollutants from jatro-
pha oil are around 36-52% of those from CJF, and N,O emissions signify total
emissions by more than 20%. The supposition that peripheral land will be exploited
results in zero pollutants from land use change. The emissions for algae oil fall
between 16% and 220% of those for CJF. In comparison to using conventional
fuels, GHG emissions are cut by 45% when H, is produced from fossil gas and
biochar is utilized to sustain the process energy. The GHG pollutants are decreased
by 103% compared to CJF when H, is made from improved pyrolysis oil and bio-
char is used as fertilizer (Elgowainy et al. 2012).

104.2 FT

FT can be used in combination with a number of biomass conversion techniques,
including pyrolysis, gasification, and liquefaction, to generate synthetic fuel. This
chapter will emphasize the gasification-FT pathway, as it is the approved and
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marketable pathway for the production of aviation fuel. Gasification is the process
of turning carbonaceous resources, like biomass, into syngas at a high temperature,
usually exceeding 1000 °C. The main components of syngas are carbon monoxide
and hydrogen, which are necessary for producing FT liquid (Gogulancea et al.
2023). FT synthesis creates a variety of HCs with diverse carbon chain lengths, for
instance light HCs (C,—C,), which are light gases and can be employed straightly in
gas turbines to produce heat and power or refined into LPG; naphtha (Cs—C,,) and
kerosene (C;,—C;s), which can be mixed into petrol and aviation gas; distillate (C;,—
Cy), which can be processed into diesel fuel; and waxes (C,y*), which can be hydro-
cracked to form diesel (Kargbo et al. 2022).

The major key benefit of FT liquid is that it is entirely devoid of sulfur and com-
prises fewer aromatics than petrol and diesel, which leads to lower environmental
contamination (Martinelli et al. 2020). This parameter, as well as the necessity to
prevent catalyst poisoning, infers that the demand for the feedstock for FT synthesis
is stricter. Thus, the syngas should be treated to eliminate any particles, tars, sulfur-
and nitrogen-comprising complexes, and additional contaminants to prevent equip-
ment fouling (Alcazar-Ruiz et al. 2022). Syngas cleanup continues to be a key
challenge for the unified system of biomass gasification with FT synthesis, and
further study is required to guarantee that the FT feed is cleaned to an acceptable
quality while achieving significant cost reduction (dos Santos and Alencar 2020).

FT synthesis has been used for commercial purposes primarily by Shell, which
uses syngas derived from natural gas, and Sasol, which uses syngas derived from
coal (Ail and Dasappa 2016). The majority of biomass gasification-FT techniques
remained at the experimental stage, for instance, the Syndi’ese-BtS project by CEA/
Air Liquide and the Total in France and Velocys/Red Rock Biofuels projects in
Austria and U.S. (Ng et al. 2021).

104.2.1 LCA

The following GHG emissions are taken into account in the syngas and fuel produc-
tion methods (Marano and Ciferno 2001): (a) emissions of CO, from gasification,
FT synthesis, traditional fuel burning, and emitting from fossil gas manufacture; (b)
emissions of methane from fleeting plant and pipeline discharges, partial burning,
and coal bed methane discharges; and (c) emissions of N,O from fuel burning and
biomass cultivation. The FT coal-to-liquid (CTL) and FT biomass-to-liquid (BTL)
have substantial life-cycle GHG emissions (Xie et al. 2011). In comparison to tradi-
tional jet fuel with carbon capture, the FT CTL process emits GHGs at a rate that is
10% higher with carbon sequestration and 120% higher without carbon sequestration.

Due to the very low contribution of the raw materials for FT BTL, either wood-
derived biomass or forest remains, emissions of GHG from the FT BTL procedure
are between 92% and 95% lower than those of traditional jet fuel. This is also true
because the biomass itself provides 48% of the energy needed for the transforma-
tion procedures, such as gasification or FT synthesis. The life-cycle GHG emissions
from the usage of switchgrass, corn stover, and forestry remains are 2.0, 9.0, and
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12.2 gCO,e/M1J, respectively (with a soil carbon-change credit, the CO, capture
resulting from land use change leads the emissions of GHG), which are around 2%,
10%, and 14% of those of CJF, respectively (Stratton et al. 2010).

Additionally, it is proposed that finding techniques and developments, for
instance, carbon capture, joint power and fuel production, joint coal and biomass
processing, and enhanced vehicle technique, will aid in lowering GHG and other
pollutants from the FT method (Taylor et al. 2011). In comparison to FT BTL,
hydroprocessed renewable jet fuel has about 62-92% higher GHG emissions
because of the higher use of chemicals and fertilizer (Agusdinata et al. 2011).
Studies have been done on the impact of carbon sequestration and storage on the
environment, which is calculated based on the radiative forcing of the production of
FT fuel and use chains based on GHG emissions (Holmgren and Hagberg 2009). It
is determined that the climate effects of FT gas from peat are 30-40% less than from
CJF without carbon sequestration and storage. The environmental effects of peat-
based FT gases are 50-84% less than those of CJF with carbon capture and storage.

10.4.3 ATJ

In the ATJ process, shorter chain alcohols (like ethanol, butanol, and methanol) are
converted into longer chain HCs (Cs—C4 alkane). There are two main methods for
turning alcohol into aviation fuel: (1) methanol to olefins (MTO), and then Mobil’s
olefin to gasoline/distillate (MOGD); (2) processing butanol, ethanol, isobutanol,
and other alcohols through dehydration, oligomerization, and hydrogenation.
Biochemical processes like fermentation (Martinez Hernandez and Ng 2018) as
well as thermochemical methods like gasification and pyrolysis (Ng and Sadhukhan
2011) can be used for the production of alcohol from biomass. A growing trend in
emerging technology is the production of alcohol using microbial synthesis
(Soleimani et al. 2017; Lan and Liao 2013).

Methanol can be transformed into aviation fuel through MTO and, subsequently,
MOGD, technologies developed by ExxonMobil. Methane (1.4 wt%), C,—C, paraf-
fins (6.5 wt%), C,—C, olefins (56.4 wt%), and Cs—C;; petrol (35.7 wt%) are pro-
duced from methanol when it is fed to the MTO fluidized bed reactor, which
functions at 482 °C and 1 bar with ZSM-5 as a catalyst (Baliban et al. 2013). The
olefin fractionation unit fractionates this produced slate from the MTO unit to pro-
duce light gases, petrol, and olefins. The product yield is enhanced by recycling
light gases into the MTO unit. In the fractionation column, gasoline is separated as
the only product. Olefins are further processed in the MOGD unit, a fixed-bed reac-
tor running at 400 °C and 1 bar in the presence of a ZSM-5 catalyst (Baliban et al.
2013). Distillate (82 wt%), gasoline (15 wt%), and light gases (3 wt%) are the prod-
ucts from the MOGD unit. As a result of the integration of MTO and MOGD, the
MOGD fractionation unit produces portions of light gases (C,—C,), petrol (Cs—Cy;),
aviation fuel (C;,—C,3), and diesel (C,*).



220 N. Bhati and A. K. Sharma

The production of jet fuels from alcohol can be accomplished through dehydra-
tion, oligomerization, and hydrogenation. Firstly, the alcohol is dehydrated to form
alkenes at a temperature of 288-343 °C and a pressure of <14 bar (Ashok et al.
2019). The dehydration process can be aided by the use of acidic catalysts, for
instance, y-type zeolites, alumina-based catalysts, amberlyst acidic resins, and
ZSM-5 zeolites (Geleynse et al. 2018). The next step is the oligomerization proce-
dure, which combines alkene molecules to create longer-chain HCs like dimers,
trimers, and tetramers at a temperature of 100 °C with the aid of a Nafion or
Amberlyst-35 catalyst (Harvey and Quintana 2010). Mostly, dimers are recycled to
produce trimers and tetramers with better yields, which provide C,,—C ¢ olefins for
aviation fuel. In the final phase, hydrogenation, olefins are saturated to form paraf-
finic kerosene using an external hydrogen supply and a PtO, catalyst (Harvey and
Quintana 2010).

The businesses that manufacture the ATJ gas are Gevo, UOP, Coskata, Cobalt/
Navy, LanzaTech, and BRI. Lufthansa signed a pact with Gevo in 2014 to analyze
and assess their ATJ gas for use in commercial flights. This demonstrates the
expanding attention of ATJ to the aviation fuel sector.

104.3.1 LCA

LCA studies for the ATJ method include a strong emphasis on ethanol (Pereira et al.
2019), n-butanol (Li et al. 2016), and iso-butanol (Tao et al. 2014) production. The
LCA can be classified into four groups for alcohol fuel production: (a) raw materials
(land-use-change), (b) on-site enzyme production, (c) biorefinery process, and (d)
biorefinery co-product credits. When alternate routes are taken into account, the
performance of the thermochemical process and the biochemical process differ
marginally in terms of fossil fuel usage, GHG emissions, and water use (Mu et al.
2010). Studies on the conversion of n-butanol and iso-butanol have concentrated on
fossil fuel consumption, consumptive water usage, emissions, and potential global
warming. In comparison to the iso-butanol production method, the n-butanol manu-
facturing procedure emits more direct emissions, including sulfur dioxide, carbon
dioxide, and NO, (Tao et al. 2014).

Cellulase/enzyme production and cellulase seed fermentation both result in CO,
production; however, the main source is combustion. Diatomic nitrogen in the com-
bustion air undergoes a high-temperature oxidation reaction to produce nitrogen
dioxide. The quantity of sulfuric acid utilized through the pretreatment procedure
has an important influence on sulfur dioxide emissions. But n-butanol biorefining
requires more water consumption than iso-butanol refining. Biomass feedstocks are
accountable for the majority of the possibilities for global climate change and fossil
fuel usage (Tao et al. 2014). In comparison to n-butanol conversion, iso-butanol
conversion uses 5.15 MJ/GGE more natural gas. Future research should pay greater
attention to the LCA of the ATJ fuel progression methods, as it is still unidentified.
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10.4.4 HFS

The procedure comprises (a) a pretreatment stage for the separation of sugars from
lignin; (b) sugars are converted into farnesene (C;sH,;) via enzymatic hydrolysis
and fermentation; (c) recovery of farnesene from solid-liquid separation; and (d)
hydroprocessing to farnesene (C;sHs,), the BJF. This method, marketed by Amyris
and Total, employs a S. cerevisiae strain (PE-2) in the fermentation procedure to
produce farnesene through the mevalonate pathway (Ng et al. 2021; Jiménez-Diaz
et al. 2017). Farnesene can be produced with a yield of around 16.8% and a produc-
tivity of 16.9 gL.=!'d~", with a 95% recovery rate post-separation. This HC fuel was
approved by ASTM in 2014 and can be blended up to 10% with CJF. As part of the
MegaBio project 2014, Amyris is now working on an integrated DSHC with the
goal of obtaining 2$L.~! of farnesene (Ng et al. 2021).

1044.1 LCA

A study was performed by the Institute for International Trade Negotiations on the
life-cycle GHG emissions of BJF synthesized from sugarcane sugars on the basis of
Amyris procedure features (Nassar et al. 2012). According to the findings, life-cycle
emissions of GHG are approximately 82% lower when compared to standard Jet
A/A-1 fuels at 15 gCO,e/MJ (Nassar et al. 2012). Though the previous study did not
take into account that sugarcane could lead to land use change. According to the
investigation, the emissions of GHG related to sugarcane synthesis and transporta-
tion are mainly driven by agricultural inputs and N,O pollutants from the soil, which
generate 32 gCO,e/MJ and 45 gCO,e/MJ, respectively (Total 2012). This study
advances our understanding of the environmental impact of a sugarcane-based sus-
tainable jet fuel.

10.5 International Initiatives and Policies

Pertinent shareholders in the airline industry have made significant efforts to address
climate change-related issues. Air Transport Action Group (ATAG) has established
a set of objectives involving 1.5% fuel effectiveness enhancement annually from
2009 to 2020 (this has been exceeded with an average of 2.1% attained) and main-
taining emissions of CO, via zero carbon growth from 2020 to 50% mitigation in
emissions of CO, by 2050 on the basis of the 2005 level. By reducing and offsetting
pollutants from the airline industry, the Carbon Offsetting and Reduction Scheme
(CORSIA) would enable the global airline sector to attain carbon neutrality by the
year 2020, as mandated by the International Civil Aviation Organization (ICAO).
Over 87.7% of global airline activities are dedicated to attaining considerable reduc-
tions in emissions, as shown by the fact that 70 nations intend to actively engage in
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the international market-based measure (MBM) plan put in place in May 2017
(ICAO 2016).

Airlines are required by the ICAO to purchase emission credits (such as renew-
able energy) that are qualified for offset requirements from the carbon markets. The
initial voluntary shift will occur between 2021 and 2027; however, it will turn out to
be official in 2027. This opens up yet another possibility for BJF to develop into an
advantageous fuel substitute for commercial aircraft, assisting them in meeting the
annual emission allowance. For nations that adopted the Kyoto Protocol, this regu-
lation has binding legal effect. CORSIA is adopting a route-oriented method where
all operators on a similar path will have similar compliance compulsions. Although
ICAO continues to work on the execution of the proposal for assessing and balanc-
ing restrictions, CORSIA has established a timeframe for the implementation of the
latest proposal for the mitigation of carbon emissions. The proposed timeframe has
three parts, with the voluntary participation phases being phase I in 2021-2023 and
phase II in 2024-2027. Between 2028 and 2035, the aviation sector will be man-
dated to adhere to the carbon offset criteria, and this will be implemented by man-
dating compensation for any additional carbon emissions produced throughout
overseas flights that exceed 2020 levels.

The Paris Agreement unifies countries working to address climatic changes
inside the United Nations Framework Convention on Climate Change (UNFCCC),
which was prepared in December 2015, approved by 195 countries globally in 2016,
and went into force in 2016. Emissions Trading Schemes (ETSs) for emissions of
GHG are implemented in a number of nations and areas (Talberg and Swoboda
2013). The European Union Emissions Trading Scheme (EU ETS) is now a widely
used procedure. EU ETS launched Phase I (2005-2007) in January 2005 and
became one of many choices that enabled the assessment and encouraged the
decrease of GHG pollutants. Additionally, the Environmental Protection Agency
(EPA) has decided that emissions from jets are associated with climatic changes,
and it is anticipated that they will eventually move through with limits that are at
least as strict as the ICAO’s norms (US Environmental Protection Agency 2016).

10.6 Sustainability of BJF

The economic analysis will be crucial for determining the process and incentive as
well as for comprehending the implications of using BJF. Alternatively, subsidies
are types of economic sustenance provided by the government for activities that are
thought to be eco-friendly. A subsidy encourages a polluter to reduce emissions
rather than penalizing them (Noh et al. 2016). Although familiarity with BJF is seen
as necessary for making wise decisions in the airline sector, the aviation industry
and authorities need to refocus their efforts in order to advance this new alternative
energy and foster eco-friendly development. The value necessary to progressively
connect with different airline divisions, the organizational strategy, structure, and
systems, as well as the outcomes and feedback (including any increase or decrease
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in cost). It is significant to be aware of the positive influences that using bioenergy
has on engine operation and procedures in order to support the global aviation
industry. In fact, it is acknowledged that a successful application of BJF around the
world requires the assistance of the policy and regulatory environment. Future stud-
ies should examine the how, when, and by whom of initiatives to increase the sig-
nificance of BJF for the sustainability of the aviation sector.

10.7 Conclusion

The development of BJF needs to be accelerated urgently to achieve the carbon-
neutral emission goal in the airline industry. Airline fuel made from bio-resources
has the ability to replace traditional fossil-based aviation fuel, meeting the needs of
the rapidly expanding aviation market while lowering GHG emissions. This chapter
discusses several facets of BJF development, involving the inspiration of substitut-
ing fossil-to-biomass-derived aviation fuel, possible bio-renewable raw materials,
an outline of approved pathways in BJF production and their life-cycle assessment,
international policies, and worldwide initiatives. The choice of raw materials and
techniques for BJF synthesis must be rationalized on the basis of cost of production
and impact on the environment, whereas avoiding competition with the present mar-
ketplace for road transportation of biofuels. To increase the cost-effectiveness of
BJF production, additional study and improvement must concentrate on optimizing,
incorporating, and increasing BJF technology. To accelerate the adoption of BJF,
multistakeholder cooperation must be encouraged alongside government action
through policy assistance.
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Chapter 11
Current Technological Status and Future
Prospect of Biojet Fuel Production

Preeti Yadav, Yatika Dixit, and Arun Kumar Sharma

Abstract The aviation industry has garnered significant global attention due to its
unsustainable development caused by excessive greenhouse gas emissions and reli-
ance on traditional petroleum jet fuel. One of the most viable approaches is the
exploration and implementation of initiatives aimed at the development and indus-
trialization of alternative aviation fuels derived from renewable resources, such as
biomass. The utilization of renewable biojet fuel has promise in mitigating CO,
emissions throughout its life cycle, rendering biojet fuels a compelling alternative to
conventional aviation fuels. This chapter presents a comprehensive review of feed-
stock selection, advancements in feedstock cultivation, conversion technologies,
refining and upgrading processes, and considerations of sustainability and environ-
mental impacts. The utilization of biomass-derived jet fuel, commonly referred to as
biojet fuel, has emerged as a crucial component in the aviation sector’s approach to
mitigating both financial expenses and ecological consequences. A collaborative
effort is underway among researchers from many sectors, including the aviation
industry, government agencies, biofuel companies, agricultural organizations, and
academia to advance the development of a commercially feasible and environmen-
tally friendly method for producing durable renewable jet fuel. This approach aims
to achieve both cost-effectiveness in production and minimal greenhouse gas emis-
sions. This chapter reviews the challenges and potential associated with the produc-
tion of biojet fuel, as well as highlighting interesting areas of study in this field. The
utilization of jet fuel obtained from biomass holds promise in substituting a substan-
tial proportion of conventional jet fuel needed to fulfil commercial aviation require-
ments. The potential for substantial production of biojet fuels and reduction of CO,
emissions can be realized through the widespread implementation of biojet fuels,
considering the availability of biomass feedstock in the future.
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11.1 Introduction

In recent decades, the aviation industry has experienced exponential growth, becom-
ing a vital component of the global transportation system (Wang et al. 2019b).
However, this expansion has also brought to the forefront the industry’s significant
environmental impact, particularly with regard to greenhouse gas emissions (O’Shea
et al. 2020). As air travel demand continues to surge, the need to find sustainable and
environmentally friendly alternatives to conventional jet fuels has become increas-
ingly urgent (Said et al. 2022). In response to these challenges, biojet fuels have
emerged as a promising solution with the potential to revolutionize the avia-
tion sector.

