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Abstract: Currently, the transportation sector represents about one third of the total energy consumed
in the world, most of this energy being obtained almost exclusively from oil. However, the world is
changing, as well as the aviation industry. Since lignocellulosic biomass is a low-cost feedstock that
does not compete with food, it has drawn great attention as one of the most attractive alternatives
to replace fossil feedstocks for the production of fuels. Renewable jet fuels could have a significant
impact on lowering greenhouse gas emissions and providing a long-term sustainable alternative to
petroleum-derived fuels. However, the catalytic upgrading of lignocellulosic residues in industry
still remains a big challenge and the development of highly integrated systems that allow the direct
conversion of lignocellulosic wastes is essential to achieve that goal. The importance of renewable jet
fuels and the potential of lignocellulosic biomass have already been extensively reviewed. However,
this work presents a new perspective on the main catalytic routes and challenges for the sustainable
production of aviation fuels from biomass wastes.
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1. Introduction

The rapid consumption of non-renewable fossil fuels and consequent greenhouse
gas emissions (GHG) have encouraged the pursuit of environmentally friendly renewable
energy sources [1,2]. While natural gas and coal can be substituted by solar and wind for
electricity production, petroleum can only be replaced by biomass since it is the only source
of renewable carbon available on Earth. Biomass valorization achieves an effect on CO2
reduction because biomass grows by utilizing CO2 and sunlight through photosynthesis.
Biomass is any hydrocarbon that mainly consists of carbon, hydrogen, oxygen and nitrogen,
and its resources have a basic structure composed of cellulose, hemicelluloses, lignin
and minor amounts of other organics [3]. Considering the availability of forestry and
agricultural feedstocks, aquatic plants and algae, as well as municipal and industrial wastes,
there is a great worldwide potential for producing fuels and chemicals from biomass. Thus,
converting sustainable lignocellulosic biomass into fuels and valuable chemicals offers
a promising approach to achieve the pressing global task of carbon footprint reduction,
helping to reduce the dependence on fossil resources [4]. The global energy demand for
transportation is expected to continue growing with economic expansion and evolution.
As a result, the continued crude oil depletion, combined with the ever-growing need
for renewable sources, strongly motivates the search for and development of advanced
fuels [5,6].

2. Sustainable Aviation Fuels

Within the subject of sustainable drop-in fuel production, the field that shows both
the greatest challenges and opportunities is sustainable aviation fuels (SAFs) [7]. As a
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main transportation mode, aviation supports the global economy with fast conveyance of
products and people for tourism, commerce and many other socio-economic activities. In
the next years, the world should witness a “drop-in” aviation fuel production upsurge due
to renewable energy and economic developments [8]. Although the COVID-19 pandemic
has affected the aviation sector’s emissions, it is expected that pre-COVID levels will be
rapidly reached and that the global demand for SAF will increase to more than double the
current level by 2050 [9]. These forewarnings urge the development of SAF from renewable
sources (e.g., lignocellulosic biomass), not only to reduce the GHG emissions issue but also
to prevent fuel shortage.

Sustainable fuels are fundamental for the transition to zero carbon, as planned
by the European Green Deal (EGD) [10] and the UN Sustainable Development Goals
(SDGs) [11,12], since their use cannot only decrease emissions but also the dependency
on imported fossil fuels [13]. Additionally, the EGD has set the ambition to reduce GHG
emissions in all the transportation sector by 90% by 2050 compared to 1990 [10], while the
Renewable Energy Directive (RED) has encouraged SAF production in the European Union
(EU), defining a target of achieving a 32% share of renewable energy in the EU by 2030
(in the latest RED II), with 14% in the transport sector [14]. Moreover, the White Paper
2011 Roadmap to a Single European Transport Area set the goal to achieve 40% use of
SAF by 2050 and reduce the carbon emissions in transport by 60% by 2050 [15]. Hence,
we urgently need the development of advanced sustainable technologies that allow us to
maximize the fuel yield, optimize its properties and achieve price parity with fossil-based
fuels [1,16]. However, a significant roadblock to the development of a new process for SAF
production is related to the highly strict and rigorous approval process, together with the
large quantities required for testing (>400 L) [7]. In fact, due to high safety standards and
compatibility issues, only drop-in SAFs with excellent performance in aviation engines are
approved by ASTM D7566 [17]. Furthermore, airplanes are much less flexible in terms of
energy sources, unlike other transportation means that can use electricity, wind, hydrogen
or solar energy as power. Thus, only one energy source can generate thrust in an aircraft
and this fuel has more stringent standards and specifications [18].

