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Abstract: The use of biofuels represents a promising means of achieving a sustainable future and
offers considerable economic and environmental benefits. Since they are derived from organic sources,
such as vegetable oils and animal fats, biofuels can mitigate the effects of greenhouse gas emissions,
improve air quality, support local agriculture, create employment opportunities, and enhance energy
security by reducing dependence on fossil fuels. However, introducing these alternative fuels to
the aviation sector remains a significant challenge. Thus, it is vital to investigate the potential of
sustainable aviation fuel (SAF) and discover how to overcome the technological obstacles to its
integration into mainstream aviation to attain broader decarbonization objectives. This article seeks
to contribute to a discussion about SAF by examining how it has evolved and its connections to
related patents. This article is a comprehensive study of biofuel innovation, highlighting the complex
relationships between academia, industry, and other stakeholders. It is hoped that the findings
from this study will provide a clearer understanding of the catalysts involved in SAF innovation
and provide valuable insights for policymakers, academics, and professionals in the field who are
committed to shaping the trajectory of sustainable energy technologies in the future.

Keywords: SAF; biofuel; graph theory; patents

1. Introduction

The search for new ways to meet energy needs without jeopardizing the future of the
planet has become a priority in a world characterized by rapid population growth and
technological advances that are increasingly dependent on energy [1]. In this scenario,
sustainable energy sources have gained ground in a space previously occupied by conven-
tional sources such as fossil fuels, which has triggered technological development without
taking into account its environmental impact [2]. With fewer carbon emissions, sustainable,
clean, or green energy has a lower environmental impact. Its main advantage is that it uses
sources that are not depleted and can be replenished quickly or reused as byproducts of
other economic activities. Sun, wind, water, and residual waste are some of the resources
that can be used to create sustainable energy [3,4].

Energy production through sustainable mechanisms causes minor environmental dam-
age because it is based on ecologically aware strategies, materials, and technologies. These
alternatives help reduce greenhouse gas emissions and rely less on scarce resources such as
oil, which is essential for slowing climate change and preserving natural landscapes [5]. In
addition to the benefits of these new energy strategies, there is a growing concern about
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designing mechanisms that can assist in preserving the environment and make it possible
to replace conventional energy with renewable sources.

With the surge in mandatory quotas on renewable energy in different countries, there
has been considerable growth in the demand for alternative fuels [6]. According to Chou
et al. [7], it should be noted that non-renewable energy sources take millions of years to
form, and their reserves are concentrated in certain regions of the world, which means that
several countries are forced to import oil and its derivatives. This affects the trade balance,
while at the same time exposing political tensions and leading to a notable volatility of
prices on the international market [3].

Environmental issues must also be considered: one of the main problems is the burning
of oil derivatives, which results in the emission of carbon dioxide (CO,) into the atmosphere,
which intensifies the greenhouse effect [8]. The significant emission of anthropogenic CO,
into the atmosphere is also alarming. According to the United Nations (UN) Convention
on Climate Change (2023), the worldwide levels of the predominant greenhouse gas, CO,,
exceeded those of the pre-industrial period by 50% in 2022. Therefore, a number of nations
are poised to encounter occurrences of severe weather patterns, encompassing extreme
heat waves, glacial thawing, as well as ocean warmth and acidification [9].

With regard to this, this study aims to examine the main trends in sustainable aviation
fuel (SAF). Although no formal definition exists, this fuel is generally defined as a drop-in
fuel. For instance, it is identical in molecular structure to fossil kerosene but derived
from biomass, waste, or non-food energy crops, which means its carbon footprint is up to
80% lower than similar petroleum products [10]. This drop-in is important to ensure that
manufacturers do not have to redesign engines or aircraft and to ensure that fuel suppliers
and airports do not have to build new fuel supply systems [11,12] that may be necessary
for alternatives such as hydrogen or electrification.

To this extent, this research is innovative in that it attempts to find trends and potential
areas of collaboration by means of graph theory. This theory studies combinatorial objects—
graphs that are satisfactory models for many problems in several branches of mathematics,
computer science, engineering, and industry. A number of graph-based problems have
become famous because they are intellectually challenging and have important practical
applications.

From a practical perspective, the research used a dataset of patents from the database
of the Derwent Innovations Index, which provides a comprehensive view of innovation
in SAF and offers detailed information about the factors shaping the future of sustainable
energy technologies. In this way, this research seeks to reveal the links within the inno-
vation ecosystem and to give rise to a broader conversation about biofuel research and
development to offer guidance to navigate and influence the future of sustainable energy.

This paper is structured as follows: Section 2 reviews the relevant literature on graph
theory and SAF technologies. Following this, Section 3 outlines the materials and method-
ology employed in this study. Section 4 analyzes SAF innovation dynamics with the aid of
graphs, and, finally, Section 5 concludes the paper by summarizing the key findings and
discussing their implications for future research.

2. Literature Review

The operational and safety requirements of the airline sector greatly restrict its fuel
options: in the short and medium term, there is no viable technology for using electric-
ity in aviation, and gaseous fuels have low energy density and storage difficulties [13].
The papers’ researchers have discussed that, in turn, fuels such as ethanol and biodiesel,
which are the most used in the automotive sector, have chemical and physical-chemical
characteristics that represent serious problems in aviation. For example, the molecules of
biodiesel and ethanol contain oxygen, which reduces the heat of combustion and increases
the risks related to acid corrosion and microbial contamination (due to hygroscopicity).
Furthermore, in the particular case of biodiesel, the relatively long lengths of their carbon
chains (compared to the average length of the aviation kerosene chains) give rise to intense
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intermolecular interactions, which results in cold properties unsuitable for aviation given
the very low temperatures to which fuels are exposed at high altitudes. Finally, the pres-
ence of double bonds decreases the stability of biodiesel against oxidation and increases
its susceptibility to the formation of gums, which is unacceptable in aviation. Thus, the
aviation sector still depends on technological advances for more sustainable alternatives.
The following section provides an overview of advances in graph theory relating to patent
analysis, biofuels, and sustainable aviation fuel (SAF) development, as well as promoting
the sustainable production of alternative raw materials and methods, aiming to guide the
discussion on possibilities for the future.

2.1. Advances in Visualizing and Understanding Graphs and Complex Patent Networks

Graph theory began in 1736 when Leonhard Euler encountered the Konigsberg bridge
problem [14]. Konigsberg was a city in former Prussia in the 18th century, now called
Kaliningrad (Russia), where there were two islands that, together with the mainland, were
connected by seven bridges. In the city, there was a discussion about crossing all the bridges
without repeating them. However, Euler, in 1736, showed the solution to this problem using
simple reasoning: he transformed the bridge paths into straight lines and their intersections
into points, possibly creating the first historical graph [14]. From this, Euler realized that it
would only be possible to cross the entire path by passing each bridge once if there were at
most two points from which an odd number of paths were left. This idea was based on the
fact that, at each point, there should be an even number of paths representing the arrival
and departure. The two points with odd paths would refer to the beginning and end of the
route, as they would not need a path to arrive and a path to leave, respectively.