Biojet fuels, also known as sustainable aviation fuels (SAFs), are derived from
renewable biomass sources, such as agricultural residues, non-food crops, algae,
and waste materials (Dyk and Saddler 2021). By utilizing these renewable resources,
biojet fuels offer a sustainable option for powering aircraft. Through this alternative,
they significantly reduce the aviation industry’s carbon footprint and help mitigate
its contribution to climate change (Terrenoire et al. 2019).

One critical aspect of biojet fuel production lies in feedstock selection and its
potential impact on food security and land-use change (Pulighe and Pirelli 2023).
Addressing these concerns is essential, as the indiscriminate use of agricultural
crops for fuel production can create competition with food production, leading to
potential food shortages and land-use conflicts. To address these concerns, research-
ers and stakeholders focus on utilizing non-food feedstocks and adopting sustain-
able agricultural practices that do not compete with food production. By doing so,
biojet fuel production can be made more sustainable and avoid exacerbating exist-
ing food security challenges (Stavi et al. 2021).

The development of advanced feedstocks, such as algae and lignocellulosic bio-
mass, further enhances the sustainability of biojet fuel production (Why et al. 2019).
Algae, for example, can be cultivated on non-arable land, minimizing the use of
valuable resources like water and fertilizers (Khan et al. 2023). Lignocellulosic bio-
mass, derived from agricultural and forestry residues, offers an abundant and renew-
able source of feedstock without competing with food production (Nahak et al.
2022). By utilizing marginal lands and waste resources, biojet fuels can be produced
without impacting ecosystems or food supplies.

Beyond the environmental benefits, the adoption of biojet fuels also boons eco-
nomic opportunities for airlines and fuel producers. Governments and consumers
increasingly prioritize sustainability, driving the demand for environmentally
friendly products, including bio-based aviation fuels. By adopting biojet fuels, air-
lines can demonstrate their commitment to corporate social responsibility and gain
a competitive edge in a market where environmental consciousness plays an increas-
ingly significant role in consumer decisions (Amicarelli et al. 2021). Moreover,
public perception plays a crucial role in driving the adoption of biojet fuels.
Engaging with the public through awareness campaigns and educational initiatives
can accelerate the transition to sustainable aviation, fostering a positive perception
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and acceptance of biojet fuels as a viable and responsible alternative. The produc-
tion of biojet fuels involves several technological processes that contribute to their
viability as sustainable aviation fuel. These processes include feedstock selection
and optimization, conversion technologies, refining and upgrading processes, and
sustainability assessments (Tan et al. 2022). The selection of appropriate feedstocks
is crucial to ensuring the overall sustainability and viability of biojet fuel production.

The conversion technologies used to convert biomass into biojet fuels can vary,
encompassing biochemical and thermochemical processes (Jayakumar et al. 2023).
Biochemical processes involve the use of enzymes or microorganisms to break
down the biomass into biofuels, while thermochemical processes use heat and pres-
sure to convert the biomass into fuels. Each method has its strengths and challenges,
and ongoing research seeks to optimize these technologies for commercial-scale
production (Gnanasekaran et al. 2023). Following the conversion stage, refining and
upgrading processes are essential to meet stringent aviation fuel standards. These
processes ensure that the produced biojet fuels have the necessary properties and
compatibility with existing infrastructure and aircraft engines. By refining and
upgrading the fuels, their quality is enhanced, making them suitable replacements
for conventional jet fuels (Lahijani et al. 2022).

Sustainability assessments, including life cycle assessments (LCAs), are critical
in evaluating the environmental performance of biojet fuel production. LCAs con-
sider the entire life cycle of biojet fuels, from feedstock cultivation to fuel combus-
tion, to determine their overall impact on the environment (Zhu et al. 2022). By
identifying areas of improvement and optimizing processes, biojet fuels can con-
tinuously evolve to become even more environmentally friendly. While biojet fuels
hold immense promise for the aviation industry’s sustainable future, there are tech-
nological challenges that need to be addressed for widespread adoption. Scaling up
biojet fuel production to meet the growing demand remains a significant obstacle.
Additionally, economic considerations and policy support are essential in creating
an enabling environment for the development and deployment of biojet fuels (Lim
et al. 2023).

Nevertheless, ongoing research, coupled with supportive policies and collabora-
tions between governments, industry stakeholders, and researchers, is expected to
pave the way for a future where biojet fuels become a mainstream and integral
component of the aviation industry. The transition to biojet fuels will contribute to
a greener and more sustainable future for air travel, allowing the aviation sector to
play its part in global efforts to combat climate change and create a more environ-
mentally conscious world (Dyk and Saddler 2021).

11.2 Biojet Fuels

As the biojet industry grapples with its significant environmental impact, the search
for sustainable alternatives to conventional jet fuels has gained paramount impor-
tance. In response to this pressing challenge, biojet fuels have emerged as a
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promising solution. By reducing greenhouse gas emissions and mitigating the
industry’s contribution to climate change, biojet fuels hold the potential to revolu-
tionize the aviation sector and pave the way for a more sustainable future of air
travel (Lim et al. 2023).

11.2.1 The Need for Sustainable Aviation

The aviation industry has experienced unprecedented growth and has become an
integral part of the global economy, connecting people and goods worldwide.
However, this expansion has also brought significant environmental and climate
challenges that demand urgent attention.

One of the primary environmental issues associated with aviation is its substan-
tial contribution to greenhouse gas emissions, particularly carbon dioxide (CO,)
(Ghannouchi et al. 2023). The combustion of conventional jet fuels releases large
amounts of CO, into the atmosphere, contributing to the greenhouse effect and
global warming. According to the International Civil Aviation Organization (ICAO),
aviation accounts for approximately 25% of global CO, emissions (Keselova et al.
2019). While this percentage might appear relatively small compared to other sec-
tors, the rapid growth of air travel and the lack of scalable alternatives to traditional
jet fuels make addressing aviation emissions crucial to overall climate change miti-
gation efforts (Pilat et al. 2018).

Moreover, aviation emissions have a more significant impact on climate change
than just CO,. Other emissions, such as nitrogen oxides (NO,), sulfur oxides (SO,),
and particulate matter, can lead to the formation of contrails and cirrus clouds,
which have a potent warming effect on the atmosphere (Garde and Zingg 2022).
Additionally, biojet emissions at high altitudes have a more significant radiative
forcing effect than those emitted at ground level, further exacerbating their impact
on the climate. The Intergovernmental Panel on Climate Change (IPCC) and vari-
ous environmental organizations have consistently emphasized the need to address
aviation’s environmental impact to limit global warming and its associated adverse
effects (Raimi et al. 2021).

Sustainable biojet has thus emerged as a critical imperative for the industry. The
concept encompasses various strategies and technologies to mitigate aviation’s
environmental impact. One of the most promising approaches is developing and
adopting sustainable aviation fuels, such as biojet fuels (Ng et al. 2021).

These fuels offer a potential pathway to significantly reduce greenhouse gas
emissions from aviation, as they can be produced from renewable sources and have
the potential to be nearly carbon-neutral (Zhang and Chen 2022). Furthermore, sus-
tainable aviation encompasses other measures, such as improvements in aircraft
design, operational efficiencies, air traffic management, and more efficient engines.
By embracing a holistic approach to sustainability, the aviation industry can sub-
stantially reduce its environmental impact and contribute to global efforts to combat
climate change.
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11.2.2 Feedstock Consideration for Biomass-Derived
Biojet Fuel

Feedstock consideration is a pivotal aspect of biojet fuel production, involving the
meticulous selection of raw materials used to produce renewable aviation fuels. The
choice of feedstock profoundly influences the sustainability, environmental impact,
economic feasibility, and scalability of biojet fuel production. Various feedstocks
are being researched and developed, each offering unique advantages and facing
specific challenges (Doliente et al. 2020). Feedstocks can be categorized into first-,
second-, third-, and fourth-generation feedstocks. The availability and potential pro-
duction of agricultural feedstocks are intertwined (Lee and Lavoie 2013). Oil palm
has the highest output yield of 19.2 t/ha/year. Microalgae’s potential production has
been claimed to be substantially higher at 91 t/ha/year for third-generation (3-G)
feedstocks, while this number is unknown due to the fact that algae cultivation is
often conducted on a lab- or pilot-scale (Alalwan et al. 2019).

11.2.2.1 First-Generation Feedstock

Edible food crops, which involves oil palm, corn, sugarcane, sugar beets, and wheat,
collapse under a categorization of first-generation (1-G) feedstocks (Lee and Lavoie
2013). The production of 1-G feedstocks faces a significant challenge posed by
competition for land, water, and energy resources with food production (Moioli
et al. 2018). This issue is particularly evident in the cultivation of oil palm, which is
simultaneously a popular food crop and an intriguing feedstock for biofuel produc-
tion (Vijay et al. 2016).

Oil palm: The hydroprocessed esters and fatty acids (HEFA) technology stands
as the sole commercially accessible renewable jet fuel technology as of currently
(Roth et al. 2017). The food sector is the primary driver behind the global demand
for palm oil, with Malaysia and Indonesia now supplying over 80% of this need.
The production of biodiesel, which exhibits a greater energy yield per unit of energy
input compared to other edible oils (Pirker et al. 2016).

Although edible crop oils have been extensively utilized as feedstock for the
production of biofuels, there has been increasing scrutiny surrounding these first-
generation biofuels. This scrutiny stems from various concerns, such as their limited
ability to effectively reduce greenhouse gas emissions and the controversy sur-
rounding the diversion of food crops for fuel production. Consequently, there has
been a notable focus on the production of biojet fuel using second-generation tech-
nology (Doliente et al. 2020).
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11.2.2.2 Second-Generation Feedstock

In contrary to first-generation (1-G) feedstocks, which necessitate a choice between
supplying food or energy, second-generation (2-G) biomass resources have the
capability to serve both functions (Alalwan et al. 2019). The two primary kinds in
this context are energy crops and waste biomass. The sugars included in 2-G feed-
stocks are enclosed within the resilient and resistant lignocellulosic structure of
plant cell walls. Consequently, prior to their conversion into biofuel, these sugars
necessitate pretreatment by the utilization of enzymes/microorganisms or thermo-
chemical processes (Boichenko et al. 2013). However, the primary difficulties with
the utilization of 2-G feedstocks are their relatively high availability and low level
of usage (Alalwan et al. 2019).

The primary concerns are on the technical challenges and significant expenses
associated with these conversion methods. Lignocellulosic second-generation (2-G)
feedstocks present a viable alternative to first-generation (1-G) crops owing to their
abundant availability and less rivalry for utilization (Correa et al. 2019). The use of
waste biomass offers a wide array of advantages, including waste management and
environmental conservation, as well as the promotion of circular economies (Ahorsu
et al. 2018).

Renewable energy crops: Jatropha (Jatropha curcas) and castor bean (Ricinus
communis) are considered as renewable energy crops, mostly cultivated for their
oil-seeds. These oil-seeds, however, are deemed unsuitable for human (Shahare
et al. 2017). The extraction of BF (bioavailable organic fertilizer) from castor bean
oil may be achieved using several methods such as transesterification, catalytic
cracking (pyrolysis), or hydroprocessing (Molefe et al. 2019). In an innovative
endeavor conducted in India, a commercial aircraft flown by Spicelet effectively
employed a biojet fuel mixture derived from Jatropha seeds. The flight showcased
the pragmatic utilization of non-edible plant oils as a feasible raw material for the
production of environmentally friendly aviation fuels. The program demonstrated
the feasibility of producing biojet fuel using locally accessible, non-edible feedstock,
so establishing a foundation for further study and investment (Doliente et al. 2020).

Numerous approaches, such as thermochemical and biochemical treatments,
have been recommended for the production of bioavailable organic fertilizer (BOF)
utilizing a range of grass and wood energy crops (Kandaramath Hari et al. 2015).
Grass energy crops have considerable potential as a viable alternative for biofuel
production. This is mostly due to their substantial lignocellulose content and the use
of advanced harvesting equipment, which enhances their feasibility as a sustainable
energy source (Crawford et al. 2016). Hydrocarbons derived from poplar biomass
via pyrolysis and fermentation processes have the potential to be transformed into
jet fuel through the process of hydrogenation. The use of rapidly expanding euca-
lyptus trees (Eucalyptus spp.) as a raw material for biomass-to-liquid (BOF) synthe-
sis is observed in Brazil (Zhang et al. 2016).

Waste biomass: Since waste biomass is co-produced from agro-forestry, residen-
tial, commercial, and industrial activities, it requires no additional land and has
lower water footprints than cultivated crops. No aviation fuel from municipal solid
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waste (MSW) test flights have been documented as of yet. The main difficulties in
using waste biomass as BOF feedstock stem from its logistical complexity and its
erratic supply (Mawhood et al. 2016).

11.2.2.3 Third-Generation Feedstocks

In the past few years, there has been a significant focus on microalgae due to its
ability to attain high yields with low land utilization. Growth of algae in contami-
nated water or water that is not suited for agricultural purposes can lead to a reduc-
tion in operational expenses and provide advantages in wastewater treatment. Algae
need a lower volume of water compared to the majority of 1-G feedstocks, such as
canola (5500 L) and soybeans (15,000 L), in order to produce an equivalent quantity
of biodiesel (1 L) (Alalwan et al. 2019).

There is a growing body of research focused on the simplification and diversifi-
cation of production methods through the use of thermochemical processes, includ-
ing pyrolysis and hydrothermal liquefaction technologies. The industrial-scale
generation of biofuels is a highly regarded use of microalgae (Chiaramonti and
Horta Nogueira 2017).

To achieve the most favorable economic and environmental outcomes in the con-
text of microalgae supply chain for BOF (biochemical and biofuel) supplies, it is
essential to take into account the geographical and temporal aspects of microalgae
farming (Doliente et al. 2020). The implementation of algae-based solutions has
demonstrated the potential to significantly mitigate carbon dioxide (CO,) emissions
by national airlines, with reductions of up to 85% projected by the year 2050. The
examination of supply chains is necessary for the development of microalgae-based
biofuels (Behrendt et al. 2017). It is important to note, however, that the economic
feasibility of present algal technologies is not anticipated to be realized until around
ten years from now.

11.2.2.4 Fourth-Generation Feedstocks

The potential of non-biological resources and genetically modified organisms,
together known as fourth-generation (4-G) feedstocks. Several genetically modified
organisms, such as cyanobacteria, fungus, and yeast, have been engineered to
exhibit enhanced oil and/or sugar production, as well as negative carbon capabilities
(Alalwan et al. 2019). The introduction of these organisms into the global supply
chain poses potential risks to both human health and the environment, necessitating
further investigation and the development of containment and mitigation strategies
(Abdullah et al. 2019). The field of bioaviation refers to the study and application of
biological principles and technologies in fuel derived from 4-G feedstocks exhibits
the potential to achieve zero carbon emissions and facilitate the integration of elec-
tricity, heating, and aviation sectors. Consequently, when these technologies attain
commercial maturity, they may be considered the most sustainable option (Richter
et al. 2018).



236 P. Yadav et al.

11.3 Advancement in Feedstock Selection for Biojet
Fuel Production

11.3.1 Feedstock Selection

The selection of suitable feedstocks is a critical factor in the success of biojet fuel
production, as it determines the sustainability, economic viability, and environmen-
tal impact of the fuel (Tiwari et al. 2023). Various feedstock options are available,
each with its own advantages and challenges. Among the most promising options
are non-food energy crops, such as jatropha, camelina, and Pongamia, which have
high oil content and can grow on marginal lands, minimizing competition for arable
land (Mofijur et al. 2023). Algae also offer an intriguing feedstock option, with the
potential to yield significant amounts of oil per unit area and the ability to be culti-
vated in diverse environments, including non-arable land and wastewater. Algae’s
capacity to sequester carbon dioxide during cultivation further enhances their envi-
ronmental appeal, but scaling up cultivation and developing cost-effective harvest-
ing methods remain areas of ongoing research (Khan et al. 2023).

Various initiatives and successful tests have demonstrated the potential of these
feedstocks for biojet fuel production. The U.S. Navy, for instance, tested flights
using a blend of camelina-based biojet and conventional jet fuel (Dangol et al.
2020), while the European Commission’s ITAKA project utilized camelina-based
biojet fuel for commercial flights. The Jatropha Global Biofuel Alliance (JGBA)
and other initiatives have also made significant progress in increasing jatropha oil
yields and developing sustainable cultivation practices.

Companies like Neste and Fulcrum BioEnergy have successfully produced biojet
fuel from various waste and residues, showcasing the feasibility of this approach
(Ng et al. 2021; Dyk and Saddler 2021). These promising developments indicate
that a diverse range of feedstocks, including algae, camelina, jatropha, waste oils,
residues, and municipal solid waste, hold immense potential in shaping the future of
biojet fuel production.

Selecting appropriate feedstocks is crucial for the advancement of biojet fuel
production. These feedstock options offer sustainable and environmentally friendly
alternatives to conventional jet fuel, contributing to a more sustainable aviation sec-
tor. Continued research, technological advancements, and supportive policies will
be instrumental in driving the commercialization of biojet fuel and achieving a
greener future for the aviation industry.

11.3.2 Advances in Feedstock Cultivation
and Harvesting Techniques

Advances in feedstock cultivation and harvesting techniques have played a pivotal
role in shaping the current technological status of biojet fuel production (Chopra
et al. 2022). For algae-based feedstock, closed photobioreactors have emerged as a
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promising solution, allowing better control over environmental factors to optimize
algae growth and lipid accumulation, resulting in higher oil yields (Sarwer et al.
2022). Additionally, raceway ponds have been refined to efficiently mix and expose
algae to light, further enhancing productivity (Khan et al. 2022). Genetic engineer-
ing has also been explored to modify algae strains for higher lipid content and resil-
ience (Shahid et al. 2020).

In the case of cellulosic biomass, the cultivation process has seen significant
improvements. Energy crops like switchgrass and miscanthus have been identified
for their high cellulose content and ability to grow on marginal lands without affect-
ing food crops (Qaseem and Wu 2021). Sustainable agricultural practices, such as
reduced tillage and crop rotation, have been adopted to maintain soil health and
minimize environmental impacts. Researchers are also investigating genetically
engineered energy crops with improved enzymatic digestibility to enhance cellulose
conversion into fermentable sugars (Sirangelo et al. 2023). Precision farming tech-
nologies, including remote sensing through satellites and drones, provide real-time
data on crop health and resource requirements, enabling optimal harvesting times
and increased feedstock quality (Mirkouei 2020). Variable rate technology (VRT)
ensures the precise application of inputs based on specific field requirements,
promoting uniform crop growth and more efficient harvesting (Ahmad and
Sharma 2023).