Aviation fuel specifications are detailed in ASTM D1655-09 and include the freeze
point, flash point, energy density, flammability, viscosity, combustion performance, sulphur
content, density, acidity and others [19]. For example, jet fuels require high flash points to
reduce fire hazards, high energy density to minimize storage space, low freezing points to
ensure good cold flow properties at high altitudes, good sealing to avoid leakage, etc. [1,20].
In fact, only four hydrocarbon families can be accepted as alternatives to conventional
jet fuel—namely, n-alkanes, iso-alkanes, cycloalkanes (naphthenes) and aromatics—while
other molecular families (e.g., heteroatom-containing molecules, unsaturated hydrocarbons
like olefins, oxygenated molecules and metals) are not acceptable due to their properties of
poor thermal stability and freeze point, amongst others [7]. Therefore, oxygenate fuels like
biodiesel and ethanol do not meet the strict specifications for jet fuel, so it is imperative
to develop SAF from biomass feedstocks. Accordingly, linear alkanes are fundamental
to increasing the fuel energy density. On the other hand, although iso-alkanes contain a
high energy density, they are added to improve the fuel cold flow properties. Moreover,
cyclo-alkanes allow the density of fuel to be increased while lowering its freezing point.
Finally, a certain quantity of aromatics (e.g., 20%) is also important to ensure proper sealing,
since they promote the swelling of elastomeric valves [18].

Currently, SAF blends like hydro-processed esters and fatty acids (HEFA) and Fischer–
Tropsch (FT) contain no aromatics, so they must be blended with conventional petroleum-
based jet fuel (up to 50%). The reason for this required blending is the fact that most SAF
is composed of paraffins and, unlike traditional jet fuel, it does not contain aromatics,
which are essential to ensuring seals swell in engines and prevent fuel leaks, as previously
mentioned. In fact, the ASTM D7566 specifies that Jet A must contain between 8% and
25% aromatics to provide the necessary fuel properties and ensure proper fuel system
operations [17]. However, aromatic hydrocarbons are currently viewed as a source of
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pollution and, therefore, are being removed as fast as possible (cf. Section 4). Since
aromatics are a fundamental component to create a drop-in 100% SAF from biomass
wastes, they would change the future of aviation; unfortunately, aromatics are also a
stumbling block in the production of jet fuel from sustainable sources. Lignin comprises
about 30% of lignocellulosic biomass but, due to its recalcitrance, and despite valiant
efforts, an economically viable and scalable process for converting the lignin fraction to
useful molecules such as aromatics has not been established yet. Transforming lignin
to the targeted aromatic molecules requires three steps to occur in one-pot, to break the
macromolecule into smaller pieces while getting rid of all the oxygen atoms; the three
steps are as follows: (i) selectively break C–O bonds to free the oxygen atoms, (ii) avoid
adding non-carbon atoms into the aromatic rings (e.g., atoms from H2) and (iii) preserve the
molecule’s carbon backbone. Some studies have already been devoted to lignin conversion
in SAF [21,22]. Yet, due to the difficulty of this process, lignin is usually left behind
as a waste product, imposing a “blending wall” of SAF due to the amount of aliphatic
hydrocarbons that can be used without varying the fuel properties.

The SAF carbon range distribution varies from C8 to C16, depending on the composi-
tion of the selected biomass feedstock and refining process, and they must have the exact
same quality and characteristics as conventional jet fuel, to avoid the need to redesign
engines, aircraft and fuel suppliers or to build new fuel supply airport systems [23]. The
process proposed herein (cf. Section 3) will focus on the catalytic conversion of the cellulose
and hemicellulose fractions of biomass.