From 1970 onward, graph theory had a great leap with the accelerated development
of computers, which, after the Second World War, reached their peak with the creation of
the first microcomputer software created by students William (Bill) Gates and Paul Allen,
which was an adaptation of BASIC for the ALTAIR personal computer designed in 1975 [15].
Years later, Gates and Allen founded Microsoft, one of the most successful companies in
the world. Then, publications referring to graph algorithms appeared, thus opening up
possibilities for applying graph theory.

From the aforementioned application, it can be established that a graph G = G(V,E)
can be defined as a structure where V is a discrete, ordered set of points called vertices, E
is a set of lines called edges, and each edge is connected to at least two vertices. Graph
representation can facilitate understanding and problem-solving by allowing lines to
connect points [16]. In this way, maps that represent the organizational structure of a
company, routes of transport, communication networks, product distribution, and the
chemical structure of molecules can be expressed through graphs. In general, the study of
graphs has been growing in recent decades due to the advancement in new computational
technologies, which allow for the resolution of problems via algorithms with greater
efficiency, speed, and confidence [17]. Thus, the growing applicability of this theory is a
positive factor for social development. One of the practical models that deserves to be
highlighted is the problem known as coloring, which can be used in situations that require
the selection of elements into independent sets with common characteristics.

In this way, graph theory has proven to be effective in examining and analyzing
complex systems, and thus, it has naturally become a highly nuanced topic in the field of
patents. Such studies prove that scientific research combining graph theory and patents has
progressed, allowing for the viewing of different aspects of patent analysis and visualization
from a new perspective. The contribution was made by Gross and Yellen [18], who provide
a purely informative recap of graph theory and its multi-field uses.

Ma et al. [19] provide a graph-theoretic method for visualization and automated patent
analysis in their research. Their experimental work was formulated to test two hypotheses—
market covering and competitive threat—using import network and competitive import
network as proxies. In addition, the authors incorporated endogenous network structure
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statistics, node attributes, and external relational network covariates into the models to
explain the ever-increasing number of foreign patents worldwide.

Yang et al. [20] report a network analysis to provide several insights concerning the
structure and evolution of international technology diffusion. Furthermore, the demon-
stration of network analysis effectiveness in delineating clusters of nations that facilitate,
moderate, or assimilate patented innovations illustrates the countries responsible for transi-
tions at the cluster level in these networks. Accordingly, by an extensive literature review,
they point out broad applications of graph theory, addressing problems like patent citation
cases, connectivity mapping of technology, and innovation dynamics [21].

Moreover, graph clustering algorithms have been observed in creating patent net-
works, providing a more profound insight into the connections between patents and
companies, thereby enhancing the decision-making processes within various organiza-
tions [22]. Additionally, graph embedding techniques have been applied to comprehend
the competitive dynamics between firms using patent networks, surpassing traditional
topic modeling methods and effectively grouping organizations based on implicit competi-
tive relationships [23]. Furthermore, there have been proposals for graph representation
strategies to automatically extract semantic data from patents, offering semantic assistance
for intelligent patent analysis by identifying frequent subgraph patterns and developing
text classifiers [24].

The application of graph theory to large-scale patent datasets presents several chal-
lenges. The first is the complexity of understanding patents due to their technical nature,
making it difficult to extract relevant information efficiently [25,26]. Additionally, the rapid
growth of patent documents, characterized by the 3 V aspects of big data (volume, variety,
and velocity), further complicates the analysis process [27]. Moreover, existing approaches
like text mining and keyword analysis for patent similarity calculations have limitations, as
they rely heavily on word choice and writing styles, potentially leading to inaccuracies in
measuring patent relatedness [28].

Hence, visualization techniques play a crucial role in enhancing the comprehension
of patent networks by providing a clear and insightful representation of the relationships
between patents and technologies. Using data mining and deep learning approaches,
researchers can construct large patent networks exhibiting the intricate connections between
patents [22]. These visual analytics methods enable the visualization of patent portfolio
strategies, aiding in identifying similar technologies and the protection of intellectual
property rights [29].

Accordingly, interactive visualizations are crucial for enhancing the understanding
and utilization of patent networks. By employing deep learning approaches to construct
graph models representing relationships between patents [22], interactive visualization
enables decision-makers to gain precise insights into technological areas and companies,
aiding in improved managerial processes within organizations.

Additionally, the application of network mapping and filtering techniques helps
remove weak links within the patent network map, thus improving the explanatory power
of the network on inventor and organization diversification paths [30]. Furthermore,
network representations allow for comparing molecules from patents with other bioactive
compounds, facilitating the exploration of structure—activity relationships and enhancing
the understanding of patent information within the broader bioactive chemical space [31].

All of these works exemplify graph theory in its fundamental form within the studies
of patents. Therefore, this concept was subsequently applied to facilitate the extraction of
valuable insights, thus enhancing intellectual property analytics. Consequently, overcom-
ing the challenges requires innovative methods, like graph-based patent search engines
and novel similarity measures that leverage direct and indirect co-citation links between
patents [32].

Moreover, many network properties describe how nodes are connected to one an-
other and the network as a whole. For instance, centrality represents a fundamental
principle in network analysis. It is a metric that quantifies a node’s centrality within the
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network structure. This metric is a proxy for assessing a node’s significance within the
network framework. Below is a Table 1. comparing different studies and limitations.

Table 1. Comparative studies.

Ref. Year Advantages Limitations
[18] 2019 Provides a foundational understanding of graph theory = Not specifically focused on graph theory-based patent
and its applications in various fields analysis
[19] 2021 Offers a graph-theoretic method for visualizing and Estimation intensive to model specification, potentially
analyzing patents affecting the robustness of the results
[20] 2021 Identifies transnational patents at the national level to Difficulty tracking development trends in different
depict the profiles of international technology diffusion  technologies
Enab!es creation .Of. pat.en’.c netvxlrorks using Flustermg Difficulty extracting relevant information from technical
[22] 2021 algorithms, providing insights into connections between atents
patents and companies p
Uses graph embedding techniques to understand . . .
[23] 2020 competitive dynamics between firms through patent Rapid growth of patent data (big data) makes analysis
complex
networks
Propos?s graph rep resentation strategies f.o r automatic Existing methods like text mining and keyword analysis
[24] 2019 semantic data extraction from patents, aiding intelligent . o
patent analysis for patent similarity have limitations
[25] 2023 iﬁ;ii?;gﬂi?j;ggfi?:gﬁ?Lf:;lilrrlirslts and mimics Requires domain knowledge to analyze documents
(o) 2071 denifes and tags isue sentences” (problerms Complexity of understanding technical patents
7] 2021 Uses text mining gnd machme learning to automatically Rapid growth of patent data (big data)
extract and visualize chemical processes from patents
. - Limitations of existing approaches like text mining and
[28] 2015 Proposes a graph model for visualizing patent data keyword analysis for patent similarity
.Vlsua.hz.e y pa}ter}t portfolio stljategles and alc.ls m Difficulty extracting relevant information from technical
[29] 2019 identifying similar technologies and protecting atents
intellectual property p
Improves .explianatc.)ry power of network on mve?nto? The trade-off between removing weak links and
[30] 2017 and organization diversification paths through filtering o
weak links maintaining the explanatory power of the network
Enables comparison of molecules from patents with
other bioactive compounds, facilitates exploration of Focuses on bioactive chemical patents: mav not be
[31] 2017 structure-activity relationships, and enhances p s may