Robotic harvesters with cameras and sensors can accurately identify and harvest
energy crops, minimizing manual labor (Rehman et al. 2022). Modified combine
harvesters have been adapted for energy crop harvesting on a large scale.
Additionally, specialized biomass choppers facilitate the accessible collection and
transport of biomass for biojet fuel production. Overall, these advancements in
feedstock cultivation and harvesting techniques hold great promise for the future of
biojet fuel production. Continued research and development in these areas will
likely lead to further improvements in the economic viability and sustainability of
biojet fuels, offering a greener and more environmentally friendly alternative for the
aviation industry (Khan et al. 2023).

11.3.3 Genetic Engineering and Breeding for Improved
Feedstock Traits

Biojet fuel, derived from renewable biomass sources, has emerged as a promising
alternative to traditional fossil fuels for aviation, addressing the increasing concerns
about greenhouse gas emissions and the need for sustainable energy solutions
(Wang et al. 2019a). Researchers have actively explored innovative technologies,
including genetic engineering and breeding techniques, to enhance biojet fuel pro-
duction by improving feedstock traits.

One area of focus in genetic engineering is algae, known for its rapid growth,
high lipid content, and adaptability to diverse environments (Khoo et al. 2023).
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Researchers have successfully manipulated the genetic material of algae to increase
lipid productivity. Key genes involved in lipid biosynthesis, such as acetyl-CoA
carboxylase (ACCase) and diacylglycerol acyltransferase (DGAT), have been over-
expressed (Shahid et al. 2020). Furthermore, CRISPR-Cas9 technology has been
utilized to precisely edit genes responsible for lipid metabolism, resulting in geneti-
cally modified algae strains with improved oil yields (Muthukrishnan 2022). For
example, in 2020, researchers from different countries, used CRISPR-Cas9 to engi-
neer a high-lipid variant of Nannochloropsis oceanica, a species of algae, resulting
in a 50% increase in lipid content, making it a more efficient feedstock for biojet
fuel production (Harada et al. 2020; Khan and Fu 2020).

Another candidate for genetic engineering is Jatropha curcas, a non-edible plant
known for its high oil content. Genetic engineering has enhanced Jatropha’s agro-
nomic traits, such as reducing toxic components and improving stress tolerance
(Fu et al. 2019). Patel et al. (2022) downregulated the expression of phorbol ester
biosynthetic genes in Jatropha through RNA interference (RNAi), making Jatropha
seeds safer for biojet fuel production.

Traditional breeding techniques, combined with modern biotechnology tools,
have also played a significant role in developing superior biofuel feedstock variet-
ies. Sugarcane, a widely cultivated crop for biofuel production, has been a target for
traditional breeding methods to enhance sugar yield, increase biomass production,
and improve resistance to pests and diseases (Budeguer et al. 2021).

Camelina sativa, also known as false flax, is a drought-resistant plant with poten-
tial as a biojet fuel feedstock (Dangol et al. 2020). Breeders have been working on
developing camelina varieties with improved oil content, fatty acid profiles, and
overall agronomic performance (Pozzo et al. 2022). The US Department of
Agriculture (USDA) has been involved in a breeding program to enhance camelina
as an oilseed crop for renewable jet fuel production (Ghidoli et al. 2023). By select-
ing and crossbreeding high-performing camelina varieties, they have developed
strains with higher oil yields and improved adaptability to different climates.

These advancements in genetic engineering and breeding techniques hold
immense promise for the future of biojet fuel production. Genetically modified
algae with increased lipid content and selectively bred sugarcane with improved
sugar yields are just a few examples showcasing the potential of these technologies
to revolutionize the biofuel sector (Budeguer et al. 2021; Harada et al. 2020; Khan
and Fu 2020). As research continues, biojet fuel production is expected to become
more efficient and sustainable, driven by further advancements in genetic engineer-
ing and breeding practices.
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11.4 Current Conversion Technologies for Biojet
Fuel Production

11.4.1 Thermochemical Conversion Processes

The aviation industry is one of the major contributors to global carbon dioxide
emissions, and finding sustainable alternatives to conventional jet fuel is crucial for
mitigating the impact of aviation on the environment (Terrenoire et al. 2019). Biojet
fuel, derived from renewable biomass sources, offers a promising solution to reduce
greenhouse gas emissions while ensuring energy security. Among the various path-
ways for biojet fuel production, thermochemical conversion processes have gained
significant attention due to their potential to convert a wide range of biomass feed-
stocks into liquid hydrocarbons suitable for aviation use (Jha et al. 2022). This sec-
tion provides an overview of thermochemical conversion processes and their
significance in biojet fuel production.

11.4.1.1 Pyrolysis

Pyrolysis is a thermal decomposition process that breaks down biomass into its
constituent components in the absence of oxygen. The absence of oxygen prevents
combustion and allows the biomass to undergo complex chemical reactions, leading
to the formation of three main products: bio-oil, biochar, and syngas (Prasad
Reddy Kannapu et al. 2022).

The bio-oil produced from pyrolysis is a dark, viscous liquid with a wide range
of oxygenated hydrocarbons (Onwudili and Scaldaferri 2023). Its properties depend
on the feedstock used and the pyrolysis conditions. The bio-oil contains both valu-
able compounds, such as sugars, aldehydes, and phenols, as well as impurities, such
as water and acids (Chan et al. 2020). As such, the bio-oil requires further upgrading
through processes like hydrotreatment or hydrodeoxygenation to improve its stabil-
ity, reduce oxygen content, and increase its energy density (Dimitriadis et al. 2021).
Once upgraded, the bio-oil can be used as a renewable replacement for conventional
jet fuel. While, the solid residue left after pyrolysis is called biochar. It consists
mainly of carbon-rich material and retains a significant portion of the original car-
bon content of the biomass (Aup-Ngoen and Noipitak 2020). Biochar is a stable
carbon material and has applications in agriculture as a soil amendment. It enhances
soil fertility, water retention, and microbial activity, leading to increased crop pro-
ductivity and improved soil carbon sequestration (Elkhlifi et al. 2023).

However, pyrolysis produces a mixture of gases known as syngas (Zhou et al.
2020). This syngas is mainly composed of hydrogen (H,), carbon monoxide (CO),
methane (CH,), and other light hydrocarbons. The composition of the syngas varies
depending on the feedstock and pyrolysis conditions (Cerone et al. 2020). The syn-
gas can be utilized for power generation, as it has a high energy content, or further
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processed through Fischer-Tropsch synthesis to produce liquid fuels, including bio-
jet fuel.

Solena Fuels and Red Rock Biofuels are companies that use pyrolysis technol-
ogy to produce biojet fuel (Dyk and Saddler 2021). Solena Fuels’ GreenSky
California project aims to convert municipal solid waste into biojet fuel using pyrol-
ysis (Shahabuddin et al. 2020), while Red Rock Biofuels uses pyrolysis to convert
forest residues into renewable jet fuel (Bjornsson and Ericsson 2022).

11.4.1.2 Gasification

Gasification is a thermochemical process that converts biomass into a gaseous mix-
ture known as syngas (Halba et al. 2023). Unlike pyrolysis, gasification occurs with
a controlled amount of oxygen or steam. The process occurs at high temperatures
(700 °C to 1000 °C) and under pressure. During gasification, the biomass undergoes
several stages (Qi et al. 2023): (a) Drying: Initially, the biomass is dried to remove
moisture and increase its energy content (Perazzini et al. 2021). (b) Pyrolysis: At
higher temperatures, the biomass undergoes pyrolysis, producing volatile com-
pounds that form the basis of the syngas (Zeng et al. 2020). (c) Gasification: The
volatile compounds react with oxygen or steam to produce syngas, which mainly
consist of hydrogen (H,), carbon monoxide (CO), carbon dioxide (CO,), and meth-
ane (CH,) (Qing et al. 2022).

The AltAir Fuels facility in California uses gasification technology to convert
agricultural residues and waste feedstocks into biojet fuel through subsequent
Fischer-Tropsch synthesis (Porwal et al. 2020).

11.4.1.3 Fischer-Tropsch Synthesis

Fischer-Tropsch synthesis is a catalytic process that converts syngas (a mixture of
hydrogen and carbon monoxide) into hydrocarbons (Davlatova, 2023). The process
was initially developed in the 1920s by German scientists Franz Fischer and Hans
Tropsch as a way to produce liquid fuels from coal (Din¢ and Giirbiiz 2022).

The Fischer-Tropsch process involves several steps:

(a) Syngas Preparation: Syngas, obtained from gasification or other sources like
pyrolysis, is purified to remove impurities such as sulfur and trace metals
(Teimouri et al. 2022).

(b) Fischer-Tropsch Reaction: The purified syngas is fed into a reactor containing
a catalyst (usually based on iron or cobalt). The catalyst facilitates a series of
polymerization and hydrogenation reactions, leading to the formation of long-
chain hydrocarbons. These hydrocarbons are primarily paraffin (alkanes) with
a wide range of chain lengths (Martinelli et al. 2020).

(c) Product Upgrading: The hydrocarbons produced through Fischer-Tropsch syn-
thesis have different boiling points and properties (Klerk et al. 2022). The prod-
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ucts need to be further processed to obtain a mixture of hydrocarbons with
properties similar to conventional jet fuel. The resulting hydrocarbons, often
referred to as synthetic fuel or syncrude, are chemically similar to conventional
jet fuel. They can be used directly as a drop-in replacement for jet fuel or
blended with conventional jet fuel to reduce the overall carbon footprint of avia-
tion (Petersen et al. 2021).

Thermochemical conversion processes, including pyrolysis, gasification, and
Fischer-Tropsch synthesis, are crucial in the production of biojet fuel from renew-
able biomass sources (Jha et al. 2022). Each process has advantages and challenges,
and their combination offers a promising pathway to a more sustainable aviation
industry. Continued research and development efforts are necessary to optimize
these processes, improve efficiency, and make them economically viable on a larger
scale for widespread biojet fuel production and the reduction of greenhouse gas
emissions.

11.4.2 Catalytic Conversion Processes
11.4.2.1 Hydroprocessing

Hydroprocessing is a catalytic conversion process utilized in biojet fuel production
to upgrade biomass-derived feedstocks (Lahijani et al. 2022). The process involves
the use of hydrogen gas and catalysts to transform the raw biomass into high-quality
biojet fuel. The first step in hydroprocessing is the pretreatment of the biomass
feedstock, where solid impurities and contaminants are removed to ensure smooth
processing (Haider et al. 2021). Subsequently, hydrogenation takes place, during
which the biomass is exposed to high temperatures and pressures in the presence of
hydrogen. This leads to a series of hydrogenation and dehydrogenation reactions
that break down triglycerides and fatty acids present in the biomass, converting
them into smaller hydrocarbons (Du et al. 2023).

The choice of catalyst is a critical aspect of hydroprocessing, as it influences the
efficiency and selectivity of the reactions. Typical catalysts include metal sulfides or
supported metal catalysts, carefully chosen based on the specific feedstock and
desired product composition (Ahmad et al. 2021). After hydrogenation, the product
mixture is fractionated to separate the various components based on their boiling
points. The desired biojet fuel components are collected in this step (Matuszewska
et al. 2021). Finally, the biojet fuel product may undergo additional treatment to
refine its properties further, such as increasing its energy density and improving its
cold-flow properties (Lahijani et al. 2022).

Hydroprocessing has shown great promise in producing biojet fuel, but it is chal-
lenging. Catalyst deactivation due to impurities present in the feedstock is one such
obstacle. Additionally, the process requires a considerable amount of hydrogen,
raising concerns about sustainable hydrogen production. To address these issues,
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researchers are actively improving catalyst stability, developing more efficient
hydrogen production methods, and exploring using non-conventional feedstocks to
make hydroprocessing a more economically and environmentally viable option for
biojet fuel production.

11.4.2.2 Hydrotreating

Hydrotreating is a specific catalytic conversion process within the realm of hydro-
processing, focusing on the treatment of bio-oils obtained through pyrolysis or lig-
uefaction of biomass (Alekseeva et al. 2020). The primary goal of hydrotreating is
to reduce the oxygen content in bio-oils and remove heteroatoms, such as sulfur,
nitrogen, and metals, to make them suitable for use in conventional jet engines
(Han et al. 2021).

The hydrotreating process involves several steps. First, the bio-oil is heated to the
desired temperature to facilitate the subsequent reactions (Lahijani et al. 2022).
Then, hydrogen gas is introduced into the system, and the bio-oil undergoes hydro-
genation reactions in the presence of a suitable catalyst. These reactions lead to the
breaking of oxygen-carbon bonds and the removal of oxygen from the bio-oil
(Zhang et al. 2021b). The choice of catalyst is crucial in hydrotreating, as it deter-
mines the selectivity of the reactions. Typical catalysts include supported nickel or
cobalt catalysts (Saidi and Moradi 2021). After hydrotreating, the product mixture
is fractionated to separate the desirable biojet fuel components from other by-
products (Cavalcanti et al. 2022). Additional treatments may be applied to improve
the stability, energy content, and cold-flow properties of the final biojet fuel product.
Hydrotreating has shown promising results in producing biojet fuel with properties
suitable for use in existing jet engines.

Despite its potential, hydrotreating faces challenges related to the complexity of
bio-oil compositions, catalyst deactivation, and the formation of unwanted by-
products (Zhang et al. 2021a). Researchers are working on developing tailored cata-
lysts that are more selective and stable in the presence of impurities found in bio-oils.
Additionally, reactor design and process optimization advancements aim to improve
the overall efficiency of hydrotreating for biojet fuel production.

11.4.2.3 Deoxygenation

Deoxygenation is a crucial step in the conversion of biomass into biojet fuel (Zhou
et al. 2023). The presence of oxygen in biomass-derived feedstocks reduces the
energy density of the final fuel product and can lead to instability during storage.
Catalytic deoxygenation processes are designed to remove oxygen atoms from bio-
mass components, such as carbohydrates and fatty acids, to produce hydrocarbon-
rich biojet fuel components (Zamri et al. 2023).

Different deoxygenation pathways include decarboxylation, decarbonylation,
and hydrodeoxygenation (HDO) (Silva and Andrade 2023). In decarboxylation,
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carboxylic acid groups in biomass components are removed as carbon dioxide,
forming hydrocarbons (Zhao et al. 2021). Decarbonylation involves the removal of
carbonyl groups, leading to the generation of hydrocarbons and water (Lu et al.
2021). HDO, the most common deoxygenation route, combines hydrogenation with
oxygen removal. The oxygen in the biomass is replaced with hydrogen, producing
water as a by-product (Akmach et al. 2023). The deoxygenation process can be
influenced by temperature, pressure, hydrogen availability, and the type of catalyst
used (Di Vito Nolfi et al. 2021). Catalysts with specific functionalities are chosen to
achieve the desired deoxygenation pathway while minimizing undesired side
reactions.

Deoxygenation processes are challenging due to the diverse range of oxygen-
containing functional groups in biomass, leading to a complex mixture of products.
Developing highly efficient and selective catalysts is crucial for improving deoxy-
genation yields and minimizing energy-intensive separation processes (Jung et al.
2021). Researchers are exploring advanced catalyst materials and innovative reactor
configurations to enhance deoxygenation processes for biojet fuel production.
Successful deoxygenation processes promise to create high-quality biojet fuel with
properties comparable to traditional jet fuel.

11.4.3 Biochemical Conversion
11.4.3.1 Alcohol-to-Jet (ATJ)

This method involves subjecting alcohol molecules generated from sugar, starch, or
lignocellulosic materials to dehydration and oligomerization. The Alcohol-to-Jet
(ATJ) method involves converting alcohols into a blend stock for alternative jet fuel.
This process relies on catalytic stages that have been traditionally used in the petro-
leum refining and petrochemical sector (Geleynse et al. 2018). This particular path-
way offers a viable method for generating a sustainable alternative jet fuel (SAJF)
using a diverse range of resources. It presents a promising opportunity in the short
term for alcohol producers to enter the SAJF market, while also addressing the
increasing demand for SAJF within the aviation industry. The fuel blend stock gen-
erated via the ATJ (Alcohol-to-Jet) method is commonly referred to as ATJ-SPK
(synthetic paraffinic kerosene) and has obtained approval from ASTM D75 (Lim
et al. 2023).

11.4.3.2 Lignin-to-Jet (LTJ)

In the conventional jet fuel process, lignin is obtained from the residuals after cel-
lulose and hemicellulose hydrolysis (Ruan et al. 2019). However, obtaining pure
lignin is challenging, and it requires extraction and purification through processes
like organosolv and ionic liquid extraction. Lignin-derived bio-oils are then
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collected through depolymerization using methods like fast pyrolysis, hydrolysis,
and hydrogenolysis (Pappa et al. 2022). To upgrade the lignin-derived bio-oils, the
focus is on producing aromatic hydrocarbons and cycloalkanes (Hu et al. 2021).
The main method used for upgrading is hydrodeoxygenation. This makes lignin a
potential source for primary and cyclic components in alternative jet fuel produc-
tion, eliminating the need for blending.

11.4.3.3 Direct Sugar to Hydrocarbons (DSHC)

It is a process that uses genetically modified microbes to convert sugar into hydro-
carbons or lipids. In one such scenario, yeasts produce isoprenoids like farnesene,
which are then hydrogenated to produce farnesane, a fuel with favorable properties.
The modified bacteria feed on extracted sugars. Microorganisms ferment carbohy-
drates into metabolic intermediates like fatty acids (Crawford et al. 2016). The cells
transform microorganism-produced fatty acids into hydrocarbons through enzy-
matic processes. The resulting hydrocarbons may have impurities or different chain
lengths. Hydrocracking and isomerization can be used to refine jet fuel hydrocar-
bons. Quality control tests guarantee refined hydrocarbons fulfil aviation fuel
requirements. Biojet fuel can be combined with conventional jet fuel or other addi-
tives to meet performance specifications (Doliente et al. 2020).

11.4.4 Electrofuels

Electrofuels, also known as e-fuels, offer a promising solution for producing sus-
tainable biojet fuels, contributing to a greener aviation industry (Brynolf et al.
2022). This innovative technology converts renewable electricity, carbon dioxide
(CO,), and water (H,O) into synthetic hydrocarbons through an electrochemical
process (Hussain et al. 2023). The key principle involves using renewable electricity
from sources like solar and wind to drive water electrolysis and capture CO, from
the atmosphere or industrial emissions (Sankaran 2023). The resulting hydrogen gas
(H,) is then combined with CO, to create syngas, which is further transformed into
hydrocarbons through catalytic processes (Shi et al. 2020).