3. Catalytic Production of SAF

There are several methods for producing fuels from biomass, such as (i) hydrodeoxygena-
tion (HDO), hydrocracking and isomerization of lipids [24–26]; (ii) gasification-FT synthesis-
HDO pathway [27–29], (iii) biomass pyrolysis-bio-oil hydrocracking/isomerization [30,31];
and (iv) depolymerization of biomass-platform chemical synthesis-fuel precursor design
and synthesis-HDO [32–34]. Some processes have already been developed at a commercial
scale and the fuels have been approved by ASTM D7566, but others, like fermentation
and catalytic conversion to hydrocarbons, are still at research stage. Among these four
routes, the latter is particularly promising for achieving high-energy-density jet fuel with
the required specifications, due to its versatile process that tunes the fuel quality and
properties [35]. This route of catalytic conversion from biomass to jet fuels is a highly
complex process involving deep chemical changes through selective oxygen removal steps
(e.g., dehydration, decarboxylation and hydrogenolysis), followed by molecular-weight
and structural adjustments (e.g., aldol condensation and oligomerization) [36–38]. The
oxygen removal steps are necessary to control the high reactivity of biomass and allow
the production of less reactive intermediates, while C–C coupling reactions are essential to
obtain fuels in the appropriate carbon range (higher than 6). These reactions are typically
performed in the aqueous phase due to the high solubility in water of the molecules derived
from sugar monomers [39]. Furthermore, besides being non-toxic, readily available, afford-
able and inflammable, water is known to have an amphoteric behaviour and to become
more ionized (H2O → OH− + H3O+) with the increase of temperature, acting as an acid
catalyst in hydrolysis reactions. Moreover, due to the reversible proton behaviour, the
proton automatically disappears when the water is cooled down, solving the issue related
to acid recovery and waste disposal. In addition, this process allows the use of a greater
variety of biomass feedstocks, which is not limited to oil crops or fats compared to other
processes like first-generation biofuel technology.

Accordingly, to obtain high-energy-density fuels, oxygen-abundant biomass requires
an oxygen removal process, typically a catalytic hydrotreatment commonly known as
HDO. In addition, since the conversion of biomass-derived compounds can only produce
hydrocarbons with a carbon number up to 6, which is shorter than that of aviation fuel, the
employment of C–C coupling reactions is necessary to obtain products with higher carbon
numbers that can be further transformed into jet fuel (C8–C16 hydrocarbons). One process
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that could be considered is the conversion of biomass wastes to SAF via sugar alcohols
intermediates, while another possibility would be to consider the process using furanics as
intermediates [40]. However, this latter process has the advantage of eliminating hydrolysis
as a separate step and reducing hydrogen consumption. Furfural, 5-hydroxymethylfurfural
(HMF) and levulinic acid (LA) are the biomass-derived products that are most frequently
used to obtain long-chain jet fuel precursors through hydroxyalkylation/alkylation [41,42],
dimerization [43] and condensation processes [32,34,44]. Furanics like furfural and HMF
are readily obtained from the dehydration of sugars over mineral acids [45,46]. Also, LA is
an important biomass-derived compound that can be obtained from the acid hydrolysis
of cellulosic wastes [47]. Following this route, the conversion of biomass feedstocks can
be accomplished by the combination of multiple reactions that are often accelerated over
different catalysts: (i) hydrolysis of polysaccharides to produce glucose (from cellulose) or
xylose (from hemicellulose), commonly catalyzed by Brønsted acids; (ii) isomerization of
glucose to fructose or xylose to xylulose, which is promoted by Lewis acids or Brønsted
bases; (iii) acid-catalyzed dehydration to produce carbonyl-containing furan compounds
like HMF (from fructose) and furfural (from xylulose); (iv) aldol/cross-condensation to form
larger compounds (>C6) by forming C–C bonds; (v) hydrogenation of these aldol-products
to large water-soluble molecules; and vi) dehydration/hydrogenation/HDO reactions to
convert these molecules to C8–C16 alkanes over bifunctional acid–metal catalysts [39,48,49].
Figure 1 shows one possible process for SAF production, involving the cascade dehydration,
aldol-condensation, hydrogenation and HDO reactions necessary to obtain the fuel with
targeted molecular weights [50]. This process is divided into two parts in Figure 1: Figure 1a
shows the possible routes for producing HMF, LA and furfural intermediates from food
waste and biomass residues (through cellulose and hemicellulose), whereas Figure 1b
shows for the first time a possible reaction between furfural/HMF and LA intermediates to
produce aviation-ranged hydrocarbons. Therefore, one main challenge of this process for
SAF production from biomass is reducing the number of reactors used to carry out all the
required steps.