understanding of patent information within the broader
bioactive chemical space

generalizable

This metric began to be investigated during the 1950s and 1960s with several ex-
periments, starting with those carried out under the direction of [33,34], who identified
considerable differences in the character of group problem-solving activities between dif-
ferent communication structures. Of particular importance was the relationship between
the centrality of an agent and its influence on the group. Leavitt [33], for example, demon-
strated through different types of communication structures that the differences in influence
between the most central and the least central agent increased with the increasing hierarchy

of structures.

Freeman [35] developed a measure of network centralization based on the difference
between the centrality of the most central unit and that of the other units. The rapid
development of network analysis in recent years has led to the resurgence of experimental
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and non-experimental research into the relationship between the centrality and power of
social agents.

Nevertheless, what constitutes centrality is subject to variation contingent upon the
specific application and perspective being considered. Consequently, there exists a mul-
titude of methodologies for quantifying the centrality of a node. Within the scope of this
discourse, four distinct categories of centrality are examined: degree centrality, closeness
centrality, betweenness centrality, and cross-clique centrality [36]. In this article, we focus
only on the use of degree centrality, since it is a metric that only considers the number of
edges in each node and, thus, provides us with useful information on how important an
IPC is in the production chain. The other measures of centrality have shown no insightful
information for the acyclic, undirected graph that was built.

Degree Centrality

Secondly, degree centrality is measured based on the degrees in a graph. It can be
summarized by the number of neighbors a vertex has, which is important [37]. According to
Freeman’s general formula to compute degree centralization [36], degree centrality Cp(G)
in an undirected graph is given by:

Cp(G) = 1 deg(v*)u%deg(v)',

where:

*  Cp(G) is the degree centrality,
e deg(v) is the degree of node v,
. v* is the vertex with the highest degree,
* H=(VI=-D(V[-2).
If the network is spread out, then there should be low centralization. If the centraliza-
tion is high, vertices with large degrees should dominate the graph.

2.2. A Synthesis of Feedstocks and Production Pathways

Global conditions are changing rapidly due to three of humanity’s greatest concerns
of this century: the environment, the energy supply, and the global economy. Although
they may seem quite distinct initially, these three areas are completely interconnected. The
first two have been among the concerns of ordinary citizens for a longer time due to the
greenhouse effect and global warming caused by the use of fossil fuels. As for the economy,
only time will tell what permanent effects macroeconomic movements will have on the
energy sector and, even more difficult to predict, on the environment. The only certainty is
that these three sectors will be permanently affected by the use of fossil fuels.

Considering humanity’s concerns in the current century, the necessity of increasing
the use of biofuels in a sustainable future offers significant economic and environmental
benefits. Biofuels, such as biodiesel derived from organic sources like vegetable oils
and animal fats [38], have the potential to reduce greenhouse gas emissions, improve air
quality, promote local agriculture, create job opportunities, and enhance energy security by
decreasing reliance on fossil fuels [39].

Policy measures are crucial for maximizing these benefits through incentivizing biofuel
production, ensuring consistent quality standards, and promoting international biofuel
trade to enhance economic welfare [40]. Collaboration between industry and policymakers
is essential to optimize biofuel production processes, explore alternative feedstocks, and
address challenges like land use competition with food production, ultimately contributing
to a more sustainable energy landscape [41]. Consequently, by aligning policies with
industry efforts, biofuels can play an important role in a greener future while fostering
economic growth and environmental preservation.

As climate change concerns intensify, there is a greater push for alternative energy
sources and ways to mitigate human-made greenhouse gas (GHG) emissions. Amidst
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all economic sectors, aviation is perhaps one of the most challenging industries to make
more environmentally friendly due to numerous technological, economic, and political
constraints. Today, it is possible to divide alternative aviation fuels (AAFs) into drop-in
fuels, usually what the SAF abbreviation refers to, and alternative propulsion methods like
hydrogen or electric propulsion [10].

According to Cabrera and Sousa [10], the second group, although promising, is not
as viable as drop-in fuels, as it depends on structural changes in airplanes and more in-
vestments in research and development. Technologies based on hydrogen, particularly
power-to-liquid processes, rely on advancements in green hydrogen production to close
the cost gap with fossil sources, while battery power still requires significant research and
development funding due to its current lack of technological readiness for commercializa-
tion. Without revolutionary breakthroughs, hydrogen- and battery-powered aircraft may
have limited scope, primarily suitable for short-range flights. Once technological barriers
are overcome, these two pathways are expected to play a vital role in decarbonization.

The drop-in fuels (referred to as SAF from now on) have a more optimistic scope
of applicability since it is possible to blend them with traditional jet kerosene and since
they are compatible with current aircraft engines and airport infrastructure [42]. The first
flight test using SAF was performed in 2008 [10] and, currently, only seven SAF production
conversion processes and technology platforms have been approved under ASTM D7566
for commercial use, which is shown in Table 2. Another one was approved under ASTM
D1655, a shorter pathway that allows only a smaller percentage of blending.

Table 2. SAF production pathways.

Production Pathway

Feedstock Brief Description Year of Approval

Conversion of feedstock to syngas

Fischer-Tropsch Synthetic Paraffinic Municipal solid waste, agricultural and  using gasification, then a 2009

Kerosene (FT-SPK)

forest wastes, energy crops Fischer-Tropsch synthesis reaction
converts the syngas to jet fuel.

Hydroprocessed Esters and Fatty Acids

Triglyceride feedstocks are
hydroprocessed to break apart the long

(HEFA-SPK) Oil-based feedstocks chain of fatty acids, followed by 2011
hydroisomerization and hydrocracking.
Hydroprocessed Fermented Sugars to Sugars Microbial conversion of sugars to 2014

Synthetic Isoparaffins (HFS-SIP)

hydrocarbons.

FT-SPK with Aromatics

Biomass is converted to syngas, then to
synthetic paraffinic kerosene and

aromatics by FT synthesis. This process 2015
is similar to FT-SPK but with the

addition of aromatic components.

Municipal solid waste, agricultural and
forest wastes, energy crops

Alcohol-to-Jet Synthetic Paraffinic

Kerosene (ATJ-SPK)

Conversion of cellulosic or starchy
alcohol into a drop-in fuel through a

Cellulosic biomass series of chemical 2016
reactions—dehydration, hydrogenation,
oligomerization, and hydro treatment.