In recent years, significant progress has been made in developing Electrofuels.
Researchers have focused on improving the efficiency of electrolysis, exploring
novel electrode materials and advanced electrolyte compositions to increase hydro-
gen gas yields while reducing energy consumption (Burton et al. 2021). Advanced
catalysts have also been developed to efficiently convert syngas into hydrocarbons,
ensuring the desired properties of the biojet fuels. Additionally, integrated systems
that optimize scalability and commercial production have been explored. Despite its
promise, Electrofuels face some challenges that need to be addressed for wide-
spread implementation (Carvalho et al. 2021). Energy efficiency during electrolysis
is a primary concern, especially when using fluctuating renewable energy sources.
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Efforts are underway to improve electrolysis efficiency and find ways to store excess
renewable energy for continuous production. Catalyst deactivation during the con-
version process is another challenge, requiring the development of durable catalysts
for consistent fuel production (Galadima and Muraza 2019).

Cost-effectiveness remains a significant hurdle for Electrofuels, but ongoing
research aims to reduce production expenses and make it competitive with tradi-
tional fossil fuels (Chattopadhyay and Srivastava 2021). These fuels can be blended
with conventional jet fuels, enabling a gradual transition to sustainable aviation
practices without major infrastructure modifications. Moreover, Electrofuels have
applications beyond aviation, serving as a drop-in replacement for other transporta-
tion sectors and offering energy storage solutions (Gray et al. 2021).

Electrofuels represent a promising frontier in sustainable biojet fuel production
(Grahn et al. 2022). By harnessing renewable electricity and CO, utilization, this
technology has the potential to significantly reduce the aviation industry’s carbon
footprint (Lai et al. 2022). Ongoing research and development are essential to
address challenges, improve efficiency, and make Electrofuels a transformative
force in achieving a carbon-neutral future.

11.4.5 Microbial Conversion Processes

The aviation sector’s heavy reliance on petroleum-based jet fuels has contributed to
rising carbon dioxide emissions and climate change concerns (Yusaf et al. 2022). To
combat this pressing issue, the development of alternative jet fuels with lower car-
bon footprints has become essential. Among these alternatives, biojet fuels offer a
promising solution as they are derived from renewable biomass feedstocks, signifi-
cantly reducing net carbon emissions over their life cycle. Notably, microbial con-
version processes, such as fermentation and algal biofuels, have emerged as
sustainable and economically viable pathways for biojet fuel production (Fu
et al. 2022).

Fermentation, an established process for producing bioethanol and biodiesel, has
shown immense potential in biojet fuel production. Microorganisms like bacteria
and yeasts can ferment biomass-derived sugars into valuable bio-based jet fuel pre-
cursors, including fatty acids and alcohols (Shanmugam et al. 2023). Advancements
in metabolic engineering have led to optimized microbial strains, increasing yield,
enhancing selectivity, and improving tolerance to inhibitory compounds in lignocel-
lulosic feedstocks (Joshi et al. 2022). By adopting biorefinery concepts, multiple
value-added products can be generated from a single biomass feedstock, enhancing
the economic viability of fermentation-based biojet fuel production.

Another promising feedstock for biojet fuel production is algae, microscopic
photosynthetic organisms. Algae offer exceptional advantages due to their high lipid
content and rapid growth rates (Khan et al. 2023). They can be cultivated in various
systems, from open ponds to closed photobioreactors, depending on environmental
factors and desired productivity. Algae cultivation does not compete for arable land,
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as they can thrive on non-arable or saline land, thus minimizing the impact on food
production. Certain algae species can even be engineered to accumulate higher lipid
content, making them highly desirable for sustainable aviation fuel production
(Correa et al. 2020). After harvesting, lipids can be extracted from the algae biomass
and processed through various downstream techniques to obtain high-quality bio-
jet fuel.

Significant progress in microbial conversion technologies is evident, with pilot
and demonstration-scale facilities established globally (Ewing et al. 2022).
Successful test flights by commercial airlines and military organizations using bio-
jet fuels derived from microbial conversion processes underscore the commercial
potential of these technologies (Why et al. 2019). Ongoing research focuses on
developing robust and adaptable microbial strains, exploring novel feedstock
sources, and optimizing bioprocess engineering to improve overall biojet fuel yields
and reduce production costs.

Microbial conversion processes, particularly fermentation and algal biofuels,
offer a compelling solution to the aviation industry’s quest for sustainable jet fuels.
These technologies provide numerous advantages, including the use of renewable
feedstocks, reduction of greenhouse gas emissions, and decreased dependence on
fossil fuels (Maliha and Abu-Hijleh 2022). As the aviation sector increasingly
embraces environmentally responsible practices, investment in developing and
deploying microbial conversion technologies is crucial to achieve a greener and
more sustainable future for aviation fuel production.

11.4.6 Hydrodeoxygenation (HDO) Technique

Hydrodeoxygenation is a crucial step in producing biojet fuels, as it addresses one
of the primary challenges of biomass-derived feedstocks: their high oxygen content
(Lahijani et al. 2022). Biomass, such as plant oils, animal fats, and waste oils, con-
tains significant amounts of oxygenated compounds like alcohol, aldehydes, and
carboxylic acids (Okolie et al. 2021). These oxygen-containing functional groups
contribute to the bio-oils lower energy density and inferior stability, making them
unsuitable for direct use as jet fuel. The HDO process involves the removal of oxy-
gen atoms from these oxygenated compounds, thereby transforming them into
hydrocarbons. This conversion increases the energy density of the bio-oils and
improves their combustion characteristics, enabling them to meet the stringent per-
formance requirements of jet engines (Attia et al. 2020).

The HDO reaction transforms oxygenated compounds using hydrogen gas and a
catalyst under high temperature and pressure. Hydrogen reacts with the compounds,
converting them into hydrocarbons and water (Vutolkina et al. 2022). The catalyst
enhances reaction speed and selectivity, while challenges include catalyst choice
and controlling conditions like temperature, pressure, and hydrogen-to-biomass
ratio for optimal results. Various catalyst types are explored, and precise control is
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needed to balance efficient oxygen removal without excessive hydrogen use or side
reactions.

Another challenge lies in the diversity of biomass feedstocks, each with its
unique composition and oxygen-containing compounds. Tailoring the HDO process
to accommodate different feedstocks and achieve consistent product quality is an
ongoing area of research. Additionally, scaling up the HDO process from laboratory-
scale to commercial production is a complex task that requires careful consideration
of engineering aspects and economic viability (Lynd et al. 2022).

11.4.7 Hydroisomerization Technique

Hydroisomerization is another critical refining technique utilized in the production
of biojet fuels (Misra et al. 2023). This process aims to improve the biofuel’s cold-
flow properties and low-temperature performance by converting straight-chain
hydrocarbons into branched isomers (Chen et al. 2020). Branched isomers have
lower melting points and improved fluidity at low temperatures, making them less
prone to wax formation and enhancing the fuel’s ability to flow even in cold cli-
mates (Adu-Mensah et al. 2019). During hydroisomerization, the feedstock under-
goes molecular rearrangement in the presence of hydrogen gas and specialized
catalysts. The process requires high temperature and pressure conditions to promote
the breaking and rearrangement of carbon-carbon bonds, forming branched isomers
(Ibrahim et al. 2020).

The choice of catalyst plays a critical role in determining the efficiency and
selectivity of the hydroisomerization process (Verma et al. 2023). Solid acid cata-
lysts, such as zeolites and modified zeolites, have shown promise in catalyzing the
isomerization reactions effectively. Additionally, researchers are exploring new
catalytic materials and improving catalyst design to enhance process efficiency and
stability. The hydroisomerization process also faces feedstock variability and cata-
lyst deactivation challenges (Tan et al. 2021).

The future prospects of hydrodeoxygenation and hydroisomerization techniques
in biojet fuel production are promising. Researchers continuously explore novel
catalysts and improve reaction conditions to enhance conversion efficiency and
selectivity. Integrating these refining processes into existing petroleum refining
infrastructure is a step forward in commercial-scale biojet fuel production.
Moreover, ongoing research in process intensification, reactor design, and catalytic
material advancements will lead to more cost-effective and sustainable biojet fuel
production methods. As the aviation industry intensifies its focus on reducing car-
bon emissions and transitioning to renewable fuels, these refining and upgrading
techniques will play a vital role in shaping the future of biojet fuel production.
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11.5 Refining and Upgrading of Biojet Fuels

11.5.1 Integrated Biorefineries

The research investigated presents a holistic approach to the development of an
advanced hybrid biorefinery capable of processing diverse biomass feedstocks, such
as energy crops (e.g., Jatropha energy crop), dry biomass (e.g., municipal solid
waste), and wet biomass (e.g., livestock manure) (Malode et al. 2021). The hybrid
system included many advanced processes such as hydroprocessing, Fischer-
Tropsch, gasification, dry-reforming, and hydrothermal liquefaction. A prediction
model was employed to evaluate the most suitable insertion streams for biomass
(Osman et al. 2021). Furthermore, there were comprehensive efforts made to include
various materials, heat, water, and electricity in order to optimize the production of
JBF, while simultaneously addressing its environmental consequences and manag-
ing expenses. The system generated a combined volume of 328 million liters of JBF,
94 million liters of petrol, and 44 million liters of diesel (Alherbawi et al. 2023).

The analysis of characterization indicated that the produced JBF (Jet Biofuel)
satisfied or surpassed all relevant international standards. At the highest allowable
concentration of jet biofuel mix, which is 50%, the resulting JBF has the potential
to substitute 15.3% of Qatar’s jet fuel use, so enabling it to fuel about one third of
its aircraft fleet (Doliente et al. 2020). Based on the model put out, the minimum
attainable selling price for JBF in the year 2019 was determined to be $0.43 per
kilogram, representing a reduction of 22% compared to the prevailing market price
of standard Jet-A fuel. Based on the environmental study conducted on the model,
JBF demonstrates a reduction of 41% in greenhouse gas emissions when compared
to Jet-A fuel during the entirety of its lifespan (Alherbawi et al. 2021).

Recent researches introduced a biorefinery system that utilizes pyrolysis as the
primary process for the production of jet biofuel. The proposed system employs
hydroprocessing as a means to transform bio-oil into a liquid fuel suitable for trans-
portation purposes. Hydrogen is created through the processes of steam reforming
and pressure swing adsorption, while power generation takes place on the premises
(Sadhukhan and Sen 2021). The previous approach employed by a refinery with a
feed capacity of 1.6 million tons per year resulted in a minimum selling price (MSP)
range of JBF between $0.60 and $1.40 per kilogram. The Brazilian sugarcane bio-
refinery achieved the lowest minimum selling price (MSP) of 1.69 $/kg by employ-
ing the ATJ route for sugar conversion, and by utilizing rapid pyrolysis and upgrading
processes to convert bagasse into Jet biofuel (Alherbawi et al. 2023).

Recent research suggested that the integration of the Hydroprocessed Esters and
Fatty Acids (HEFA) and Fischer-Tropsch Synthesis with Solid Acid Catalyst
(FT-SPK) pathways has the potential to enhance the maximum selling price (MSP)
of jet biofuel from $0.45 to $0.99 per kilogram (Starck et al. 2016). Furthermore,
integration of an alcohol-to-jet (ATJ) process into existing palm oil biorefineries as
a means of producing Jet biofuel from second-generation biomass. The estimated



11 Current Technological Status and Future Prospect of Biojet Fuel Production 249

minimum selling price (MSP) for this method was $0.58 per kilogram (Geleynse
et al. 2020).

Nevertheless, the existence of a JBF biorefinery design has not been documented.
Such a design would need a significant level of integration and involvement of many
technologies to effectively process diverse feedstocks derived from various bio-
masses. The integration of biorefineries can enhance refinery economics by valoriz-
ing process waste through the use of by-products (Tanzil et al. 2022). The design of
a hybrid biorefinery is challenging due to the variety of feedstock options, their
heterogeneity, and the impact of seasonal variations. The design of an integrated
biorefinery that is effective requires the use of conversion pathways that are effi-
cient, the optimization of the supply chain for biomass, the growth of the base of
feedstock, and the trade of wastes and by-products (Alherbawi et al. 2023).

11.5.2 Catalysts Used in Biojet Fuel Production
Jor Quality Enhancement

Catalysts play a crucial role in refining, influencing the efficiency and selectivity of
reactions. Researchers are exploring various catalyst formulations, support materi-
als, and reaction conditions to optimize the conversion of biomass-derived mole-
cules into aviation-grade hydrocarbons. Heterogeneous catalysts, with easy
separation and recyclability, have gained attention for this purpose (Zhao et al.
2017). Metal-based catalysts supported on materials like alumina, silica, or zeolites
have shown promise in converting bio-oils and fatty acids into hydrocarbons with
improved properties. Research focuses on catalyst structure-activity relationships,
metal dispersion enhancement, and novel catalytic materials to improve refining
process efficiency and selectivity. Hydrocracking, complementing hydrotreatment,
breaks down larger molecules into smaller, more valuable hydrocarbons. This pro-
cess is beneficial for improving biojet fuel’s cold-flow properties, crucial for high-
altitude and long flights in colder climates (Babu et al. 2022).

Iron (Fe) and cobalt (Co) are the predominant catalysts employed in contempo-
rary commercial Fischer-Tropsch (FT) processes for the generation of biojet fuel.
The current ASTM definition does not encompass FTS biojet generation with other
catalysts. The efficiency of FTS is contingent upon the catalyst employed. The CO
hydrogenation process is widely acknowledged to benefit from the use of group VIII
transition metal oxides due to their exceptional catalytic properties in terms of life-
time, activity, and selectivity (Alherbawi et al. 2023).

The degree of purity shown by the syngas plays a crucial role in determining the
lifespan of the catalyst. The metal catalysts that exhibit the highest activity for
Fischer-Tropsch synthesis (FTS) are ranked as follows: ruthenium (Ru) demon-
strates the highest activity, followed by iron (Fe), nickel (Ni), and cobalt (Co). It has
been asserted that syngas catalysts of superior quality have the potential to remain
functional for a period ranging from three to five years. While ruthenium catalysts
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have superior effectiveness, they also exhibit a much higher cost compared to their
iron, nickel, and cobalt equivalents, with a price that is almost 100 times more
(Jahangiri et al. 2014).

The use of nickel as a catalyst for methanation in Fischer-Tropsch synthesis
(FTS) is somewhat restricted when compared to alternative catalysts employed in
FTS. Iron demonstrates Water-Gas-Shift (WGS) reactivity; yet, it functions as an
acidic catalyst, hence promoting carbon deposition and coking phenomena.
Consequently, these undesirable effects result in diminished product yields and
reduced catalytic lifespans. Although it is almost 200 times more expensive than Fe,
the greater yields and longer catalyst lifetimes that can be achieved with cobalt are
well worth the additional cost (Sarkari et al. 2014).

Iron (Fe) serves as a cocatalyst in the manufacture of biojet fuel. The concept of
limited temperature refers to a certain range of temperatures within which a system
or process operates. This range is defined by upper fast reactors are a type of nuclear
reactor that utilize high-energy neutrons to sustain a self-sustaining chain reaction.
These reactors catalyst deactivation and an increase in methane (CH,) selectivity are
seen within the temperature range of 200-350° C (Zhao et al. 2017).

11.5.3 Blending and Compatibility Considerations
Jor Biojet Fuels

As the aviation sector continues to expand, concerns about its contribution to cli-
mate change intensify, given its significant carbon dioxide emissions. Biojet fuels,
known as “drop-in” fuels due to their compatibility with existing engines and infra-
structure, offer a promising solution to decarbonize aviation (Shahriar and Khanal
2022). This review paper explores key aspects of biojet fuel production, focusing on
blending strategies and compatibility considerations critical for their successful
integration into the aviation fuel supply chain.

Blending biojet fuels with conventional jet fuels is a pivotal strategy to introduce
renewable alternatives without costly infrastructure modifications. Balancing fac-
tors such as greenhouse gas emissions reduction, fuel stability, energy density, and
combustion characteristics is essential to achieve an optimal blend. Extensive
research has been conducted to understand the impact of various biojet fuel blends
on engine performance, emissions, and combustion efficiency (Lim et al. 2023).
These studies contribute to identifying suitable blend ratios that meet environmental
standards and aircraft engine requirements.

Introducing biojet fuels requires comprehensive assessments of their compatibil-
ity with existing aviation infrastructure, aircraft systems, and materials. Differences
in chemical compositions and physical properties can affect fuel storage, distribu-
tion systems, and engine components. Compatibility studies evaluate potential risks
and implement necessary modifications to ensure safe integration (Doliente et al.
2020). This includes evaluating interactions with fuel system seals, lubricants,
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pipelines, and addressing issues related to freezing points and thermal stability.
Optimizing conversion processes and refining techniques to improve production
efficiency while maintaining fuel quality is also a technical challenge. Successful
commercial deployment relies on robust supply chains, infrastructural investments,
and supportive policies. Transitioning to biojet fuels offers the aviation industry an
unprecedented opportunity to significantly reduce its carbon footprint and contrib-
ute to global climate goals (Lim et al. 2023).

This review paper highlights blending strategies and compatibility consider-
ations to facilitate their successful integration. By understanding challenges and
opportunities associated with biojet fuel production, stakeholders can collabora-
tively address technical barriers, accelerate research, and foster supportive policies.
With a holistic approach, biojet fuels can transform the aviation sector into an envi-
ronmentally responsible and resilient industry, paving the way for a cleaner and
greener future for air travel worldwide (Maliha and Abu-Hijleh 2022).

11.6 Sustainability and Environmental Impact

11.6.1 Life Cycle Assessment of Biojet Fuel Production

Biofuels must be compatible with conventional petroleum (petro) fuels before they
can be used in modern automobile or machine engines. Various international bodies
have issued compatibility standards; for example, the United States has issued the
American Society for Testing and Materials (ASTM) standard, and the European
Union has issued the European Nation 14,214 standard (Wood 2022). Blends of
biodiesel (made from microalgae like Streptomyces platensis) and gasoline (a petro-
leum by-product) are currently available and are used in engines if algal biofuels do
not meet these standards.

Analyzing the efficacy of third-generation biofuels necessitates the use of life
cycle assessment (LCA), a powerful approach for examining many environmental
elements of a given system. The life cycle assessment (LCA) method has been uti-
lized extensively in the past to evaluate the ecological effects of biomass-related
systems (Maliha and Abu-Hijleh 2022; Sandmann et al. 2021).

LCA is a standardized, encompassing and internationally compiled methodol-
ogy, there is no one universal approach to functioning it. LCA is a growing neces-
sity that offers a sustainable foundation for the selection process and expanding
customer perspectives on products like biojet fuel, which has a significant environ-
mental impact due to the amount of resources used and the pollution produced
throughout its production and distribution (Capaz et al. 2021) (Table 11.1).