Aldol-condensation reactions have particular importance for the formation of large or-
ganic species from biomass. For instance, glucose and xylose, which can be directly obtained
from the hydrolysis of cellulose and hemicellulose, do not undergo aldol-condensation
since the carbonyl groups undergo intramolecular reactions to form ring structures. How-
ever, the dehydration of glucose and xylose produces HMF and furfural, respectively.
Additionally, unlike LA, HMF and furfural cannot self-condensate, since they do not pos-
sess the α-H atom required for aldol-condensation reactions. Yet, HMF and furfural can
be cross-condensed with other compounds like LA, acetone and others to form larger
molecules [34,48]. The cross-condensation between HMF and acetone has already been
reported [32,48], while Chen et al. have recently studied the cross-condensation between
furfural and LA to obtain C10–C20 fuel precursors [34]. However, since LA can be readily
obtained from HMF and furfural, it would be of particular interest to investigate the cross-
condensation of LA with HMF and/or furfural to produce C10–C17 compounds that can
be further converted to alkanes (Figure 1b). Despite excellent reviews that have already
been published on the sustainable production of aviation fuels and the role of catalysis
in it [1,9,48], this work proposes a route for producing aviation fuels from biomass, by
combining HMF and furfural intermediates (obtained from cellulose and hemicellulose
conversion, respectively) with LA that can be obtained in both cellulose and hemicellulose
conversion processes. To better illustrate this herein newly proposed conversion process,
Figure 1 is presented to help grasp the essence of SAF manufacturing. To produce jet-
fuel-ranged hydrocarbons (C8–C16), these precursors are necessary to remove oxygen by
catalytic HDO. The elimination of oxygen can occur via direct hydrogenolysis, dehydration,
decarboxylation and decarbonylation, but in the case of biomass-derived substrates, HDO
reactions are typically used to minimize the high oxygen content.
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In recent years, the production of transportation fuels from lignocellulose has received
large attention due to its advantages, including low-cost raw materials, mild operation
conditions and high selectivity to the desired products [35,51–60]. Furthermore, some
reviews have been published about the most important achievements of the last few years
on alternative fuels for aviation [9,18,20,37,61–65]. Hence, continuous efforts must be
considered for the improvement of the total hydrocarbon yields and also the development
of efficient and cost-effective direct routes to produce economically-competitive jet fuels.

4. Feedstock Selection and Pre-Treatment

Selecting feedstock and technology for producing SAF is not straightforward, the
main obstacles being the affordability and competitiveness in comparison to conventional
jet fuel. For example, SAF can be about 2–8 times more expensive than fossil-based fuel,
so technological advancement and improvement are essential. The first advantages of
renewable feedstocks in comparison to the others are (i) sustainability, (ii) CO2 recycling,
(iii) renewable materials, (iv) lower fossil-fuel dependency and (v) eco-friendly process.