Catalytic Hydrothermolysis
Synthesized Kerosene (CH-SK or CHJ)  from fat oil greases

Clean-free fatty acid oil from

processing waste oils or energy oils is
combined with preheated feed water 2020
and then passed to a catalytic
hydrothermolysis reactor.

Fatty acids or fatty acid esters or lipids

Hydrocarbon-Hydroprocessed Esters
and Fatty Acids (HC-HEFA-SPK)

Conversion of the triglyceride oil,
derived from Botryococcus braunii, into
Algal oil jet fuel and other fractionations. 2020
Botryococcus braunii is a high-growth
alga that produces triglyceride oil.

Synthesized by the authors, based on U.S. Department of Energy [43].

As shown in Table 2, there are seven methods approved under ASTM D7566 for
producing SAF, using a wide combination of feedstocks. Each of the production methods
involves specific processes to convert these feedstocks into jet fuel. For instance, FT-SPK
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uses gasification and Fischer—Tropsch synthesis, while HEFA-SPK relies on the hydropro-
cessing of triglycerides. HFS-SIP employs microbial conversion, and ATJ-SPK involves a
series of chemical reactions like dehydration and hydrogenation. The table also notes the
year of approval for each pathway, ranging from 2009 for FT-SPK to 2020 for the latest meth-
ods, such as CH-SK and HC-HEFA-SPK. This highlights the evolution and diversification
of SAF production technologies over the past decade, indicating a growing emphasis on
utilizing various feedstocks and advanced chemical processes to create sustainable jet fuels.

Although the use of SAF has grown, alternative fuels account for less than 0.1% of jet
fuel consumption and cost up to twice as much as its traditional pathways [44]. There are
many barriers to the broader use and development of these technologies, such as economic
viability, development difficulties, and legal and bureaucratic issues. To certify a new
aviation fuel for commercial use, the contender must endure a three-phase, four-tiered
testing process, conducted by the American Society of Testing and Materials (ASTM), which
costs at least USD 5 million and takes 3 to 5 years to complete [10].

The meticulousness of the process is a necessary measure to ensure safety, but it
discourages new assets in the field, which can only be encouraged by government measures
such as tax subsidies or direct investment programs. Certain institutions follow a pathway
of setting goals for the blending of sustainable fuels with conventional ones, but records
show that it is more effective to impose a blending mandate than a voluntary approach.

Other alternatives to mandates are policy instruments based on GHG intensity reduc-
tion targets, e.g., carbon taxing and carbon marketing [42].

Considering mechanisms for production, we consider that biofuels are a type of fuel
produced with biomass, an organic, non-fossil raw material [45]. SAF, ethanol, biodiesel,
and biogas are examples of biofuels, which are produced with crops such as sugar cane,
soybeans, corn, animal fat, and gases from the decomposition of organic materials, such as
methane [46]. In this way, biofuels are made from organic and renewable raw materials,
meaning they are recycled and not finite, in addition to there being a wide variety of
materials that can be used in the manufacture of these fuels [47]. This is, therefore, one of
its main advantages.

Linked to the renewable aspect of biofuels is the fact that they emit fewer polluting
gases into the atmosphere when used to generate energy, which makes them an important
alternative source to fossil fuels derived from, for example, petroleum, which generates
gaseous waste that contributes to the degradation of air quality in the short and medium
term and to the greenhouse effect, which in the long term worsens global warming and
causes climate change [48]. Another advantage for the end consumer is its production cost,
which is lower than fuels such as gasoline and diesel.

Like other types of energy-generating sources, biofuels have their disadvantages.
Although their burning produces fewer greenhouse gases than fossil fuels, the biofuel
production process, which generally takes place in plants or industries, is responsible for
releasing polluting waste into the air and water, as is the case with vinasse derived from the
distillation of sugar cane, which makes it disadvantageous [49]. In relation to the biofuel
production process, some of them, such as ethanol, require very large amounts of water,
one of the reasons why plants are installed close to rivers or dams [50]. In the case of fuels
derived from vegetables such as sugar cane, corn, and soybeans, for example, there is the
formation of monocultures specialized in these crops, which can lead to the deforestation
of large areas to replace the natural cover with crops, as well as other structural problems,
such as land concentration [51].

Apart from technology, another important aspect to examine when considering SAF
production is the ability to scale feedstock production to meet predictions. The primary
challenge is maintaining sustainability and avoiding using land designated for food farm-
ing. Despite this, SAF feedstock offers several advantages over crude oil, including sus-
tainability, carbon dioxide recycling, renewability, eco-friendly technology, and reduced
dependence on petroleum-supplying countries [52].
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As of today, the main alternatives to producing biofuels for jets are non-food energy
crops (such as Camelina, halophytes, and Jatropha), algae, municipal and sewage wastes,
waste wood, forest residues, and fats, greases, and oils (FGOs) [52]. Some of these options
have other positive side effects that can make implementing them more advantageous.
Halophytes, for example, can help revert desertification, as they take the salt out of the land
when growing [10]. The employment of waste, especially municipal solid waste (MSW), to
produce fuel also addresses environmental concerns associated with landfill decomposition
and contamination of soil and water bodies. Despite these benefits, the availability of MSW
as an SAF feedstock remains a potential limitation, possibly falling short of meeting market
demands [42]. Algae plants are another profitable opportunity since they reproduce very
fast and can help clean polluted water, but the management and lipid extraction of these
plants are still a challenge in scalability [52].

The potential of SAF to reduce GHG emissions varies greatly (between 20-95% when
compared to traditional petroleum jet fuel) [42]. Using vegetable oil as feedstock, for
example, is not the most efficient way to decrease GHG emissions due to indirect land use
change (ILUC) emissions stemming from increased land conversion for jet fuel production,
which competes with the food sector and road biofuel applications [42]. Apart from the
feedstock, technology is an important part of GHG emissions. Forest residues have the
lowest GHG emissions when used in Fischer-Tropsch (FT) synthesis but the highest when
used in the alcohol-to-jet pathway [42,53].

Currently, the HEFA route is the one that has shown better results and has been
responsible for the absolute majority of sustainable fuel production hydrocarbons. The
main advantage of the route is the existing domain over the technology involved. On
the other hand, lipid precursors’ cost, availability, and sustainability represent a major
challenge. Furthermore, biofuels produced by the HEFA route are formed by linear alkanes
with a boiling point in the diesel range. In this way, if the objective is employment in
aviation, additional hydroprocessing is needed to adjust properties. This means that the
production cost of HEFA-SPK is currently around three to six times that of conventional
aviation kerosene.