The emissions of greenhouse gases (GHGs) originating from the combustion of
jet fuel, accounting for approximately 2% of total GHG emissions, have experi-
enced a substantial increase in recent years as a result of the rapid expansion of the
aviation sector. There exists optimism over the potential of biojet fuel to mitigate
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greenhouse gas emissions throughout its entire life cycle. The first life cycle assess-
ment (LCA) was purportedly conducted by the Midwest Research Institute in 1969,
as indicated by the research sources (Sun et al. 2016). The main types of technolo-
gies for generating biojet fuel are lipid conversion, thermochemical conversion, and
biochemical conversion, which encompass processes such as alcohol-to-jet and
direct sugar-to-hydrocarbon conversion (Mat Aron et al. 2020). In recent years,
there has been a notable decrease in the quantity of life cycle assessment (LCA)
studies pertaining to biojet fuels, but a considerable number of such research still
exist. Due to the phenomenon of climate change and the aviation sector’s ambitious
objectives, the predominant focus of research has been directed towards mitigating
the release of greenhouse gas emissions (Capaz et al. 2021).

The estimations of HRIJ’s greenhouse gas (GHG) emissions resulting from
microalgae cultivation exhibit a significant degree of variability, spanning a broad
spectrum (14.1476 g CO,/MJ). This large range is mostly attributable to the diverse
growth conditions employed and the methodologies employed for allocation. In a
research conducted by Pandey et al. (2013), the assessment of biojet fuel generation
from microalgae in China was conducted using energy allocation, resulting in a
calculated emission of 160 g CO,eq/MJ. The system expansion approach was
employed to examine the impact of CO, emissions from power plants on algae
growth. The researchers determined that in a high yield and algal lipid content sce-
nario, the emissions were estimated to be 14.1 g CO,eq/MJ. In contrast, a low yield

Table 11.1 Breakdown of jet biofuel’s life cycle carbon, land, water, and energy footprints
(Alherbawi et al. 2023)

Value (m?/ Value (m?% Value (ton Value (MJ/
Stage Substage lifespan) lifespan) CO, “/lifespan) | lifespan)
Cultivation |Land setup 454 x 10° 3.82x 103 4428 x 10°
Fertilizers 259.2 x 10° 20,635 x 10°
Irrigation 1665.2 x 10° 19,305 x 10°
Machineries 1222 x 10° 14,170 x 10°
Growing 10,074 x 10° x10?
Production | Refinery 0.76 x 10° 28.2 x 10° 16.9 x 10° 25.4 x 10°
Landfill x10° —197 x 10¢ —653
diversion
Raw materials | 21.4 x 10° 6.9 x10° 8437 x 10°
Processing —22.12 x 10° 409 x 103 —9210 x 10°
emissions
Electricity —1058 x 10°
substitution
End use Fuel 2.2 %107
combustion
Total 10,053 x 10 | 453.8 x 10° 16,675 x 103
Energy 10.4 (cm*MJ  |0.023 (m*/MJ | 53(gCO,/MJ | 0.13 (MJ/MJ
footprint jet biofuel) jet biofuel) biojet fuel) jet biofuel)
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and algal lipid content scenario resulted in emissions of 193.2 g CO,eq/MJ
(Bjornsson and Ericsson 2022).

The major emphasis of the F-T study was on agricultural wastes such as maize
stover and non-food energy crops like switchgrass. The life cycle emissions of jet
fuels derived from maize stover, forest waste, and switchgrass were found to range
from 5 to 15 g CO,/MJ (Clippinger and Davis 2019). The carbon dioxide emissions
associated with F-T fuel derived from switchgrass would experience an increase
from 17.7 g CO,/MJ to 22.0 g CO,/MJ. According to the International Civil Aviation
Organization (ICAQ), it is projected that biojet will account for around 2% of the
overall use of jet fuel worldwide by the year 2025. However, attaining this level of
production would necessitate substantial levels of investment and regulatory assis-
tance that have not been witnessed before (Mat Aron et al. 2020).

The environmental consequences associated with biomass-related systems have
frequently been assessed using life cycle assessment (LCA) methodology
(Sandmann et al. 2021). This encompasses the environmental impacts associated
with the production of ethanol, bioenergy, and other by-products. Numerous
research studies and international organizations have conducted investigations on
the life cycle assessment (LCA) of algal biofuel production. Hence, the objective of
this study is to present a comprehensive analysis of the sustainability, energy con-
sumption, and cost efficiency of third-generation biofuel production. This research
encompasses key aspects pertaining to the manufacturing process (Maliha and Abu-
Hijleh 2022).

11.6.2 Carbon Footprint Reduction Strategies

To aid in the promotion of sustainable aviation and the altercation against climate
change, it is essential to significantly reduce the carbon footprint of biojet fuel pro-
duction. Feedstock selection is one of the best strategies to reduce carbon footprints
(Doliente et al. 2020). The best feedstocks for producing biojet fuel are those that
have a low carbon intensity and don’t cut into agricultural output. Biofuel feedstock
production should be encouraged to employ sustainable farming practices.
Emissions from land use and agriculture can be reduced by the adoption of tech-
niques like no-till farming, crop rotation, and precision agriculture (Mathur et al.
2022). Conversion technologies that efficiently transform feedstocks into biojet fuel
are a priority. Use alternative techniques of manufacturing that produce less carbon
dioxide (such as pyrolysis, gasification, or algae-based production) can significantly
reduce the carbon footprints. Biojet fuel-producing facilities should have carbon
capture systems (Jayakumar et al. 2023). As a result, the amount of carbon dioxide
released into the atmosphere during production can be mitigated by capturing and
storing the gas.

Carbon emissions from production of biojet fuel by renewable energy integration
sources such as solar, wind, or hydroelectricity process can drastically reduce by
decreasing reliance on fossil fuels as a source of energy. Co-products utilization
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from biojet fuel production to boost profits and cut down on waste. Using by-
product biomass for charcoal synthesis or as a nutrient-rich animal feed, for instance,
can improve the process’s overall sustainability (Doliente et al. 2020) (Table 11.1).

To find the most likely sources of carbon emissions during the production of
biojet fuel, a thorough life cycle assessment (LCA) should be conducted. Using this
approach, you can pinpoint exactly what needs fixing. The carbon emissions from
producing biojet fuel can be mitigated by funding reforestation and land restoration
programs (Maliha and Abu-Hijleh 2022). These initiatives have the potential to
improve the global carbon balance through carbon sequestration.

Sustainability certification programs and standards should be supported and fol-
lowed in the manufacturing of biojet fuel. Environmentally sound procedures can be
guaranteed by obtaining certification from organizations like the Roundtable on
Sustainable Biomaterials (RSB) or the International Sustainability and Carbon
Certification (ISCC) (Sukamto 2023). Biojet fuel production can be made more
efficiently and sustainably if more money is put into research and development of
cutting-edge biofuel technologies. By combining these measures, the carbon foot-
print of producing biojet fuel can be greatly reduced, making it a competitive and
sustainable option to conventional aviation fuels made from fossil fuels (Lim
et al. 2023).

11.7 Technological Challenges of Biojet Fuel Production

11.7.1 Low Oil Prices and Competition with Traditional
Jet Fuel

Analysts have acknowledged that the alignment with conventional jet fuel is a sig-
nificant obstacle, given the limited availability of crude oil, escalating expenses,
fluctuating prices, and the imperative for ensuring energy stability. O’Connell et al.
(2019) have highlighted the significance of the cost of traditional jet fuel in influ-
encing the viability of the alternative aviation fuel industry. In recent decades, there
has been a fluctuation in crude oil prices, which therefore affects the pricing of
conventional jet fuel, with periods of both increase and decrease. This assertion has
particular validity subsequent to the occurrence of price surges in the years 2008
and 2014 (Martinez-Hernandez et al. 2019). As an illustration, it may be observed
that in the year 2015, the price of a barrel of Brent crude oil saw a decline to around
$40 USD, as compared to its previous value of over $100 USD in 2011 (Olcay et al.
2018). Due to the prevailing cheap cost of oil, the price of biojet fuel is significantly
higher compared to that of conventional jet fuel, rendering it economically unfea-
sible (Carter et al. 2011). In addition, the military’s usage of biojet fuel is primarily
driven by worries over energy security, which are currently being alleviated by the
prevailing low oil prices.
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Biojet will engage in competition not only with other biofuels, but also with
alternative fuel products derived from coal and natural gas, known as synfuel, for
the purpose of obtaining feedstock (Doliente et al. 2020). Aviation synthetic fuel,
also referred to as synfuel or synjet, presents a somewhat lower level of environ-
mental advantages compared to biojet fuel, however it currently boasts a more cost-
effective production process. In contrast to the limited adoption of alternative jet
fuel in the United States, Sasol has successfully implemented significant volumes of
synfuel, including synjet, on a commercial scale in South Africa (Lim et al. 2023).

11.7.2 High Production Costs

The primary challenge frequently mentioned in the biojet sector was the significant
expense associated with production. In recent interviews it is revealed that high
expenses emerged as the second most significant challenge, following the primary
concern of obtaining adequate funding (Bittner et al. 2015). According to several
sources, the cost of biojet fuel is stated to be between two to four times more than
that of conventional jet fuel (Mawhood et al. 2016). However, other writers have
claimed even higher price differentials, with estimates reaching as high as seven or
eight times more expensive. Furthermore, certain researchers have demonstrated
that the documented expenses associated with current biojet operations, as well as
the prices paid by consumers such as the US Department of Defense, exceed the
projections of prevailing models.

This indicates that numerous studies may significantly underestimate the actual
manufacturing costs of biojet fuel (Do and Lim 2016). Between the years 2007 and
2012, the United States Department of Defense allocated an average expenditure of
US $10.11 per liter towards the procurement of high-energy ethanol-fuel-air (HEFA)
biojet. Additionally, an average of $15.59 per liter was allocated towards alcohol-to-
jet (ATJ) biojet, while direct sugar-to-hydrocarbons (DSHC) biojet had an average
allocation of $6.80 per liter (Capaz et al. 2021). Notwithstanding the range of per-
spectives on this matter, a substantial body of research overwhelmingly suggests
that the present expenses associated with biojet production are prohibitively expen-
sive from an economic standpoint, hence rendering its manufacturing unjustifiable
(McGarvey and Tyner 2018). The primary elements contributing to the cost prob-
lem are feedstock availability, capital requirements, economies of scale, suboptimal
manufacturing processes, immature technology, accreditation expenses, and many
other incidental costs. However, it is important to note that cost estimations are
heavily influenced by these factors as well as other relevant considerations (Lim
et al. 2023).
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11.7.3 Infrastructure Barriers

A further obstacle to the widespread use of biojet fuel is the insufficiency of neces-
sary infrastructure, coupled with restrictions on the utilization of current pipelines
and blending facilities (Bond et al. 2014). Researchers cited perceived logistic and
infrastructural problems as the second most significant obstacle to the implementa-
tion of biojet (Bardell and Ashton 2020). European Union (EU) has implemented
regulations that prohibit the transportation of alternative fuels over established fos-
sil fuel pipelines, and also restrict the blending of alternative fuels at the majority of
mixing stations. Consequently, the use of substantial quantities of biojet fuel will
require additional infrastructure for transport, storage, blending, and fuel testing
specifically designed for airports (Kandaramath Hari et al. 2015). In the absence of
adequate infrastructure, the production of biojet fuel would necessitate on-site
blending and transportation to airports, resulting in increased costs compared to
conventional jet fuel. One additional concern is to the limited availability of trans-
portation infrastructure for feedstock, particularly in developing nations (Lee and
Mo 2011). Nevertheless, the majority of writers considered the necessary modifica-
tions for the utilization of biojet fuel to be a relatively insignificant barrier.
Specifically ranked supply chain logistics and infrastructure as the sixth and fifth
least significant limitations for biojet production, respectively. Biojet fuel manufac-
turing was hindered by infrastructural restrictions (Bond et al. 2014).

11.7.4 Strict Fuel Standards

In conjunction with ecological considerations, biojet manufacturers have a notewor-
thy obstacle in complying with stringent composition and performance criteria
imposed on all jet fuel. In contrast to terrestrial transportation vehicles, aircrafts are
required to navigate through challenging environments and frequently undergo
refueling operations across various global locations (Lim et al. 2023). Consequently,
it is imperative for aviation fuel to possess excellent reliability and compatibility
with diverse current fleets. Consequently, the production of biojet necessitates more
costly and time-consuming procedures compared to other types of biofuels
(Connelly et al. 2015). Additionally, prior to utilization, biojet must be blended with
conventional jet fuel. Prior to 2010, it was concluded by experts that bio-feedstocks
were unable to meet the necessary specifications for aviation fuel (Dominguez-
Garcia et al. 2017). Numerous articles acknowledge the difficulties associated with
meeting jet fuel standards. However, a consensus has been reached among the bulk
of these publications that the technological feasibility obstacle has been overcome
in the past decade. This was evidenced by the acceptance of over five different biojet
pathways by ASTM (Neuling and Kaltschmitt 2018). Nevertheless, although tech-
nological limitations are no longer a hindrance, the expenses associated with the
necessary technologies to meet the fuel requirement continue to be a matter of worry.
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11.8 Future Prospective

11.8.1 Promising Research Area

Biojet fuel production offers promising prospects for a greener aviation sector,
addressing environmental and economic concerns. However, balancing land use and
food security is a crucial consideration, necessitating the selection of sustainable
feedstocks to avoid competition with food production and mitigate adverse impacts
like deforestation and food shortages (Zhang et al. 2020).

Lignocellulosic biomass, including agricultural residues, forestry waste, and
dedicated energy crops, holds great promise as a biojet fuel feedstock. Abundant
availability and non-competition with food crops make them environmentally sus-
tainable options, exemplified by the Red Rock Biofuels plant in Oregon, USA, uti-
lizing forestry residues for large-scale sustainable aviation fuel production (Ng
et al. 2021). Microalgae strains offer significant potential for biojet fuel production,
surpassing conventional crop yields and efficiency. Their closed-loop cultivation
systems, utilizing sunlight and CO,, make them efficient biofuel producers, support-
ing carbon capture efforts (Lim et al. 2021).

Innovations in genetic engineering have led to enhanced lipid or oil content in
crops like high-oil maize and canola, promising higher biofuel yields. However,
careful regulation is crucial to address environmental and public acceptance con-
cerns. Overcoming challenges related to feedstock variability, costly cultivation,
and advancing conversion technologies is essential for the economic viability of
large-scale biojet fuel production (Kargbo et al. 2021). By investing in sustainable
feedstock options and refining technologies, the biojet fuel industry can lead towards
a more environmentally friendly aviation sector with reliable fuel quality.

The future of microbial conversion technologies for biojet fuel production looks
promising, with continuous research aimed at addressing existing challenges and
uncovering new opportunities. Advancements in metabolic engineering and syn-
thetic biology are expected to lead to tailor-made microorganisms capable of effi-
ciently converting diverse feedstocks into biojet fuels (Keasling et al. 2021).
Additionally, integrating renewable energy sources, such as solar and wind power,
into algal cultivation systems can enhance algal biofuel production’s sustainability
and overall energy balance. Process intensification and optimization innovations
will likely reduce production costs, making biojet fuels more economically com-
petitive in the aviation market.

Biojet fuel production has emerged as a promising solution to address aviation
emissions’ environmental challenges. Derived from renewable biomass feedstocks
like vegetable oils, animal fats, algae, and waste materials, biojet fuels offer a more
sustainable alternative to traditional fossil-based jet fuels (Doliente et al. 2020). To
make biojet fuel a viable and widely adopted solution in the aviation industry,
enhancing its quality, performance, and cost-effectiveness through advanced refin-
ing processes and specialized catalysts is crucial. Waste biomass, being a by-product
of agro-forestry, residential, commercial, and industrial operations, possesses the
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advantage of not necessitating more land and exhibiting reduced water footprints
compared to cultivated crops (Mawhood et al. 2016).

Hydrotreatment, a pivotal step in refining, involves using hydrogen and catalysts
to remove impurities and stabilize the fuel. With catalysts typically based on metals
like nickel, cobalt, or palladium, hydrotreatment facilitates chemical reactions that
reduce oxygen, sulfur, and nitrogen content in the feedstock (Lahijani et al. 2022).
As aresult, the energy density, thermal stability, and overall quality of the biojet fuel
are significantly improved.

To meet stringent aviation specifications, biojet fuel undergoes fractional distil-
lation and blending with conventional jet fuel. This fine-tunes the properties of the
final product, ensuring compliance with aviation standards set by organizations like
ASTM International and TATA (Yildiz 2022).

Despite significant progress, challenges remain in scaling up these technologies
for large-scale biojet fuel production while maintaining cost-effectiveness. Biomass
feedstock availability and sustainability also influence economic viability. Continued
research and innovation are necessary to optimize refining processes, reduce energy
consumption, and minimize waste generation, making biojet fuel economically
competitive with conventional jet fuel (Goh et al. 2020).

11.8.2 Opportunities for Biojet Fuel Production
11.8.2.1 Increasing Emissions/Demand for Jet Fuel

The primary factor often cited as a catalyst for biojet manufacturers is the increasing
cost of air travel and the subsequent emissions it generates. Recent study discovered
comparable findings, indicating that the primary opportunity for biojet generation
lies in the reduction of greenhouse gas (GHG) emissions (Barbosa 2017). There are
two potential advancements that possess the capacity to augment the demand for
biojet fuel. There are two factors that contribute to the growth of the sector. Firstly,
it is projected that the industry will see an annual expansion of 4-5%. Secondly,
there is an improvement in fuel economy, which historically has shown a more
modest annual rise of 1.5% (Deane and Pye 2018).

According to the International Civil Aviation Organization (ICAO) (Diederichs
et al. 2016), it is projected that global jet fuel consumption would see a substantial
increase of 2.8-3.9 times its 2010 levels by the year 2040, mostly as a result of the
aforementioned two trends. The key catalyst for increasing demand, notably in
China, India, and the Middle East, is projected to be the swift economic growth
observed in developing nations (Dietrich et al. 2018). The aforementioned regions
encompass Asia, Africa, and South America (Do and Lim 2016). In a study con-
ducted by Dodd et al. (2018), it is said that the immediate consequences of the
COVID-19 pandemic, such as the significant decline in jet fuel demand over the
years 2020 and 2021, are improbable to have an impact on the long-term trend of
rising air traffic.
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11.8.2.2 Demand for Diversification of Jet Fuel Supply

The demand for diversification of jet fuel supply has emerged as a pressing concern
in the aviation industry due to several factors. Heavy reliance on conventional
petroleum-based jet fuels poses various challenges, including price volatility, sup-
ply chain disruptions, and geopolitical risks. Fluctuations in global oil prices can
significantly impact airlines’ operating costs, leading to financial instability and
unpredictability in the industry (Barbosa 2017). Moreover, geopolitical tensions
and conflicts in major oil-producing regions can disrupt the supply and availability
of traditional jet fuels, further accentuating the need for a more resilient and diversi-
fied fuel supply (Bond et al. 2014).