Biomass feedstocks for fuel production are generally divided into three categories
according to their ease of usage and sustainability: (i) first-generation feedstock relates to
agricultural products like wheat, maize and vegetable oils; (ii) second generation refers
to agricultural wastes (e.g., husks), non-food crops and municipal/industry residues; (iii)
third-generation biofuels are relatively new and are obtained from algae. Among the most
favorable sources are non-food energy crops like algae, municipal solid waste (MSW) and
forestry/wood residues. The first generation has several drawbacks, such as competition
with food, high total production costs, reliance on non-sustainable fertilizers that could
limit GHG emissions, promotion of land deforestation and resulting biodiversity loss,
as well as competition for clean water. Furthermore, algae has a disadvantage in that it
must be separated from water due to the small algal cells, in addition to requiring lysis;
this can be very challenging. On the other hand, using second-generation feedstocks
allows us to reduce the amount of them that is continuously sent to landfill or incinerated.
Although the production of second-generation biofuels has its own challenges associated
with the complexity of biomass, they could have a substantial impact on cost reductions
and increased productivity efficiency [66].

Until now, the great majority of SAF have been obtained from oleochemical/lipidic
sources like vegetable oils, but the predicted upcoming demand will not only be fulfilled by
these types of substrates, since lignocellulosic wastes can also contribute to SAF production.
Non-edible forestry and agricultural residues might be considered, since they do not com-
pete with food and are easily available. However, transporting these residues from remote
areas might not be economically attractive, and they can be seasonal or have a limited
time window for collection after harvesting, thus demanding extra storage space. On the
other hand, MSW can be used to obtain high-value products, promoting waste diversion
from its current management, which consists of landfilling or incineration [67]. MSW is a
heterogeneous mixture of different residues, such as food waste, plastics, paper/cardboard,
wood, textiles, etc. However, one difficulty associated with this process is the fact that
MSW contains a high moisture content and contamination (ash, nitrogen and heavy metals),
so it requires a pre-treatment and separation before processing. Furthermore, its charac-
teristics and production rates are dependent on regionality, population, socio-economic
conditions, dietary routines, seasonability, municipal sorting system, etc. Therefore, a po-
tential climate change mitigation can be attained if its organic fraction (OFMSW) is applied
as feedstock for biofuel production [68]. As a result, one of the biggest biomass sources
that has been currently receiving increasing attention and research interest is non-edible
OFMSW, which is composed of food waste, kitchen waste and leftovers from cafeterias,
restaurants, residences and markets, as well as garden waste [68].

In addition, in the context of lignocellulosic biomass conversion, plant-cell deconstruc-
tion is a tedious process, since its recalcitrance is an intrinsic property given by lignocel-
lulose to ensure protection from chemical and/or biological degradation. Furthermore,
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physical factors like crystallinity, assessable volume, particle size and surface area have
a great impact on lignocellulose recalcitrance. Indeed, the particle size and crystallinity
degree have already been shown to greatly affect the cellulose hydrolysis potential [69,70].
Therefore, the highly crystalline and recalcitrant lignocellulosic biomass structure demands
a deconstruction that can be achieved through several pre-treatment methods, including
chemical, physical (milling, grinding and extrusion), physicochemical (supercritical CO2
and steam explosion) and biological processes [37,71,72]. However, these pre-treatments
have cost implications and their respective advantages and disadvantages, which need to
be well thought out when choosing the feedstock for SAF production. For example, due to
lignin’s nature, its conversion to jet-fuel-ranged hydrocarbons is extremely hard via aque-
ous conversion; so, in many cases, besides the structural deconstruction, delignification
is crucial for further biomass processing (e.g., alkaline pre-treatment has been shown to
digest the existing lignin, making cellulose and hemicellulose readily available).

5. Catalysts

Mineral acid catalysts have been widely used in lab-scale applications, but they
bring huge challenges in large-scale ones; these relate to the obtaining of high-purity final
products, recovering and recycling of the catalyst, and safety issues. On the other hand,
heterogeneous catalysts solve those problems but tend to reach lower yields compared
to homogenous catalysts. Despite that, the development of novel, non-toxic, inexpensive,
high-performance and recyclable catalysts is promising. Carbon materials show excellent
electrical conductivity and developed porosity [73]. Furthermore, these materials have
the advantage of being full of functional groups with tunable properties that encompass
them with acid active sites, where the acidities can be regulated by adjusting their surface
properties [74]. However, not all materials are suitable to being introduced as support,
due to the collapse of microstructure induced by kinetic energy [75]. The porosity of these
materials provides reaction sites and eases reactant transportation, whereas the Brønsted
acid sites facilitate the hydrolysis of cellulose; the hydrogenation can take place readily
over Pt, Pd and Ru metals, and transition metals like W, Sn and Cu are beneficial to the
catalysis of aldol-condensation reactions in cellulose/hemicellulose conversion [75].