From an economic perspective, comparing different routes for producing SAF reveals
varying figures for the minimum fuel selling price (MFSP). The average MFSP of the HEFA
route is the lowest, at a medium of USD 1.25 per liter. The low prices are justified since
HEFA has the greatest production yield, exceeding 1000 liters per ton of dry feed, and
relatively lower capital costs, approximately USD 0.34 per liter. The FT and ATJ routes
exhibit similar average MFSPs at USD 1.98 and USD 1.86 per liter. The highest average
MESP is observed in the hydroprocessing of fermented sugars (HFS) route, with a range
starting at USD 4.56 per liter [42].

Notably, the choice of feedstock and technology significantly influences the MFSP. For
instance, using palm fatty acid distillate as feedstock in HEFA provides an estimated MFSP
of USD 1.07, while Pongamia is estimated at USD 5.02 per liter. Employing energy crops in
FT synthesis leads to a higher MFSP of USD 2.15 per liter compared to utilizing municipal
solid waste (MSW) or forest residues, which yield USD 1.53 and USD 0.92 per liter, respec-
tively. In the case of ATJ, energy crops result in the highest MFSP at USD 2.77 per liter,
surpassing the costs associated with sugarcane, agricultural residues, and corn grains,
which stand at USD 1.86, USD 2.71, and USD 1.86 per liter, respectively [42].

Additionally, the gasification-FT route requires substantial investment, where capital
costs contribute 50-75% to total production costs, unlike the AT] route, which ranges from
20-50%. However, despite its higher capital intensity, the gasification-FT route benefits
from lower feedstock costs, accounting for 10-35% of total production costs, compared to
15-60% in the ATJ route [42].

Hence, based on the factors described above, HEFA stands out as the most advanced
commercially available fuel production path, as the others still need further refinement,
particularly to drive down production costs. Nevertheless, the FT-SPK process is rapidly
advancing. It presents notable advantages, such as more feedstock flexibility and the ability
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to utilize a wide array of sources, such as agricultural waste or MSW, while delivering
significant reductions in greenhouse gas emissions.

Accordingly, biofuels hold the potential to create new markets and opportunities;
therefore, the integration of SAF encounters significant hurdles, both economically and
within regulatory frameworks. Economically, the production of SAF competes for crucial
resources such as land and clean energy, thereby impeding its widespread utilization [54].
Regulatory obstacles encompass the need to blend mandates and consider electricity costs
in SAF production facilities [55,56].

To surmount these impediments, policymakers can implement supportive measures
such as mandatory quotas for SAF utilization and financial incentives directed towards
SAF production [56]. Furthermore, fostering research into alternative pathways for SAF
production and addressing concerns regarding SAF’s impact on ice formation in aircraft
fuel systems can bolster safety and efficiency, thus promoting greater acceptance of SAF
within the aviation sector [57]. The broader adoption of SAF within aviation can be
facilitated through targeted policies and technological advancements to mitigate economic
and regulatory challenges.

The United States stands out as a leader in the development of sustainable aviation
fuel (SAF) technologies [58-60]. Patent data reveals that the U.S. air transport industry has
obtained many technological patents for climate change mitigation, particularly inefficient
propulsion technologies [61]. Regarding policy and initiatives, the U.S. has federal rules
defining greenhouse gas emission reduction standards for airplanes. It relies on federal,
state, and regional voluntary programs for SAF adoption [62]. Additionally, states like
California, Oregon, and Washington have implemented programs allowing SAF producers
to participate, further highlighting the U.S.”s commitment to advancing SAF technologies.

3. Materials and Methods

In this section, the methodology employed in the research is detailed to ensure the
robustness and reproducibility of the analysis. This approach integrates both qualitative and
quantitative methods, aiming to provide a holistic understanding of the subject matter. The
following subsections explore the processes involved in the selection criteria for materials,
the experimental setup, data collection methodologies, and statistical analyses used to
interpret the results at each stage.

3.1. Data Collection

The first step performed was the running of a specific search query in the Derwent
Innovations Index (DII) database using the keywords “Sustainable Aviation Fuel”. This
search was conducted on 14 May 2024, and it yielded a total of 73 patent families related to
this emerging technology. To ensure the relevance and applicability of the data, patents
starting with “WQO” (written opinion) from the dataset were excluded. These “WQO” entries
represent Patent Cooperation Treaty (PCT) applications, which are initial filings under
the international patent system and have not yet secured protection in any country [63].
This decision was based on the understanding that such patents might not proceed to the
national phase, where they would be evaluated and potentially granted protection within
individual countries.

Following this initial data refinement, subsequent analysis was conducted to identify
and understand future trends in patenting within the field of sustainable aviation fuel.
The exclusion of “WQ” patents was crucial, as these applications must transition to the
national phase within 30 months of their filing date to avoid expiration and secure legal
protection in the designated countries [63]. This period allows inventors to decide in which
countries they seek patent protection and to comply with national patent laws. By focusing
on patents that have already entered the national phase, the analysis was based on more
mature and potentially enforceable patents, providing a clearer picture of the technological
advancements and market commitments in sustainable aviation fuel.
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This methodological approach allowed the user to streamline the dataset to include
only those patents with a higher likelihood of impacting the market and regulatory land-
scapes. Consequently, the analysis offers a more accurate forecast of future developments
and investment trends in sustainable aviation fuel technologies.

3.2. Data Retrieval and Preprocessing

After retrieving the relevant patent documents, the Python-based data retrieval and
preprocessing pipeline started. The preprocessing steps encompassed the following;:

1.  Patent Information Parsing: Patent documents were processed, with critical data
elements extracted using processes such as patent assignees, international patent
classification (IPC) codes, filing application dates, and patent families” IDs. Table 3
also shows the renaming table.

2. Data Filtering: A segregation approach was implemented to separate actual patent
families from the exclusively “WQO” applications (entries with no IDs other than those
with the prefix).

3.  Data Manipulation: The patent assignee’s leading company was extracted from the
field to aggregate companies that belong to the same organization; family size was
created by the count of the individual patent numbers, excluding “WO” applications;
patent year was extracted from the “Application Details and Date” field; and a column
“Years until expiration” was created for patents (20 years from 14 May 2024) and “WO”
applications (2.5 years from 14 May 2024).

Table 3. Derwent column code descriptions.

Derwent Code Description
PN Patent Number
TI Title
AU Authors or Inventors
AE Patent Assignee
GA IDS Number
AB Abstract/BHTD Critical Abstract
TF Technology Focus Abstract
EA Early access date; Equivalent Abstract
DC Derwent Class Code(s)
MC Major Concepts or Derwent Manual Code(s)
P International Patent Classification
PD Publication Date; Patent Details
AD Application Details and Date
FD Further Application Details
PI Publisher City; Patent Priority Information
DS Designated States
FS Field of Search
Cp Cited Patent(s)
CR Cited References
DN DCR Number
MN Markush Number
RI Researcher IDs; Ring Index Number
CI Derwent Compound Number
RG Derwent Registry Number

3.3. Graph Generation
3.3.1. IPC-Assignee Network

With the preprocessed information loaded, a network graph was developed. The
central red nodes represent the International Patent Classification (IPC) codes, and the
adjacent blue nodes represent patent assignees: companies and universities. The latter
were set to green to highlight their unique characteristics. The edge’s weights were set to
the number of patents that each assignee has registered in the corresponding IPCs (https:


https://github.com/Matheusmno/TGP1/blob/main/IPC_Assignee_weighted_DW.html
https://github.com/Matheusmno/TGP1/blob/main/IPC_Assignee_weighted_DW.html

Energies 2024, 17, 3683

12 of 25

/ / github.com/Matheusmno/TGP1/blob/main/IPC_Assignee_weighted_DW.html (ac-
cessed on 27 May 2024)).