To address these challenges, there is a growing recognition of the importance of
reducing the aviation industry’s dependence on fossil fuels and transitioning towards
more sustainable and environmentally friendly alternatives. The concept of energy
security, which focuses on ensuring a stable and reliable energy supply, has gained
traction in the aviation sector, driving the exploration of alternative fuel sources like
biojet fuels. Biojet fuels offer a compelling solution to the demand for diversifica-
tion (Matuszewska et al. 2021). Produced from renewable feedstocks such as plant
oils, algae, agricultural residues, and waste materials, biojet fuels present a promis-
ing opportunity to reduce carbon emissions and promote a more sustainable avia-
tion sector. These fuels can be blended with conventional jet fuels or used as drop-in
replacements, ensuring compatibility with existing aircraft and infrastructure
(Connelly et al. 2015). Additionally, the diversification of jet fuel supply aligns with
global efforts to address climate change and reduce greenhouse gas emissions. As
countries and international organizations implement policies to limit carbon emis-
sions and encourage sustainable practices, airlines are increasingly motivated to
adopt biojet fuels to meet environmental regulations and enhance environmental
performance (Lim et al. 2023).

11.8.2.3 Potential Profitability and Positive Public Perception of Biofuels

The potential profitability and positive public perception of biofuels, particularly
biojet fuels, are critical to widespread adoption in the aviation industry. As the world
seeks to transition towards more sustainable practices, biofuels offer a unique
opportunity to reduce greenhouse gas emissions and mitigate the environmental
impact of air travel (Cantarella et al. 2015). Airlines and aviation companies increas-
ingly recognize the economic benefits of investing in sustainable initiatives. While
biofuel production and distribution costs may be higher than conventional jet fuels,
technological advancements and economies of scale steadily drive down costs,
making biofuels more economically competitive (Martinez-Hernandez et al. 2019).

Moreover, many governments and regulatory bodies are implementing policies
and incentives to encourage the use of biojet fuels. Biofuel mandates, tax incentives,
and carbon pricing mechanisms are being introduced to support sustainable aviation
practices (Lu 2018). This, in turn, can create a favorable market for biojet fuels,
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attracting investments and promoting profitability in the sector. Public perception
plays a crucial role as the aviation industry transitions to more sustainable practices
(Maniatis 2013). Consumers are becoming increasingly environmentally conscious
and are seeking eco-friendly travel options. Furthermore, the positive public percep-
tion of biofuels is not limited to passengers but extends to investors and stakeholders
(Liu et al. 2013). As environmental concerns become more prominent, investors
increasingly seek companies that prioritize sustainability and demonstrate respon-
sible corporate citizenship (Bond et al. 2014).

11.8.2.4 Supportive Government Policy

The manufacturers of biojet fuel have identified government policy as the third most
favorable opportunity. Favorable government regulation was identified as the third
and fourth most potential chances for biojet, respectively. Biofuels have many
opportunities within the ambit of governmental regulations implemented globally
(Bardell and Ashton 2020). The most often cited policy supports in the literature
study were carbon pricing systems, namely the European Union’s Emission Trading
Scheme (ETS) and the sector-specific Carbon Offsetting and Reduction Scheme for
International Aviation (CORSIA), with a total of 63 mentions (Filimonau et al. 2016).

Biofuels, such as biojet, possess a carbon neutral status, enabling users to either
diminish their overall carbon footprint or generate credits that may be traded with
other entities contributing to pollution (Bond et al. 2014). Nevertheless, a substan-
tial number of countries, amounting to at least 80, have made a commitment to
adopt the CORSIA carbon pricing system once it is operational. The European
Union promotes the utilization of biofuels through the Renewable Energy Directives,
namely RED-I and RED-II. These directives offer credits to biojet users, which may
be utilized to fulfil the renewable energy consumption targets (Connelly et al. 2015).

The emergence of general carbon and biofuel restrictions has given rise to sev-
eral opportunities in the field of biojet. However, it is worth noting that specialized
rules pertaining to biojet are relatively few. Only a limited number of countries have
implemented such forms of assistance, with Norway (since 2015) (Do and Lim
2016) and Indonesia (starting in 2018) (Choi and Ritchie 2014) being two notable
examples. Indonesia and France have expressed intentions to increase their utiliza-
tion of biojet fuel in the forthcoming years. Conversely, Spain is contemplating the
establishment of a target to achieve a 2% biojet fuel consumption rate by the year
2025 (Lim et al. 2023).

11.9 Conclusion

The utilization of renewable bioresources for the generation of jet fuels holds sig-
nificant promise for the aviation sector in its efforts to decrease reliance on fossil
fuels and attain carbon emission reduction objectives. The feedstock utilized in the
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creation of biojet fuel is diverse, with distinct production paths necessitating spe-
cific feedstock sources. The primary obstacles to the commercialization of jet fuel
pertain to the availability of feedstock, economic considerations, and sustainability
concerns. The rationale for choosing feedstock and technologies for the manufac-
ture of SAF should be supported by a thorough analysis of production costs and
environmental impact. It is important to ensure that these choices do not create
competition with the current biofuel market for road transportation. Additional
investigation and advancement should be directed on enhancing, incorporating, and
expanding SAF technology in order to enhance the economic efficiency of SAF
manufacturing. The acceleration of SAF adoption necessitates the implementation
of policy support that promotes collaboration among several stakeholders, in addi-
tion to governmental action.
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Chapter 12 )
Life Cycle Assessment of Bio-Jet Fuel i

Samakshi Verma, Y. Lalitha Kameswari, and Sonu Kumar

Abstract The investigation of environmentally friendly substitutes for conven-
tional jet fuels has been motivated by the aviation industry’s negative environmental
effects, particularly those caused by greenhouse gas emissions. As a potential
answer, bio-jet fuels (BJFs) made from sustainable feedstocks have gained popular-
ity. In order to compare the environmental performance of bio-jet fuel to that of
traditional fossil-based jet fuel, this study does a thorough life cycle assessment
(LCA). The LCA framework takes into account every stage of the manufacture of
bio-jet fuel, from feedstock cultivation through final application in aircraft engines.
To estimate the environmental impacts throughout multiple life cycle stages, data
from numerous sources are combined, including literature, industry reports, and
databases. The possibility for global warming, energy use, water use, eutrophica-
tion, and land use change are among the environmental factors evaluated. The
LCA’s first findings show that producing bio-jet fuel typically results in fewer net
carbon dioxide emissions than producing conventional jet fuel. The production of
biofuel feedstocks and their processing has an impact on things like land use change
and agricultural inputs. However, the ability of feedstock crops to store carbon and
the adoption of more environmentally friendly agricultural methods frequently miti-
gate these effects. A lower overall energy consumption during the life cycle of bio-
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jet fuel is also a result of the reduced reliance on fossil fuels. Water utilization is a
crucial factor to take into account, with some biofuel manufacturing methods using
more water than traditional jet fuel refining. The study assesses methods to improve
the overall sustainability of the manufacturing of bio-jet fuel and lessen its effects
on the environment. This LCA seeks to provide light on the environmental trade-
offs related to the adoption of bio-jet fuel through a comparative examination of
several bio-jet fuel production pathways and feedstock sources. The findings will
help stakeholders in the aviation industry make well-informed judgments about the
viability and sustainability of integrating bio-jet fuels. Life cycle assessment carried
out in this chapter emphasizes the potential of bio-jet fuel to lessen the environmen-
tal impact of the aviation sector. The practicality of bio-jet fuels as a crucial part of
a more sustainable aviation future is anticipated to be further enhanced by continu-
ous research and technology improvements, even though challenges regarding feed-
stock farming practices and water utilization still exist.

Keywords Life cycle assessment (LCA) - Fossil-based jet fuel - Bio-jet fuels

12.1 Introduction

The aviation sector is crucial to international trade and transportation because it
links people and commodities everywhere. However, there are substantial environ-
mental issues due to the industry’s reliance on fossil fuels, notably jet fuels made
from crude oil (Tien et al. 2019). Aircraft engines’ increasing emissions of green-
house gases, particularly carbon dioxide (CO,), are a factor in climate change and
deteriorating air quality. The aviation industry is under pressure to lessen its envi-
ronmental impact as global efforts to combat climate change grow. The creation and
use of bio-jet fuels is one promising strategy for reducing the environmental impact
of the aviation sector. Aviation biofuels, commonly referred to as bio-jet fuels, are
produced from renewable feedstocks such plant oils, agricultural waste, and algae
(Wang and Tao 2016). Bio-jet fuels have the potential to dramatically lower net
carbon emissions and dependency on fossil fuels than conventional jet fuels, which
are generally carbon-intensive and non-renewable. The idea of bio-jet fuels, is not
entirely new; numerous research groups and pilot projects have investigated various
production methods for these fuels (Wei et al. 2019). The availability of feedstock,
the capacity to scale up production, and the viability of bio-jet fuels all present
obstacles to their widespread use (Hari et al. 2015). Therefore, policymakers, indus-
try stakeholders, and researchers must have a thorough grasp of the environmental
effects of bio-jet fuel generation in order to make informed decisions. In order to
assess the overall environmental impact of bio-jet fuel over the course of its full life
cycle, from feedstock production and processing to distribution and end-use com-
bustion in aircraft engines, a strong technique is the life cycle assessment (LCA)
(Michaga et al. 2022). An LCA offers a comprehensive picture of the sustainability
of bio-jet fuel in comparison to conventional jet fuels by taking into account a
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variety of environmental variables, including greenhouse gas emissions, energy
consumption, water usage, and land use (Fortier et al. 2014). In order to compare the
environmental performance of bio-jet fuel generation to that of conventional jet
fuels, this study seeks to undertake an exhaustive and meticulous life cycle assess-
ment (LCA). Numerous feedstock sources, production strategies, and related envi-
ronmental trade-offs will all be taken into account in the LCA (McKechnie et al.
2011). This study aims to advance the ongoing conversation about environmentally
friendly aviation and provide ideas for lowering the carbon footprint of the sector by
assessing the possible advantages and difficulties of the adoption of bio-jet fuel. The
technique used in the LCA will be described in depth in the parts that follow, includ-
ing the data sources, presumptions, and boundary considerations (Joensuu et al.
2022). The assessment’s findings will be presented in the following sections,
together with their consequences and some ideas for improving the sustainability of
bio-jet fuel production (Michaga et al. 2022). In the end, this study intends to give
stakeholders useful information to help them decide how bio-jet fuels might help
the aviation industry become more ecologically conscious.

12.2 Historical Aspects and Definitions

Historical Considerations: Life cycle assessment (LCA) was developed as a meth-
odological framework for analyzing how items and processes affect the environ-
ment throughout the course of their full life cycles. The 1960s and 1970s saw a rise
in concerns about pollution, resource depletion, and environmental degradation,
which can be linked to the origins of LCA (McManus and Taylor 2015). The need
for a systematic method to evaluate the environmental effects of various products
and processes emerged as businesses and governments started to address these chal-
lenges. In instance, the introduction of ideas like “cradle-to-grave” analysis helped
to formalize the idea of analyzing a product’s life cycle in the 1960s (Rebitzer et al.
2004). In the late 1970s and early 1980s, the phrase “Life Cycle Assessment” as a
whole began to gain popularity. As organizations and researchers started to create
frameworks and procedures for conducting LCA, the ISO 14000 series of standards,
including ISO 14040 and ISO 14044, which are especially devoted to LCA method-
ology and principles, were established (Patén-Romero et al. 2019).

Life Cycle Assessment (LCA): In order to evaluate the environmental effects of
a product, process, or activity over the course of its full life cycle, from the extrac-
tion of raw materials to the end-of-life disposal or recycling, life cycle assessment
(LCA) is a systematic methodology (Lucchetti et al. 2019). LCA aims to provide a
thorough understanding of the environmental costs and potential advantages of vari-
ous options, assisting in the decision-making process towards more sustainable
practices (Thabrew et al. 2009).
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12.2.1 Important LCA Definitions and Concepts

(a) A product’s life cycle is the series of steps it takes from the extraction of the raw
materials to production, use, and eventual disposal (Braungart et al. 2007).

(b) Cradle-to-Grave: Cradle-to-grave refers to the entire life cycle of a product,
from the point of production (cradle) to the point of disposal (grave) (Braungart
et al. 2007).

(¢) Functional Unit: A quantifiable reference unit that captures the functionality of
the under investigation process or product. It enables insightful comparisons
between several options (Bockin et al. 2022).

(d) System Boundaries: The boundaries established for the study that specify which
life cycle stages are included and which are excluded. Boundaries might be
extensive, encompassing the entire life cycle, or narrow, such as “gate-to-gate”
(just one specific stage) (Motalebi et al. 2023).

(e) Inventory analysis is the gathering and measurement of information on inputs,
outputs, and environmental effects at each stage of the life cycle (Saavedra-
Rubio et al. 2022).

(f) Impact Assessment: The process of converting inventory data into relevant cat-
egories of environmental impact, such as eutrophication, acidification, and
global warming potential (Gaurav et al. 2023).

(g) Interpretation: The stage in which the impact assessment’s findings are exam-
ined in light of potential consequences, uncertainties, and constraints. Making
conclusions and wise decisions are aided by this phase (Ghoroghi et al. 2022).

(h) Sensitivity Analysis: A method for examining how changes in the data or under-
lying premises affect the final LCA results (Teng et al. 2023).

When several goods or functions use the same process, environmental loads are
divided through a process called allocation. There are numerous allocation strate-
gies, including energy, mass, and economic allocation. Cut-off based on their poten-
tial to have an impact on the final outcomes, criteria are used to decide whether
processes or inputs are substantial enough to be included in the study.

Life cycle assessment (LCA) is a methodical methodology that assesses the envi-
ronmental effects of items and activities from conception to disposal. It has devel-
oped into a useful resource for comprehending how human activity affects the
environment and for assisting in making sustainable decisions.

12.3 Biomass to BJF Conversion

The process of transforming sustainable biomass feedstocks into a kind of aviation
fuel known as bio-jet fuel or aviation biofuel is known as biomass-to-bio-jet fuel
(BJF). The conversion of biomass, which can include different organic materials
like plant oils, agricultural residues, algae, and waste materials, into a fuel that can
be used as an alternative to conventional fossil-based jet fuels in aircraft engines
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involves a number of chemical and technological steps (Sharno and Hiloidhari
2022). The production of bio-jet fuel aims to replace or combine with traditional jet
fuels, which are predominantly sourced from crude oil, in order to lessen the carbon
footprint and environmental impact of flying. The issue of how the aviation sector
contributes to greenhouse gas emissions and climate change has drawn attention to
bio-jet fuels. A complicated set of procedures is needed to convert renewable feed-
stock materials from biomass into bio-jet fuel (BJF), a fuel that can be used in avia-
tion applications (Ravindran et al. 2022). Depending on the technologies used and
the type of biomass feedstock, many conversion paths may be possible. Biomass is
often transformed into bio-jet fuel through a number of important stages, including:

(a) Selection and Preparation of the Feedstock:

The choice of biomass feedstocks is made taking into account elements like
accessibility, sustainability, and compatibility with conversion methods (Makepa
et al. 2023). Feedstocks are made acceptable for further processing by cleaning,
drying, and perhaps pretreating. Agricultural waste, wood, algae, plant oils, and
other substances can all be used as biomass feedstock (Makepa et al. 2023). For
further processing, feedstock is gathered, harvested, and prepared to produce a con-
stant particle size and moisture content. Various methods including cleaning, drying
and grinding are employed during the preparation phase (Zein and Antony 2022).

(b) Conversion Methods:
There are several ways to turn biomass into bio-jet fuel, including:

1. Gasification and pyrolysis are examples of thermochemical processes that entail
heating biomass in the absence of oxygen to create bio-oil or syngas (Inayat
et al. 2022).

2. Bio-oil is produced from biomass by hydrothermal methods like hydrothermal
liquefaction, which require high pressure and temperature in the presence of
water (Eswary Devi et al. 2022).

3. Fermentation is a biochemical process where bacteria transform biomass sugars
into bio-based hydrocarbons.

4. Biomass thermal decomposition without oxygen to produce bio-oil, gas, and
char by pyrolysis.

5. A crude bio-oil is created when biomass is converted at high temperatures and
pressures while being in the presence of water.

6. Fischer-Tropsch synthesis: Creating liquid hydrocarbons from syngas, a mixture
of carbon monoxide and hydrogen obtained from biomass (Sharew et al. 2022).

7. Using hydrocracking or hydrotreating to remove contaminants and enhance the
fuel characteristics of bio-oil is known as hydroprocessing (Sharew et al. 2022).

(c) Upgrading and Refining:

To achieve the criteria for aviation fuel, the intermediate products produced by
the conversion operations frequently need to be refined further. To enhance fuel
characteristics and get rid of contaminants, refining techniques including



278 S. Verma et al.

hydrocracking, hydrotreating, and distillation can be used (Sarkar et al. 2023). In
order to increase the efficiency of the conversion process, pretreatment seeks to
disassemble the intricate biomass structures. Mechanical grinding, chemical pro-
cessing, and thermal procedures including pyrolysis and hydrothermal liquefaction
are typical pretreatment techniques (Ramos et al. 2022). To meet the requirements
of aviation fuels, intermediate products resulting from the conversion stage fre-
quently need to be refined further (Misra et al. 2023). Hydrocracking, hydrotreating,
and distillation are upgrading procedures used to clean up materials and modify the
lengths of the carbon chains.

(d) Testing and Blending:

To meet the requirements for usage in aircraft engines, the refined bio-jet fuel is
mixed with regular jet fuel. The bio-jet fuel is put through quality control and test-
ing to make sure it satisfies performance and legal requirements (Okolie et al. 2023).

(e) Combining and Quality Assurance:

To meet the requirements for usage in aviation, the refined bio-jet fuel is mixed
with regular jet fuel. Regulatory and performance standards are met by the final bio-
jet fuel, thanks to quality control processes (Lahijani et al. 2022).