Within the aim of synthesizing the fuel precursors through the condensation of LA
and furfural/HMF, followed by the direct conversion of the condensation intermediates
to liquid fuel without the need for separation, it is fundamental to control the reaction to
obtain the desired weight-ranged products. Therefore, understanding the intermediates’
structure and solubility characteristics is an important aspect for effectively producing
liquid alkane fuels. The direct conversion of precursor mixtures requires a catalyst with
high activity or stepwise HDO. HDO reactions require high pressure and temperature and a
specific catalyst to produce the desired species. Carbon-based solid acid catalysts are shown
as potential candidates due to their high thermal stability and low cost [49]. Noble metal
catalysts are usually used along with the Brønsted or Lewis acidic sites for C–O cleavage.
The achievement of a suitable balance among these reactions is crucial to circumvent side
reactions. In this case, a metal-acid multifunctional catalysis strategy can be promising for
mildening the reaction conditions due to the contribution of multifunctional active sites
capable of facilitating HDO reactions. As a result, a suitable multifunctional catalyst for
this reaction is recommended, i.e., a system including Lewis acid or basic sites to facilitate
isomerization, and Brønsted sites to catalyze, for example, the final fructose dehydration to
HMF. Furthermore, heterogeneous catalysts may decrease equipment corrosion and bring
advantages of catalyst recycling without separation and disposal problems, while concerns
for heterogeneous catalytic reactions include long reaction times and expensive catalysts.
Catalyst selection is crucial due to its role in controlling the yields, which in turn impacts
the costs, so the development of a catalyst with high activity, selectivity and stability has
significant importance.
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6. Economic and Environmental Feasibility

The economic feasibility of a process for SAF production needs to be assessed based on
techno-economic analysis and the environmental issues evaluated by a life-cycle analysis
(LCA) [66]. In processes that use lignocellulosic biomass as feedstocks, the most influential
factors to be considered in the LCA are biomass cultivation, harvesting and transportation.
Hence, technologies that can use local biomass wastes, such as MSW, are far more economi-
cal and environmentally viable. In addition, biofuels generated from second-generation
biomass are more sustainable than first generation since they have a larger potential to
reduce GHG (50–100%) compared to first-generation fuels (50–90%) [66].

Two considerations that must be made when evaluating the feasibility of the process
are the yield of SAF that can be attained from renewable sources and the life-cycle GHG
emissions. Those analyses are beyond the scope of this work but have already been
documented in the literature [20,76–80]. Pavlenko et al. have presented a study of the
cost associated with alternative jet fuel production and concluded that the cost varies
substantially according to the technology employed, as well as the feedstock [76]. For
example, the costs can vary from 0.88 EUR/L for HEFA to 3.44 EUR/L for the direct
conversion of sugar to jet fuels, whose values are 2–8 times the price of petroleum jet
fuel. They also estimated that HEFA has a cost of approximately EUR 200 per ton of CO2
equivalents reduced, while gasification-FT has a cost of approximately EUR 400–500 per ton
of CO2 reduced [76]. Regarding the yield (tons of total fuel production/ton of feedstock), it
can vary from 0.3 (theoretical maximum) from sugars to fuel to 0.9 from HEFA [76].

Finally, it is fundamental to align the strategy with the SDG. Using the catalytic pro-
cessing of biomass to SAF herein mentioned, the selected SGD aligned with this route
include SDG 7 (affordable and clean energy), SGD 9 (industry, innovation and infrastruc-
ture), SDG 11 (sustainable cities and communities), SDG 12 (responsible consumption and
production) and SDG 13 (climate action) [13].