3.3.2. IPC-Patent-Assignee Network

This network was also created to visualize the patents as nodes and identify the most
relevant patents in a given field. Two main metrics were considered when attributing the
patent’s relevance: family size and years until expiration. The family size determines the
size of the triangle, and its color is set by how many years there still are for the patent to
expire, given the 20-year rule. There were four instances of five-year spans to determine the
triangular node color: from 0 to 5 years, green; from 5 to 10 years, light green; from 10 to
15 years, light coral; and from 15 to 20 years, light red. In this way, it is possible to visualize
the biggest patent families and the ones about to expire, which might be an opportunity
for the industry to explore (https://github.com/Matheusmno/TGP1/blob/main/IPC_
Assignee_ PN_DW.html (accessed on 27 May 2024)).

3.3.3. IPC-Assignee-Written Opinion Network

This network was created exclusively to visualize the “WO” applications and obtain
an idea of what is coming next. It is essentially the same principle of visualization used in
the IPC-Patent-Assignee network, but the rule for the triangular node color was set to be
gray for applications that are about to expire (less than six months from the expiration date)
and purple if they still have more than two years to become a patent (https://github.com/
Matheusmno/TGP1/blob/main/IPC_Assignee_ PN_WO.html (accessed on 27 May 2024)).

3.4. Python Libraries and Tools for Graph Analysis

e Pandas: Implemented for data management and processing.
¢ NetworkX: Employed to create graph structures and for graphics analysis.
*  PyVis: Used to create the NetworkX graph as an HTML file for interactive analysis.

Comprising both the Derwent Innovations Index database and graph analysis algo-
rithms written in Python 3 (implemented in NetworkX), this methodology thoroughly
investigated the SAF patent sphere. The methodological framework shown in Figure 1
allowed us to view cooperation between clusters, technological trends, and innovation
inside the sustainable aviation fuel industry.
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Figure 1. Methodological framework.

4. Analysis and Results

This section presents the results of the analysis of SAF patent data and graph analysis.
It also reveals a recent surge in SAF patent activity and key technological focus areas.
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4.1. Contextualizing SAF Patent Data

Before utilizing graph theory to display the correlation between different patents,
a comprehensive preliminary analysis was conducted to chart the evolution of patent
applications and identify their main areas of research. The database comprises a total of
136 patents, excluding Patent Cooperation Treaty (PCT) applications, with only 6 patents
having an application date before 2019. This dataset provides a clear indication of the
burgeoning interest and rapid advancements in the field of sustainable aviation fuel (SAF)
in recent years.

As illustrated in Figure 2, there has been a notable surge in patent applications, peaking
in 2022 when 56.6% of all SAF-related patents were filed. This peak underscores a significant
spike in innovation and research activity during that year.

80
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Number of patents solicited
[
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Figure 2. Solicited patents” evolution.

In Figure 3, it is possible to see the participation of countries with registered SAF
patents. The United States stands at the forefront of patent assignments, boasting 22.4%
of all registered patents, while China and the United Kingdom closely follow with 13.7%
each. This distribution underscores the vital contributions these countries make to the
advancement and commercialization of SAF technologies but also demonstrates that it is
not a closed market, as it is possible to see the participation of other interested contenders,
such as India and the Republic of Korea.

United States of America
china |, - 7
United Kingdom |, - 7
France [, o
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European Patent Office _ 7.1%
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india | N+ 3%
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Figure 3. Patents per country.
In Figure 4, the explanation of countries” profiles in SAF patents is continued. The

graph illustrates the distribution of patents across various technology areas for different
countries over the past five years (2019-2023), excluding the current year. The United States
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has a diverse range of patents, with significant shares in physics (39%), chemistry and
metallurgy (27%), and mechanical engineering (27%).

%
22% 26% 26% 27% A 24%

18%

.

United States China United France Germany European Australia India Hong Kong Canada Finland Japan Republic of Austria
of America Kingdom Patent Office (China) Korea

Area @ Chemistry; Metallurgy @Electricity @Fixed Constructions @Human Necessities ®Mechanical Engineering; Lighting; Heating; Weapons; Blasting @ Performing Operations; Transporting @ Physics

Figure 4. Countries’ technology area profiles.

China focuses heavily on chemistry and metallurgy (42%) and electricity (31%), with
notable shares in physics (22%) and mechanical engineering (21%). The United Kingdom
has a balanced distribution, particularly in human necessities (26%) and fixed constructions
(26%). France emphasizes chemistry and metallurgy (41%) and physics (26%), while
Germany shows a diversified portfolio, with leading areas in physics (29%) and chemistry
and metallurgy (29%).

The European Patent Office (EPO) has a major focus on physics (54%). In Australia,
physics (61%) and chemistry and metallurgy (37%) dominate. India emphasizes physics
(54%) and chemistry and metallurgy (27%). Hong Kong (China) also focuses on physics
(61%) and chemistry and metallurgy (39%). Canada, Finland, Japan, the Republic of
Korea, and Austria have an overwhelming or exclusive focus on physics, with Canada, the
Republic of Korea, and Austria dedicating 100% of their patents to this field. Overall, the
chart highlights a global emphasis on physics in patent filings, with notable diversification
in countries like the U.S., China, Germany, and France.

Furthermore, Figure 5 presents the number of solicited patents for each country per
year from 2020 to 2023, revealing several key trends. In 2020, China was the only country
with significant patent activity, but it did not continue this trend in subsequent years. The
United States stands out as the dominant player in patent solicitations, especially in 2022,
where it reached the highest count across all the years depicted. This dominance continued
into 2023, with the U.S. maintaining its leading position in the patent landscape.

Country:
® pustralia
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European Patent Office
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France
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Figure 5. Patents solicited in each country per year.

A notable spike in patent solicitations occurred in 2022 compared to other years, with
a significant increase in activity from multiple countries. This year saw contributions from a
diverse range of countries, including the United Kingdom, the Republic of Korea, Germany,
France, the European Patent Office, China, Canada, and Australia, indicating a peak in
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global patent activity. In contrast, 2021 showed moderate patent activity, with the United
States, United Kingdom, India, Finland, and the European Patent Office contributing to a
balanced but smaller-scale distribution compared to 2022.