(f) Availability and Use:

The created bio-jet fuel is delivered to airports where it is mixed with regular jet
fuel or utilized as a drop-in substitute in aircraft engines. Existing engines can use
bio-jet fuel without extensive modifications (Tiwari et al. 2023). Bio-jet fuel has an
end-of-life stage, just like any other fuel. It’s important to think about disposal and
recycling options to reduce your negative environmental effects (Donnelly et al.
2023). There are numerous ways to convert biomass into bio-jet fuel, and the pre-
cise technologies and procedures employed can change depending on elements like
the type of feedstock, regional availability, technological improvements, and eco-
nomic considerations (Hussin et al. 2023). To ensure the total environmental bene-
fits of the bio-jet fuel production process, sustainability factors such feedstock
procurement, water usage, and land impacts must also be carefully considered
(Tiwari et al. 2023). Airports receive the produced bio-jet fuel, which doesn’t require
major adjustments to be used in aircraft engines. Bio-jet fuel can be used in place of
conventional jet fuel or combined with it. Utilizing regenerative feedstocks that may
be regenerated over time, biomass-to-bio-jet fuel conversion seeks to lower the car-
bon emissions linked to aviation (Seber et al. 2022). The efficiency of conversion
processes, feedstock procurement procedures, impacts on land use, water usage,
and potential rivalry with food and land resources are only a few examples of the
aspects that affect how sustainably bio-jet fuel production may be done overall
(Tiwari et al. 2023). The viability and environmental advantages of producing
biomass-to-bio-jet fuel are being improved via ongoing study and technology devel-
opment (Ahmed et al. 2023).
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12.4 BJF Production Routes

In order to transform biomass feedstocks into a useful aviation fuel, bio-jet fuel
(BJF) can be generated using a variety of production pathways, each incorporating
a different set of technologies and procedures (Sharno and Hiloidhari 2022).
Depending on the kind of biomass used, regional availability, and technological
improvements, these paths may change. Here are a few typical BJF production
pathways:

(a) Hydroprocessed Esters and Fatty Acids (HEFA):

One of the well-known methods for producing BJF is HEFA.

Plant oils used in cooking as well as soy and camelina oils are used as feedstock.
Transesterification is the method used to transform the feedstock into fatty acid
methyl esters (FAME). The FAME is then hydroprocessed to clean it up and modify
its characteristics for usage in aircraft. Through this process, biomass-derived syn-
gas—a mixture of carbon monoxide and hydrogen—is transformed into liquid
hydrocarbons (Emmanouilidou et al. 2023). Biomass-derived syngas is the feed-
stock. Catalytic conversion of syngas to long-chain hydrocarbons results in the pro-
duction of aviation fuels.

(b) ATF (Alcohol-to-Jet):

The ATJ process, which involves turning alcohols obtained from biomass into jet
fuel, appears promising. Lignocellulosic biomass or agricultural waste can be used
as a feedstock to produce alcohols like ethanol (Peters et al. 2023).

Process: To create an appropriate aviation fuel, alcohols are dehydrated and
oligomerized to generate longer hydrocarbon chains.

(c) Hydrothermal Liquefaction Catalyzed (HTL):

HTL entails the transformation of wet biomass into bio-oil at high pressure and
temperature while water is present. Wet biomass such as algae or agricultural waste
is called a feedstock (Mishra et al. 2022).

Process: By exposing biomass to hydrothermal conditions, bio-oil is created,
which can then be processed into jet fuel.

(d) Upgrading and Pyrolysis:

In order to create bio-oil, which is later improved, biomass is thermally decom-
posed in the absence of oxygen. Woody biomass or agricultural wastes are used as
feedstock (Singh et al. 2023).

Process: To produce aviation-grade fuel, bio-oil is improved and refined using
techniques like hydrotreating and hydrocracking.

(e) Biological Synthesis and Microbial Transformation:

It is possible to design microorganisms to transform biomass sugars into aerosol-
safe hydrocarbons. Sugars generated from lignocellulosic biomass are used as
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feedstock. Fermentation by microbial engineering results in bio-based hydrocar-
bons, which can then be processed into BJF.

It’s vital to remember that each production route’s viability and environmental
performance depend on a variety of elements, including the availability of feed-
stock, energy use, greenhouse gas emissions, water use, and the entire life cycle
evaluation (Andooz et al. 2023). Additionally, these production pathways are being
improved as a result of technological and scientific advance, which makes the man-
ufacturing of bio-jet fuel more effective and sustainable. A combination of techni-
cal, economic, and sustainability factors will determine the production route to take.

12.5 System Boundary and LCA Framework

The system boundary and life cycle assessment (LCA) paradigm for bio-jet fuel
(BJF) entails defining the analysis’s purview and methodically assessing the envi-
ronmental effects connected to BJF use and manufacturing. LCA is a thorough pro-
cess that examines every aspect of a product’s life cycle, from the extraction of raw
materials to its disposal at the end of its useful life (Barbhuiya and Das 2023). The
analysis’s scope is determined by the system boundary, which outlines the life cycle
stages that will be covered. Producing feedstock entails gathering, and getting the
biomass feedstock (such as plant oils, agricultural waste, and algae) ready for fur-
ther processing. The movement of feedstock from the point of origin to the facility
for conversion is taken into account, as well as the accompanying energy use and
emissions (Colbertaldo et al. 2023). The system boundary includes all operations
required to transform the biomass feedstock into bio-jet fuel. This also applies to the
particular conversion technique employed (such as HEFA, FTS, ATJ, or HTL).
Energy use and emissions are taken into account while refining and upgrading mate-
rials to meet aviation fuel standards (Ahlstrom et al. 2023). The research takes into
account both the distribution of BJF to airports and its blending with regular jet fuel.
A crucial component of the system boundary is the combustion of BJF in aircraft
engines, including emissions produced while flying (Sharno and Hiloidhari 2022).
Taking into account the recycling or disposal of waste and byproducts produced
during the manufacture and usage of BJF. The LCA framework consists of the fol-
lowing crucial steps:

(a) Goals and Purpose: Define the LCA’s objective, the functional unit (for
instance, one million passenger-kilometers), and the system’s boundaries (Ali
et al. 2023).

(b) Inventory Analysis: Gather information about each stage of the life cycle’s
energy use, emissions, resource use, and other environmental aspects (De Wolf
et al. 2023).

(¢) Influence Assessment: Transform the inventory data into categories that reflect
how the data may have an influence on the environment, such as the potential
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for global warming (expressed in CO, equivalents), energy use, water use, land
use, etc. (Jennings et al. 2023).

(d) Normalization and Weighting: Based on stakeholder preferences, normalize
impact data to pertinent reference values (e.g., world averages) and use weight-
ing variables to prioritize various affects (Torkayesh et al. 2022).

(e) Interpretation: Examine and interpret the findings while taking uncertainties
and trade-offs into account. Find the areas with the biggest environmental
consequences. Analyze the impact of important variables and presumptions on
the outcomes to determine how robust the conclusions are (Haldar et al. 2023).
Based on the identified environmental hotspots, recommendations were made
for enhancing the sustainability of BJF production and consumption. LCA
offers a thorough analysis of the environmental performance of BJF production,
assisting stakeholders in making decisions that will improve bio-jet fuel sus-
tainability overall by streamlining operations, minimizing negative effects, and
minimizing environmental impact (Julio et al. 2021). It’s important to keep in
mind that LCA is an iterative process that may be improved as more precise
data become accessible, as technology and practices advance, and as more data
becomes available.

12.6 Methods to Deal with Co-Products

Along with the primary fuel product, many co-products and byproducts may be
produced during the manufacture of bio-jet fuel (BJF). Remains, waste streams, and
other materials produced during the conversion processes can all be considered co-
products. Maximizing the sustainability and financial viability of the BJF produc-
tion process depends on managing and utilizing these co-products well (Le Foll
et al. 2023). Here are several strategies for handling BJF co-products:

(a) Co-Processing and Valorization:

Many co-products can be utilized or processed further to add value. Co-products,
for instance, might be used as raw materials or chemicals in other sectors. In order
to benefit from the chemical composition of co-products, co-processing includes
incorporating them into already-in place industrial processes (Henchion and
Shirsath 2022). For instance, biochar produced from the pyrolysis of biomass can be
added to soil or utilized to store carbon.

(b) Conversion of Waste to Energy:

Some co-products might be energy-rich and useful as a renewable energy source.
Co-products can be used in waste-to-energy processes to produce heat, electricity,
or biofuels, such as gasification or incineration (Sharma et al. 2022).
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(c) Production of Biogas or Biomethane:

Some co-products can be utilized as a feedstock for the production of biogas or
anaerobic digestion. In this process, organic materials are broken down by microor-
ganisms to create biogas (methane and carbon dioxide), which can be utilized to
create electricity (Manikandan et al. 2023).

(d) Agriculture and Animal Feed: Some co-products can contribute to circular agri-
cultural systems by being employed as soil amendments or animal feed,
depending on their composition. For instance, waste biomass from the manu-
facturing of biofuels can be fed to animals (Colombo et al. 2023).

(e) Resource Recycling:

Co-products that have the appropriate material characteristics can be recycled or
used again. For instance, materials made from co-products or bio-based plastics can
be incorporated into industrial procedures (Ribul et al. 2021).

(f) Utilizing and Capturing Carbon (CCU):

Co-products may occasionally have the ability to capture and use carbon. It is
possible to catch CO,-rich streams and use them for things like promoting the
growth of algae for biomass production (Eloka-Eboka et al. 2019).

(g) Applying the Land and Improving the Soil:

As a result of their high nutritional content, residues from some BJF production
paths, such as hydrothermal liquefaction, can be utilized as fertilizers or soil supple-
ments to enhance the quality of the soil and stimulate plant development (Jacob-
Lopes et al. 2023).

12.6.1 Practices of the Circular Economy and Recycling

Designing methods to reduce waste, encourage reuse, and improve resource effi-
ciency is a key component in putting circular economy principles into practice. In
closed-loop systems, where waste is reduced and materials are retained in use, co-
products may be important (Kara et al. 2022). It’s vital to remember that the best
way to handle co-products depends on a variety of elements, including their makeup,
local laws, market demand, practicability, and environmental concerns (Mungodla
et al. 2019). Effective co-product management in the BJF production process
requires an integrated strategy that takes into account both economic viability and
environmental sustainability as shown in Fig. 12.1.
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12.7 Land Availability for BJF Production

A key element in assessing the viability and sustainability of manufacturing bio-jet
fuel on a wider scale is the availability of land for BJF production. The choice of
feedstock, production techniques, and potential effects on ecosystems and food pro-
duction are all influenced by the availability of land (Ong et al. 2021). Considerations
regarding land availability for BJF production include as follows:

(a) Type of Feedstock and Land Needed:

The amount of land needed will vary depending on the feedstock. For instance,
specialized energy crops like algae or certain oilseed crops may require a different
type of land usage than agricultural waste or residues. When determining whether a
feedstock is viable for the manufacture of BJF, its yield per unit of land area is a
crucial consideration (Cervi et al. 2020).

(b) Contradictory Land Uses:

Other significant land uses, such as food production, biodiversity preservation,
and ecosystem services, must be balanced with the availability of land for BJF pro-
duction. Land use conflicts can be reduced by identifying feedstocks that don’t
directly compete with food crops (Zeng et al. 2022).

(c) Degraded and Marginal Lands:

It may be possible to reduce rivalry with food production by making use of mar-
ginal or degraded sites that are unsuitable for intensive food crop agriculture.
However, it is important to carefully consider the environmental effects and viabil-
ity of manufacturing bio-jet fuel on such sites (Csikés and Téth 2023).
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(d) Managing Sustainable Land:

Agroforestry, rotational cropping, and cover crops are examples of sustainable
land management techniques that can help preserve soil fertility and lessen their
detrimental effects on ecosystems (Kumar et al. 2023).

(e) Land Use Modification and Secondary Effects:

BJF production-related land use change may indirectly affect ecosystems and
carbon emissions; particularly if it results in deforestation or the conversion of
carbon-rich ecosystems. The overall climatic advantages of BJF production depend
heavily on avoiding land use changes that generate large amounts of carbon emis-
sions (Nagy et al. 2022).

(f) Local Laws and Ordinances:

The availability of land for the production of BJF can be impacted by laws per-
taining to land use, land tenure, and environmental protection. For environmentally
friendly industrial techniques to be used, compliance with these rules is crucial
(O’Donoghue et al. 2021).

(g) Efficiency and Productivity in Land Use:

To make a significant difference in the production of BJF, it is imperative to
maximize the productivity and efficiency of land use. Increased feedstock yields per
unit of land can be achieved with the use of technological developments, breeding
programs, and agronomic techniques (Li et al. 2023).

(h) Analyzing the Environmental Impact:

The possible environmental effects of BJF production on land use can be better
understood by conducting thorough environmental impact evaluations, including
life cycle assessments (LCAs) (Cooreman-Algoed et al. 2023).

(i) Engaging Local Stakeholders:

Understanding their viewpoints, issues, and potential advantages of BJF produc-
tion on local lands requires interaction with indigenous groups, farmers, and local
people. Determining the optimal land availability for BJF production ultimately
requires a balanced strategy that takes into account environmental, social, and eco-
nomic factors (Cervi et al. 2021). Establishing a responsible and viable BJF manu-
facturing pathway requires careful planning, environmentally sound procedures,
and collaboration with pertinent stakeholders.
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12.8 Environmental Impact Assessment

When producing bio-jet fuel (BJF), from growing the feedstock to using it in air-
craft engines, an environmental impact assessment (EIA) is conducted to assess any
potential environmental impacts. An EIA aims to inform decision-makers, stake-
holders, and the public about the project’s possible effects on the environment while
also identifying, assessing, and mitigating the environmental impacts of BJF pro-
duction (Ikiz Kaya et al. 2021). Here is a description of the procedure:

1.

10.

Define the scope of the assessment by specifying the stages of BJF production
that will be taken into account, the geographic scope of the analysis, and the
environmental factors that will be assessed.

List the different types of environmental impacts that need to be evaluated.
Greenhouse gas emissions, energy use, water use, land use change, air and
water pollution, habitat destruction, and other factors may be among them
(Rajak 2021).

. Compile information on the inputs and outputs related to each step of the manu-

facturing of BJF, including the production of feedstock, processing, blending,
distribution, and usage of aircraft. Literature, databases, business reports, and
measurements taken specifically at a site can all provide data (Julio et al. 2021).
Using impact assessment approaches, calculate the potential environmental
effects. For instance, estimate the carbon dioxide equivalents of greenhouse gas
emissions to determine the potential for global warming (Rajak 2021).
Perform sensitivity studies to comprehend how changes to the data, factors, and
assumptions can affect the outcomes. This aids in evaluating how reliable the
results are (Cro et al. 2020).

Determine potential environmental effects that go above allowable limits and
suggest mitigating actions. Among these tactics are resource efficiency improve-
ments, waste reduction, the use of renewable energy sources, and process opti-
mization (Cainelli et al. 2020).

Explain the findings in light of the project’s importance and possible outcomes.
Be straightforward and accessible in your communication of the findings to
decision-makers, stakeholders, and the general public (Gibbs et al. 2023).

Use the EIA findings to inform your choices about the viability, layout, and
execution of BJF manufacturing. This could entail making modifications to the
project plans, policies, or production method (Lorenzo 2021).

Put in place a monitoring strategy to keep tabs on the real environmental effects
of the BJF production process. This enables adaptive management, where deci-
sions can be made based on observations made in the real world (Lorenzo 2021).
Write a report on the environmental impact assessment that details every step of
the procedure, from data collecting to mitigating measures. The methodology
adopted, the presumptions made, and the conclusions reached should all be
disclosed in the report (Julio et al. 2021).
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Fig. 12.2 Environmental impact assessment in BJF

EIA is a useful tool for evaluating both the possible advantages and disadvan-
tages of BJF manufacturing on the environment as shown in Fig. 12.2. It ensures
that BJF manufacturing supports to environmental protection and lower carbon
emissions in aviation, encourages responsible practices, and aids in guiding sustain-
able decision-making.

12.9 Yield Developments

The term “yield developments” for bio-jet fuel (BJF) describes developments and
enhancements to the productivity and efficiency of the BJF production process.
With the help of these advancements, more bio-jet fuel will eventually be produced
from a given amount of biomass feedstock, improving both the economics and sus-
tainability of BJF production (Julio et al. 2021).

(a) Feedstock Breeding and Selection:

In order to enhance the yield of the bio-based feedstock required for BJF manu-
facturing, research and development activities are concentrated on choosing or
breeding feedstock crops with higher oil or carbohydrate content (Pudel and
Wiesen 2019).
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(b) Genetic Modification and Engineering:

Techniques in genetic engineering can be used to increase the yield of crops used
as feedstock. This can entail altering plants to yield more oil or other important
substances (Khoo et al. 2023).

(c) Agronomic and Cultivation Techniques:

Improved cultivation techniques can result in higher biomass yields and better
feedstock quality. These practices include optimized planting density, irrigation,
and fertilizer management (Osman et al. 2023).

(d) Efficiency of Harvesting and Collection:

Technology advancements in harvesting and collection can lower losses and
boost the effectiveness of biomass collection, resulting in increased yields
(Hiloidhari et al. 2023).

(e) Technologies for Conversion:

The production of bio-oil or bio-based intermediates can be increased by
improvements in conversion methods, such as more effective pyrolysis, hydrother-
mal liquefaction, or fermentation processes (Ebhodaghe et al. 2022).

(f) Process Improvement:

To increase the amount of useful fuel generated, process optimization focuses on
enhancing the effectiveness of each stage of BJF production, from feedstock prepro-
cessing to refining (Cervi et al. 2020).

(g) Utilization of Co-Products:

To increase total yield, co-products and byproducts produced during the BJF
production process might be used. By adding value to these byproducts, waste is
reduced and the economic viability of production is increased (Julio et al. 2021).

(h) Engineering of Catalysts and Reactions:

Higher yields of suitable bio-jet fuel constituents may be attained through
research into more effective catalysts and reaction conditions for conversion pro-
cesses like hydroprocessing or pyrolysis (Lahijani et al. 2022).

(i) Fermentation and Biological Transformation:

The production of bio-based molecules suited for BJF can be increased by
improving biological conversion processes, such as fermentation employing engi-
neered microbes (Rioux et al. 2022).

(j) Systems for Integrated Production:

The creation of integrated systems that integrate various processes (such as the
cultivation and conversion of feedstocks) might result in synergies that boost overall
output and resource efficiency. In order to solve the issues of scalability, feedstock
availability, and economic feasibility, yield developments are crucial for BJF pro-
duction (Cervi et al. 2020). These developments help bio-jet fuel become a more
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appealing substitute for traditional fossil-based jet fuels as they achieve the twin
objectives of lowering greenhouse gas emissions and guaranteeing a sustainable
aviation sector.

12.10 Uncertainty and Sensitivity Analysis

The robustness and dependability of data obtained in the context of the manufacture
of bio-jet fuel (BJF) must be evaluated, and sensitivity and uncertainty analysis are
crucial parts of this process (Cervi et al. 2020). These studies aid in comprehending
how changes in the assumptions and input parameters impact the results of the BJF
production process.

Uncertainty Analysis: Uncertainty analysis measures how much a BJF produc-
tion assessment’s input parameters are unknown and how that uncertainty affects
the assessment’s outcomes. It entails locating uncertainty sources, estimating their
size, and propagating them throughout the analysis (Cervi et al. 2021). With respect
to the variability in the input data and assumptions, the objective is to present a
range of alternative outcomes.