7. Challenges and Future Work

Firstly, optimization is fundamental to reducing the overall number of reaction steps.
Taking advantage of the analogous reaction conditions of two or more steps means they
can be combined in one single reactor, minimizing the overall separation of reactions
and reactors needed. However, it is important to note that each lignocellulosic biomass
feedstock has different reaction characteristics (e.g., dehydration) in similar processing
environments, so the development of a unified strategy for a wide range of feedstocks is a
great challenge to be overcome. Moreover, preliminary studies must also be performed
with the individual fractions (e.g., cellulose and hemicellulose) and model/intermediate
compounds (e.g., glucose and fructose) to further understand the reaction pathways and
explain the product portfolio. A proper study must also be executed on the change in
product selectivity with time, productivity, catalytic stability and regenerability, which
have a vital importance in the determination of the techno-economical potential of the
developed process. Furthermore, the catalytic processing of lignocellulosic biomass in
industry remains a tremendous challenge, in which one of the main obstacles is the absence
of an economic process capable of competing with those existing for fossil-fuel feedstock.
Therefore, new studies must be undertaken to accomplish the production of SAF from
renewable biomass sources over cost-competitive processes.

Developing highly integrated methods that allow the one-pot catalytic conversion
of the whole lignocellulose (including the lignin fraction) is essential. Besides this, the
conversion of lignocellulosic residues to SAF is far more challenging compared to other
fuels, due to its higher standards. Thus, several challenges must be overcome to unlock
biomass’s full potential, such as selective C–C bond formation, efficient production of
targeted hydrocarbons with minimum H2 consumption, and valorization of the lignin
fraction. Considering the latter, since jet fuel must contain between 8% and 25% aromatics
to comply with the ASTM D7566 standard, aromatics are fundamental to producing a
drop-in 100% SAF from biomass. Therefore, future efforts must be centered on developing
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an economically viable and scalable process for converting the lignin fraction. This achieve-
ment would allow us to break down the current “blending wall” and be a game changer in
the full replacement of petroleum-based fuel by SAF.

Finally, it is also imperative to develop sustainability metrics for SAF, including renewa-
bility, environmental impact, economic viability, energy security and others. SAF needs
to be produced in large quantities, be cost-competitive and also have a well-established
life-cycle GHG footprint. Future directions must include analysis of the life-cycle costs and
the environmental side effects of the developed SAF, since life-cycle CO2 emissions vary
significantly depending on the feedstock and process.

To pave the way for lignocellulosic biomass valorization to aviation fuels, these
challenges must be overcome, and new methodologies must involve several required
chemical transformations.

8. Concluding Remarks

Whereas the petrochemical refinery managed to reach its current efficiency by contin-
uous improvement over the last 50 years, and biorefinery is still in its infancy, this catalytic
processing could make a big step in the direction of transitioning towards a biomass-based
economy. In fact, the future of SAF will rely on the balance between GHG emissions and
production cost, so future research should be focused on new processes to further improve
the process cost effectiveness through optimization, integration and scaling-up. More
importantly, the cost of producing SAF from biomass residues must be competitive with
current petroleum technology.

Technical challenges will exist, namely concerning process efficiency, catalyst design,
product upgrading and cleaning, utilization of by-products, recycling, etc. However, it
is essential to develop new catalytic systems that are economically and environmentally
friendly, to produce SAF from biomass. Accordingly, here is presented for the first time a
possible process for the catalytic conversion of biomass wastes into SAF, by combining LA
(resultant from both hemicellulose and cellulose conversion) with furfural and/or HMF
(resultant from hemicellulose and cellulose conversion, respectively), thus valorizing both
cellulose and hemicellulose fractions of lignocellulosic biomass wastes.
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Abbreviations
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EU European Union
FT Fischer–Tropsch
GHG greenhouse gas emissions
HDO hydrodeoxygenation
HEFA hydroprocessed esters and fatty acids
HMF 5-hydroxymethylfurfural
LA levulinic acid
LCA life-cycle analysis
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