The number of patents solicited in 2023 was noticeably lower than in 2022. While the
United States continued to lead, the overall number of patents solicited by other countries
decreased significantly. Notably, countries like Japan and Hong Kong (China) only appear
in the later years, specifically 2023, indicating their more recent engagement in patent
solicitation activities.

Overall, the chart indicates that, while China had a strong presence in 2020, the
United States consistently led in subsequent years, particularly peaking in 2022. The year
2022 marked a high point in global patent activity, with broad international participation,
whereas 2023 showed a reduction in patent solicitations, suggesting a possible contraction
or stabilization after the previous year’s surge.

The analysis extended to the distribution of patents across International Patent Clas-
sification (IPC) areas, aiming to uncover emerging trends and technological focus within
the SAF domain. Figure 6 shows the diverse categorizations for the same patent number.
Among the most prevalent IPC categories are chemistry and metallurgy (area C); mechani-
cal engineering, lighting, heating, weapons, blasting (area F); and performing operations
and transporting (area B). These categories represent the broad spectrum of technological
innovations contributing to the advancement of SAFE.

A further examination, depicted in Figure 7, illustrates the yearly evolution of IPCs in
solicited patents, adding depth to the previous analysis. Notably, chemistry and metallurgy
have maintained a consistent application rate over time, signifying steady research interest
and continuous innovation in these foundational areas. Conversely, the category encom-
passing mechanical engineering, lighting, heating, weapons, and blasting experienced a
significant surge in 2022, constituting 30.8% of all IPCs in SAF patents for that year. This
sharp increase indicates a growing focus on engineering and mechanical solutions within
the SAF field.
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Figure 7. Evolution of IPC tech. Areas in solicited patents.

In summary, the examination of the database has provided valuable insights into
the distribution and evolution of SAF patents in recent years. The dataset, despite its
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136 patents, reveals that only a small fraction predates 2019, indicating a recent surge
in patent activity reflective of accelerated innovation. The United States, China, and the
United Kingdom emerged as dominant players in the global landscape of SAF patent regis-
tration. The analysis of IPC areas reveals distinct patterns, with chemistry and metallurgy;
mechanical engineering, lighting, heating, weapons, blasting; and performing operations
and transporting emerging as prominent categories. As illustrated by the yearly evolution
of IPCs, the dynamic nature of patent distribution further enriches the understanding of
emerging trends and areas of innovation within the field.

4.2. SAF Complex Network Analysis

The graph in Figure 8 connects enterprises and universities (patent assignees) to the
International Patent Classification (IPC) codes that the patent was registered with. The
green nodes represent the universities, and the width of the edge represents the number of
patents each assignee has registered in the area.

The thickness of each edge connecting a node to an IPC indicates the volume of patents
registered by each assignee within that specific field of technology. Thicker edges represent
a higher quantity of patents, thus shedding light on the active involvement and specialized
knowledge of the assignees in the particular IPC category.

This visual representation serves as a valuable tool for gaining insights into the
pattern of distribution and the level of concentration of patent-related activities across
organizations and their corresponding areas of research focus. Through the analysis of
these interconnections, it becomes possible to pinpoint the major contributors in distinct
technological sectors and identify potential opportunities for collaboration and areas that
may give rise to competition.

Figure 8. IPC/assignee social network graph overview.

In the section of the graph depicted in Figure 9, it is possible to see that the Rolls-Royce
company (RORO-C) has many patents in multiple areas that have no other competitors and
that these IPCs are connected to related IPCs that universities are exploring, suggesting
potential cooperation between these entities.
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Figure 9. Rolls-Royce dominance and university leaf nodes (cropped/zoomed in).
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The distribution demonstrates Rolls-Royce’s establishment of a dominant presence
in specific technological fields, indicating the company has achieved a strong foothold.
Concurrently, universities are seen to be actively involved in research areas closely related to
those of the company. The interconnected nature of these International Patent Classifications
(IPCs) underscores the potential for collaborative efforts in research and development.

If realized, this collaboration has the potential to transfer knowledge between industry
and academia, ultimately leading to the enhancement of innovation processes and the driv-
ing force behind advancements in the aforementioned fields. Such a symbiotic relationship
holds the promise of yielding the development of novel technologies and reinforcing intel-
lectual property portfolios for both Rolls-Royce and the participating academic institutions.

The degree centrality analysis was conducted to identify key nodes in the graph,
focusing specifically on IPC nodes. This analysis aimed to pinpoint those nodes with the
most direct connections to others, thereby highlighting their importance and influence
within the network.

The analysis yielded data that provides insights into the central roles played by specific
IPC nodes. The results of this degree centrality analysis are consolidated in Table 4, which
illustrates the top five significant degree centrality measurements for IPC nodes. It has
been previously noted that node C10G demonstrates the highest degree of centrality in this
examination. This implies that node C10G establishes the most immediate associations
with other nodes within the framework, thereby strengthening its central position.

Table 4. Top five degree centrality measures for IPC nodes.

IPC Node Degree Centrality
C10G 0.2021
B01D 0.1596
C01B 0.1383
C10L 0.1170
BO1J 0.1064

The predominance of C10G in relation to degree centrality accentuates its significance
and impact within the system, which indicates that it likely functions as a pivotal focal
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point for engagements. This status emphasizes the role of C10G in enabling communication
and linkages among IPC nodes.

Furthermore, Table 5 depicts the top five influential degree centrality metrics for
assignee nodes. It is apparent from the data that RORO-C possesses the highest degree
of centrality, demonstrating its prominent position within the network. The centrality of
RORO-C implies a strong connection with other nodes and emphasizes its role in shaping
the network. Similarly, the UNBA-C institution displays a noteworthy degree of centrality,
emphasizing its significance and impact within the network. These results highlight the
critical roles played by both RORO-C and UNBA-C in the network.

Table 5. Top five degree centrality measures for assignee nodes.

Assignee Node Degree Centrality
RORO-C 0.1702
UNBA-C 0.1277

KEPL-Non-standard 0.0638
PARA-Non-standard 0.0532
CAEC-C 0.0426

According to Figure 10, the most popular IPC (degree centrality = 0.2021) within the
dataset is C10G, as shown in Table 4 (cracking hydrocarbon oils; production of liquid
hydrocarbon mixtures, e.g., by destructive hydrogenation, oligomerization, polymerization
(cracking to hydrogen or synthesis gas C01B; cracking or pyrolysis of hydrocarbon gases
to individual hydrocarbons or mixtures thereof of definite or specified constitution C07C;
cracking to cokes C10B); recovery of hydrocarbon oils from oil-shale, oil-sand, or gases;
refining mixtures mainly consisting of hydrocarbons; reforming of naphtha; mineral waxes),
having 22 edges connecting assignees to it, suggesting potential exhaustion.

- N N
- AN \ NESO-C |

EURE-Mon-standard

SCSC-Non-standard

Figure 10. Most targeted IPCs in SAF (cropped/zoomed in).