Sensitivity Analysis: The BJF production assessment’s outputs are affected by
changes to certain input parameters or assumptions, which are examined in sensitiv-
ity analysis. It enables the identification of the main sources of variability and assists
in determining which parameters significantly affect the findings (Sharno and
Hiloidhari 2022).

Here is how sensitivity and uncertainty analysis can be used to improve BJF
production:

(a) Uncertainty of a Parameter:

Decide on important input characteristics, such as feedstock production, effi-
ciency of conversion, amount of energy used, and emissions considerations. Using
probability distributions or ranges based on the information at hand and profes-
sional judgment; quantify the uncertainty associated with these parameters (Lo
et al. 2021).

(b) Simulation Using Monte Carlo:

Run the BJF production analysis many times using Monte Carlo simulation,
using parameter values from their respective distributions each time (Wood et al.
2021). To comprehend the range of possible outcomes and related uncertainty, ana-
lyze the distribution of results.

(c) Indices of Sensitivity:

To evaluate the relative significance of each input parameter in causing the vari-
ability in the output results, compute sensitivity indices, such as the Sobol indices.
Determine “high-impact” parameters that have a big impact on the outcomes and
“low-impact” parameters that barely have an impact (Lo et al. 2021).
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(d) Tornado Schematics:

Make tornado diagrams to illustrate the findings of the sensitivity analysis. These
illustrations demonstrate how changes in parameters affect the final outcome
(McCabe et al. 2020).

(e) Scenario Evaluation:

To comprehend the ramifications on the results of BJF production, run scenario
studies by taking extreme circumstances into consideration or changing certain
parameters (Presbitero et al. 2021).

(f) Interpretation:

Understanding which uncertainties have the most impact on the outcomes of the
BJF production assessment will help you interpret the results of uncertainty and
sensitivity assessments (Wait 2021).

(g) Decision-Making and Data Improvement:

Prioritize data collecting efforts, enhance model accuracy, and make well-
informed judgments based on the robustness of the results using the knowledge
gained from uncertainty and sensitivity studies (Lo et al. 2021). The potential vari-
ances and weaknesses of BJF production assessments are better understood by
using both uncertainty and sensitivity analysis. They assist better informed and
transparent decision-making in the context of sustainable bio-jet fuel generation and
strengthen the credibility of findings.

12.11 Specification for Bio-Jet Fuel

Aviation biofuel, commonly referred to as bio-jet fuel, is a type of renewable jet fuel
made from biomass (Balogu et al. 2022). It is intended to be a more environmentally
friendly substitute for standard jet fuel, which is predominantly made from fossil
fuels. Depending on the feedstock used for production and the precise processing
techniques used, bio-jet fuel characteristics can change.

Chemical Make-Up: Hydrocarbon chains, which are the molecules that produce
energy through burning, are a component of bio-jet fuel, just like they are in conven-
tional jet fuel (Lahijani et al. 2022).

Saturated and Unsaturated Hydrocarbons: To guarantee optimum combustion
characteristics, the fuel should have a well-balanced blend of saturated and unsatu-
rated hydrocarbons (Tiwari et al. 2023).
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12.11.1 Physical Characteristics

Density: Bio-jet fuel needs to have a density that works with the infrastructure for
storing and transporting aviation fuel (Dahal et al. 2021).

Freezing Point: The fuel must have a low enough freezing point to maintain lig-
uid state under the extremely cold conditions found at high altitudes (Dahal
et al. 2021).

Energy Density: To deliver enough energy per unit volume for aeroplane opera-
tions, bio-jet fuel should have a high energy density (Dahal et al. 2021).

12.11.2 Chemical Characteristics

Octane Rating: While this is more significant for petrol, diesel and jet fuels also
need to have a high cetane rating. Better combustion efficiency and ignition quality
are indicated by a higher cetane rating (Labeckas and Slavinskas 2021).

12.11.3 Impurities and Contaminants

Sulfur Concentration: To reduce hazardous emissions, bio-jet fuel should have a
low sulfur concentration.

Water Content: To avoid problems with phase separation and microbiological
growth, the fuel should have low water content.

Farticulate Matter: Particulate matter that could clog fuel filters or harm engines
shouldn’t be present in bio-jet fuel.

Infrastructure Compatibility: Bio-jet fuel shouldn’t require major modifications
in order to work with current aircraft engines and fuel distribution infrastructure.

Performance During Combustion: The fuel should have steady combustion prop-
erties and emit little pollutants.

12.11.4 Sustainability and Renewability

Bio-jet fuel should be produced from renewable biomass feedstocks such as leftover
food from farms, algae, or used cooking oil (Why et al. 2019).

Emissions of Greenhouse Gases: Compared to traditional fossil jet fuel, the pro-
duction and use of bio-jet fuel should result in fewer net emissions of greenhouse
gases (Tiwari et al. 2023).

Certification Requirements: The aviation fuel specification known as ASTM
D7566 was developed by ASTM International for synthetic blending ingredients
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used in the creation of aviation turbine fuels (Rumizen 2021) as shown in the tabular
form given in Table 12.1.

It’s crucial to remember that regional legislation, technical improvements, and
the specific production procedures employed for bio-jet fuel can all have an impact
on its specs (Karunanidhi 2015). As the aviation industry continues to prioritize
sustainability and works to lower its carbon impact, these criteria can change
over time.

12.12 Technology Assessment of BJF Routes

Examining various methods and procedures for transforming biomass feedstocks
into aviation fuel is a part of assessing the technological paths for manufacturing
bio-jet fuel (BJF).

(a) Hydroprocessing:

Triglycerides are subjected to high temperatures and pressures in the presence of
hydrogen during the hydrodeoxygenation (HDO) process in order to remove oxy-
gen and transform them into hydrocarbon chains (Melero et al. 2012). A hydrocar-
bon-rich product is produced as a result, which can then be processed into bio-jet fuel.

Similar to HDO, hydrotreatment involves removing sulfur, nitrogen, and oxygen
from oils and fats generated from biomass (Huber and Corma 2007). This is neces-
sary to raise gasoline quality and guarantee compatibility with current
infrastructure.

(b) Synthesis Through Fischer-Tropsch (FT):

By using catalytic processes, FT synthesis transforms syngas—a mixture of car-
bon monoxide and hydrogen—obtained from biomass gasification or other sources
into liquid hydrocarbons. The hydrocarbons that are created can be processed to
make bio-jet fuel. This method allows for flexible use of a variety of feedstocks,
including as garbage, agricultural wastes, and woody biomass (Klankermayer
et al. 2016).

Table 12.1 Specification for bio-jet fuel

S.No. | Specifications Range | Standard values | Measured values
1. Acidity (total mg KOH/g) Max 0.1 0.085

2. Density at 15 °C (kg/m?®) - 775-840 820

3. Flashpoint (°C) Min 38 45

4. Freezing point (°C) Max —40 —38

5. Net heat of combustion (MJ/kg) Min 42.8 42.8

6. Sulfur (total mass %) Max 0.003 0




292 S. Verma et al.

(c) Alcohol-to-Jet Conversion (ATJ):

Through catalytic dehydration followed by hydroprocessing, ethanol or other
alcohols generated from biomass can be transformed into hydrocarbons suitable for
aviation fuel. The ATJ methods offer the benefit of using agricultural waste and cel-
lulosic biomass as feedstocks, and they may be combined with current ethanol pro-
duction facilities (Geleynse et al. 2018).

(d) Conversion of Lipids to Hydrocarbons:

Through procedures such as hydrothermal liquefaction or catalytic conversion,
microbial oil produced by algae or other microorganisms can be transformed into
hydrocarbons. Production of bio-jet fuel based on algae has the potential to provide
high yields and reduce land usage issues related to other biomass feedstocks (Wei
et al. 2019).

12.12.1 HTL: Hydrothermal Liquefaction

HTL entails the high temperature and pressure conversion of wet biomass (like
algae or sewage sludge) into biocrude oil (Xu et al. 2019). The biocrude can then be
transformed further to produce bio-jet fuel. This method has the advantage of being
able to process wet or non-food biomass and can handle a range of feedstocks.

(a) Upgrading and Pyrolysis:

Biomass is converted during the pyrolysis process into bio-oil, which can then be
enhanced using techniques like hydrotreatment to create bio-jet fuel (Lahijani et al.
2022). Pyrolysis has the capacity for effective conversion and can handle a variety
of feedstocks.

(b) Catalytic Cracking:

Catalytic cracking of biomass-derived feedstocks can yield hydrocarbons suit-
able for aviation fuel. Catalytic cracking offers adaptability in production and can
be adapted to various feedstocks (Corma et al. 2007).

(c) Mixed-Feedstock Methodologies:

To manufacture bio-jet fuel, certain techniques blend various feedstocks or uti-
lize waste streams, which increases resource efficiency and sustainability overall.
The availability of feedstock, the level of technology maturity, scalability, energy
efficiency, environmental impacts, and compatibility with existing infrastructure are
all things that should be taken into account while evaluating various technology
paths (Rissman et al. 2020). The practicality of a certain technology approach for
the manufacture of bio-jet fuel is also significantly influenced by economic reasons,
policy backing, and regulatory compliance.
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12.13 Comparison of Three Bio-Jet Fuel Paths

The three widely used bio-jet fuel manufacturing processes: hydroprocessing
(hydrodeoxygenation), Fischer-Tropsch synthesis, and alcohol-to-jet conversion.

(a) Hydrooxygenation (Hydrodeprocessing):

Wide range of feedstocks, including vegetable oils, animal fats, and other
triglyceride-rich materials, can be used as feedstocks.

Process: Produces hydrocarbon-rich byproducts by removing oxygen through
high-temperature and high-pressure reactions with hydrogen gas (hydrotreatment or
hydrodeoxygenation) (Elliott et al. 2013).

Advantages: Produces high-quality hydrocarbons, works with existing infra-
structure and engines, lowers oxygen concentration, and can employ both food- and
non-food-based feedstocks.

Challenges include the process’s relatively high energy requirements, depen-
dence on a steady supply of hydrogen, restriction to triglyceride-containing feed-
stocks, and potential competition for feedstocks from other sectors of the economy
(G6omez-Castro et al. 2023).

(b) Synthesis Through Fischer-Tropsch (FT):

Wide variety of feedstocks are usable, including syngas (carbon monoxide and
hydrogen) derived from biomass. Transform syngas by catalytic processes into lig-
uid hydrocarbons (Fischer-Tropsch synthesis). To make bio-jet fuel, more refine-
ment of the generated hydrocarbons is required (Zhai et al. 2021).

Advantages: Has the potential for large-scale production, can employ a variety of
feedstocks, gives flexibility in feedstock selection, can use biomass gasification, and
generates high-quality hydrocarbons.

Challenges include complex processes needing exact catalysts and reactor condi-
tions, expensive initial and ongoing expenses, and occasionally problematic carbon
efficiency (Aghbashlo et al. 2021).

(c) Alcohol-to-Jet Conversion (ATJ):

Uses alcohols generated from biomass as feedstocks, like as ethanol, to make feed.

Alcohols are catalytically dehydrated, and then hydroprocessed to create hydro-
carbons that are appropriate for use as aviation fuel (Goh et al. 2022).

Benefits include the ability to use a range of feedstocks, such as agricultural resi-
dues and cellulosic biomass, compatibility with current infrastructure, the potential
for integration with current ethanol production plants, and lower oxygen content.

Challenges include the need for more processing stages compared to direct
hydrocarbon pathways, competition from alternative bio-based alcohol applica-
tions, and potential technical difficulties in producing high yields and the appropri-
ate fuel characteristics (Schubert 2020).

There are a number of things to take into account while contrasting these path-
ways (Gémez-Castro et al. 2023):
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Feedstock Availability: The feedstock compatibilities and needs differ for each
method. The choice of pathway may be affected by the accessibility of acceptable
feedstocks in a particular area.

Process Efficiency: Taking energy input and yields into account, different con-
version paths have different overall conversion efficiencies for producing bio-
jet fuel.

Fuel Quality: Energy content, combustion characteristics, and compatibility with
aviation engines are crucial factors to take into account.

Environmental Impact: Different environmental factors, such as greenhouse gas
emissions, land use, and water use, are associated with each pathway.

Economic Viability: The economic viability of each pathway is mostly based on
capital and operating costs as well as prospective revenue sources.

The final decision of a bio-jet fuel pathway is influenced by a number of factors,
including technological viability, economic viability, environmental sustainability,
and political backing in a particular setting. The decision-making process is also
influenced by elements including the availability of feedstock, technical develop-
ment, and changing legislation (Martinez-Valencia et al. 2021).

12.14 Regulations, Guidelines, and Accounting Standards

Regulations, rules, and accounting standards have a significant impact on how bio-
jet fuel is developed, produced, and used. They guarantee the bio-jet fuel sector’s
openness, environmental sustainability, and safety (Gray et al. 2021).

1. Rules and Requirements:

A crucial standard created by ASTM International expressly for aviation biofuels
is ASTM D7566. It outlines the standards and specifications for synthetic blending
materials used in the manufacture of aircraft turbine fuels, including bio-jet fuels
(Lopez-Gomez et al. 2023). It guarantees that bio-jet fuels meet the requirements
for quality for use in aviation. The International Civil Aviation Organization (ICAO)
established Annex 16, which details environmental protection guidelines for aircraft
engine emissions (Korkut and Fowler 2021). This includes rules governing the use
of alternative fuels, such as bio-jet fuels, in an effort to lessen the impact of aviation
on climate change.

Regional Rules: Different nations and regions have their own rules governing the
creation, distribution, and usage of bio-jet fuel. These rules may cover topics like
safety requirements, greenhouse gas emissions, and sustainable feedstocks (Liu
et al. 2021).

2. Sustainable Development Principles:

An organization called the Roundtable on Sustainable Biomaterials (RSB) cre-
ates and executes sustainability standards and certification programs for bio-based
goods, including bio-jet fuels (Muijden et al. 2020). Aspects of biofuel production
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that are economically, socially, and environmentally sustainable are covered by
their certification. European Union Directive on Renewable Energy (RED II):
Aviation biofuels must meet the sustainability standards specified by RED II in the
European Union (Chiaramonti and Goumas 2019). In addition to requiring that bio-
fuels be produced without having a detrimental social or environmental impact, it
also establishes requirements for greenhouse gas emissions reductions.

3. Standards for Carbon Accounting:

Life cycle assessment (LCA) is a methodology used to evaluate a product’s or
processes environmental effects over the course of its full life cycle. This involves
calculating the whole carbon footprint of several bio-jet fuel production methods,
from feedstock generation to end consumption (Algren et al. 2021).

Carbon Intensity: The quantity of greenhouse gas emissions generated per unit
of energy or product is referred to as carbon intensity. It is used to meet regulatory
criteria for emissions reduction as well as to compare the environmental effects of
various fuels, including bio-jet fuels (Mandegari et al. 2023).

Carbon Offsetting: Under certain rules and voluntary initiatives, expenditures in
projects that lessen or eliminate an equivalent quantity of carbon dioxide from the
environment are required to counterbalance the emissions caused by the use of bio-
jet fuels (Bergero et al. 2023).

4. Reporting and Openness:

Transparency Reporting: Producers and suppliers of bio-jet fuels frequently have
to provide information on the sources of their feedstocks, their manufacturing pro-
cedures, their efforts to reduce emissions, and other pertinent details (Tiwari et al.
2023). This encourages supply chain transparency for bio-jet fuel.

Environmental Impact Reporting: To help assure compliance with sustainability
standards, governments and regulatory authorities may compel companies produc-
ing bio-jet fuel to report on the environmental impact of their operations (Kumar
et al. 2023).

It is crucial to remember that rules, policies, and accounting standards for bio-jet
fuels are dynamic and subject to change as the sector develops and new scientific
knowledge is discovered (Alam and Dwivedi 2019). To ensure compliance and
encourage sustainable bio-jet fuel production and use, industry stakeholders, includ-
ing as producers, regulators, and researchers, should keep up with the most recent
advancements.

12.15 Conclusion

The life cycle assessment (LCA) of bio-jet fuel has shed important light on its sus-
tainability and environmental impact when compared to conventional jet fuels
derived from fossil fuels. Reduced Greenhouse Gas Emissions: When compared to
conventional jet fuel, bio-jet fuel shows a considerable reduction in greenhouse gas
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emissions. Lower net carbon dioxide emissions are produced as a result of the pro-
duction of feedstock, its processing, and ultimate combustion. This decrease aids in
reducing emissions and achieving emission reduction goals. The selection of the
feedstock is important since it affects how environmentally friendly bio-jet fuel will
be in general. The results of the LCA are more positively impacted by sustainable
feedstocks that require little modification to the land’s use, use little water, and pro-
duce a lot of energy. Utilizing waste products or specially bred energy crops can
further improve the environmental advantages. Despite the potential environmental
advantages of producing bio-jet fuel, some feedstocks, particularly those grown on
a large scale, have the potential to alter land use, cause deforestation, and reduce
biodiversity. Prioritizing feedstocks that reduce these adverse effects and using sus-
tainable land management techniques are essential. The LCA highlights the signifi-
cance of utilizing resources effectively during the production, processing, and
conversion of feedstock. The manufacturing of bio-jet fuel can be made more sus-
tainably overall by optimizing the use of energy, water, and chemical inputs. Bio-jet
fuel’s environmental performance can be greatly enhanced by ongoing improve-
ments in biofuel production methods. By improving conversion effectiveness, feed-
stock processing, and waste utilization, bio-jet fuel can become even more
competitive with fossil-based jet fuels while reducing its environmental impact.
Positive policies, incentives, and market demand are key factors in the adoption of
bio-jet fuel. Governments and industry participants ought to work together to estab-
lish a supportive environment that promotes investment in biofuels’ development
and commercialization. Collaboration is necessary because life cycle assessment is
a dynamic instrument that calls for cooperation between academics, decision-
makers, businesspeople, and environmentalists. To guarantee that the assessment
appropriately reflects the evolving realities of bio-jet fuel generation and its impli-
cations, the LCA data and techniques are routinely updated. The life cycle assess-
ment of bio-jet fuel concludes by highlighting its potential to lower greenhouse gas
emissions, promote sustainable resource use, and support an aviation industry that
is more environmentally conscious. However, in order to maximize the environmen-
tal advantages of bio-jet fuel while minimizing any potential downsides, the choice
of feedstock, technological improvements, responsible land management, and sup-
portive regulations will all play crucial roles. For bio-jet fuel to remain a competi-
tive substitute for traditional aviation fuels over the long-term, more research,
development, and cooperation are required.
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