By analyzing Figure 11, it becomes apparent that the highlighted patent family 10—
“Production of liquid fuel, e.g., naphtha, involves supplying organic raw material containing
polymer waste, introducing an inert gas, decomposing raw material, and discharging with
a carrier gas, cooling non-solid cracked components, reforming, and distilling reformed oil”
(W02022220246-A1; JP2023514656-X; CA3216230-A1; KR2023170005-A; CN117396582-A;
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IN202347076905-A; EP4324898-A1), depicted by the largest triangle that is linked to the
most targeted IPC (C10G), may be an opportunity for countries that are interested in the
field to start off at, since it is an indicator of strength and success of a patent’s family.
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Figure 11. Most relevant patent family from C10G highlighted.

For nations that have an interest in this particular field, concentrating on this specific
patent family could yield a strategic point of origin. The evident presence of this patent
family implies a degree of creativity and the potential for commercial growth; therefore, it
provides a point of reference for individuals who are new to the field. Through utilizing the
insights derived from this dominant patent family, industries have the opportunity to align
their endeavors in research and development in order to capitalize on existing strengths and
potentially acquire a competitive advantage within the domain, as demonstrated in Table 6.

Table 6. Top five degree centrality values for patent nodes.

Patent Node ID Degree Centrality
68 0.0779
50 0.0584
48 0.0455
67 0.0390
0 0.0325

Figure 12 shows that the biggest patent families are associated with the Rolls-Royce
company, and it solely dominates the B64D IPC, which is connected to most of its patents.
There are only two universities that also have patents connecting the network to the other
communities, thereby indicating a restricted level of competition within this sector.

Moreover, the presence of two academic institutions that possess patents linking the
network to various other communities implies a certain level of scholarly engagement;
nonetheless, it is evident that market dominance predominantly rests with Rolls-Royce
and the aforementioned two companies. The dominance of Rolls-Royce, alongside the
limited involvement of other organizations, serves to underscore the corporation’s firm
grip and potential sway over trends in innovation and development within the B64D IPC
sector. The argument strongly suggests that this market control accentuates the necessity
for monitoring competitive dynamics for broader participation to cultivate a competitive
landscape for innovation.
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Figure 12. Rolls-Royce cluster.

Related to the subset of “WO” requests, Figure 13 segregates the “WQO” applications
for a clearer view of what is on the radar for the upcoming years. From the 73 entries
extracted from the database, 9 or 12.32% are strictly “WO” applications and have not yet
been patented anywhere in the world. It is important to address that these particular
applications have not yet been granted patents in any other jurisdiction worldwide. The
main point is that the segregation highlights the potential for novel and unique inven-
tions that are currently under the global patenting process awaiting further examination
and approval.

Subsequently, Figure 14 focuses on two applications that are about to expire and
belong to the same company under the same IPCs. The fact that these applications are
expiring simultaneously and pertain to the same technological domain may indicate several
underlying issues. It could suggest a possible stagnation in the company’s innovative
capabilities, where they have not developed significant advancements or improvements to
warrant new or extended patent protections. Alternatively, it might reflect a lack of market
interest or commercial viability for the technologies covered by these patents, leading the
company to let them lapse rather than invest in their renewal or in further innovation.

Concerning the W02024030611A2 and W02024030611A3 applications, these are ref-
erenced as the reactants comprising lignin and hydrogen. Even though, in recent years,
significant progress has been made towards the development of active electrocatalysts and
the engineering of cell configuration, its kinetics remain lower than the ones involved in
traditional water electrolysis by several orders of magnitude [64]. Therefore, this argument
suggests that this type of technology may not be considered innovative enough for publication.

Likewise, the “WO” application entitled W02023222798A1 demonstrates the same
dilemma. Although efforts have been made, Zhu et al. [65] show that the use of a re-
verse water gas shift catalyst provokes a methanation side reaction on various catalysts.
As a result, a mixture of CO and CH4 products forms, thereby burdening subsequent
separation processes. In addition, the authors note the need for studies to focus on the
reaction mechanism of catalysts in these processes, such as the ones used in this application.
These scenarios highlight the potential challenges the companies face in maintaining their
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competitive edge and emphasize the importance of continuous research and development
in sustaining technological and market leadership.
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Figure 13. IPC-Assignee-Written Opinion network.
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Finally, in Figure 15, attention is drawn to the collaboration between ALLU-C and
UYNC-C, which hold expertise in nine areas. A possible new partnership could happen
between ALLU-C and NUTE-Non-Standard since they share a common interest in the
C12P IPC. This could indicate that, if they happen to be competitors and have no interest in
collaborating with each other, then the suggested partnership would be between UYNC-C
and NUTE-Non-Standard.

-woiﬁﬂomsso

MAS |!
\‘.
\ ALLU-C

Figure 15. Collaboration between a university and a company across multiple IPCs.

Ultimately, this subset of “WQ” applications represents a significant portion of the
total entries and underscores the potential for future innovation and patent filings in these
areas. By isolating these “WO” applications, researchers and stakeholders can focus their
attention on emerging technologies and trends that have not yet been fully resolved or
protected. This targeted approach enables proactive monitoring and strategic planning to
capitalize on emerging opportunities in the patent domain.

5. Conclusions

In conclusion, the aviation industry faces significant challenges in transitioning to
more environmentally friendly practices. While sustainable aviation fuels show promise,
there are technological, economic, and political obstacles that need to be overcome. Ac-
cordingly, drop-in fuels offer the most immediate and viable solution because they are
compatible with current aircraft engines and infrastructure. However, their widespread
adoption is constrained by questions of economic viability, development difficulties, and
regulatory hurdles. Hence, a combination of technological advances, supportive govern-
mental measures, and effective policy instruments will be crucial factors in driving the
aviation industry toward decarbonization.

Hence, using graph theory in patent analysis has provided a deeper understanding
of patent networks and how SAF can bring about innovation. These advances have
shown how graph-theoretic approaches can trace patterns, trends, and connections within
extensive patent collections. Graph clustering algorithms, embedding techniques, and
interactive visualizations have revealed the relationships between patents and companies.

Furthermore, the illustration of SAF underscores the pivotal role of policy-making
and technological ingenuity in making environmentally sustainable practices acceptable.
The amalgamation of graph analysis with SAF patent data reveals the current status of
technological progress and sheds light on future prospects for investigation.

Fostering collaboration between industry and policymakers and harnessing advanced
visualization techniques can accelerate the shift toward a sustainable and competitive
frontier. Ultimately, the convergence of graph theory with patent analysis demarcates a
clear boundary for innovation by providing instruments for researchers, policymakers,
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and industrial stakeholders to navigate and exert influence on the evolving pattern of
technological progress.

Future research should focus on investigating collaboration networks within patent
data, as this will reveal key players and influential partnerships, as well as show the
opportunities for fostering cooperation in innovation. Additionally, an analysis based
on the combination of patent analysis with an examination of the articles may provide a
methodology for giving opportunities for innovation, especially in specific countries, and
leverage them to carry out strategic decision-making.
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