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A B S T R A C T

How does increasing economic and technological interest in biofuels shape the nature of the intellectual
property rights (IPR) in the industry? Is the technological nature of biofuel patents and inventions, as well as the
business itself undergoing a transformation? This article provides a patent analysis of lignocellulosic biofuels
with U.S. patent publications between 2002 and 2015 in order to shed light on the broader economic and
regulatory factors affecting the development of new technologies in the area. Patent applications in the
technology have increased about eightfold in this period and count about 130–150 per year currently, and could
soon reach 200 annual filings. Specifically, we analyse in what ways the nature of lignocellulosic biofuel
technologies is changing, and our results suggest that this business is indeed being transformed by increasing
research and development (R &D) and IPR efforts, material in an evident patent race. We document a relatively
small, but nascent technology, with some key technology areas increasing between four- and tenfold, over the
last decade. Technologically leading countries are the U.S., followed by Germany, Japan, France and the U.K.
We argue that intensified global and industry-wide claims for IPR reveal an ongoing patent race with multiple
implications for the industry and engineering community. Most importantly, industry's technological
interdependence is likely to increase as the likelihood for broad, exclusive patent regimes diminishes, making
the industry more likely to explore increasingly collaborative technological solutions when carrying out R &D
and investing in new production facilities in the future.

1. Introduction

In global energy research, renewable energy sources have since
2000 become the fastest growing nexus of technological research and
invention, evident in rapidly growing patent rates that outpace other
energy technologies [1]. This global search for economically, politically
and environmentally sustainable energy sources underpins broad
global changes, and the nature and direction of innovation in renew-
able biofuels is, therefore, of great importance for policy makers and
industry leaders as well as the research and development community.
Increased patenting has raised the issue of how emerging intellectual
property rights (IPR) regimes may affect the rate, direction, and
diffusion of innovation. One manifestation of this has been the policy
debate on IPR rights in renewable energy technologies. This discussion
has been polarized on to what extent IPR rights work as incentives for
firms to invest in renewable biofuel technologies, and to what extent
patents effectively deter critical innovation [2,3].

In this context, this paper offers a careful patent analysis of the
lignocellulosic biofuels technology. Lignocellulose-based biofuels em-

body one of the most potent new sources of renewable energy.
Abundant in nature, they are one of the largest sources of carbohy-
drates, yet the exploitation of lignocellulose on a large scale and in an
economically feasible fashion is limited by technological difficulties of
efficiently converting biomass into ethanol and other chemicals. The
potential of lignocellulosic biofuels as energy and a bioeconomy plat-
form technology, as well as the increasing possibilities of mobilizing
related production technologies on an industrial scale, have fuelled and
continue to fuel an increasing technological and commercial interest in
the area [4,5].

With patent analysis, this article documents a rapidly increasing
technological effort in the area, whereby technology can best be
characterized as “emerging technology”, and explores how this inten-
sified activity and interest is reshaping the broader social, economic
and regulatory environment of lignocellulosic biofuels. By using
advanced patent analysis tools, such as a mix of supervised and
unsupervised machine learning techniques and text-mining, on the
complete United States Patent and Trademark Office (USPTO) patent
database consisting of approximately 7 million full-text patents, we
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describe a technological area characterized by rapidly increasing
patenting rates and clear signs of patent races. Such a phenomenon
signals increasing industrial technological viability, but also suggests
changes in the nature of inventions and intellectual property rights
claims. To summarize, inventive steps in the industry are becoming
smaller, more incremental and more tightly connected, and the
technology as a whole is becoming increasingly covered by exclusive
IPR. If true, such changed circumstances are bound to limit the
strategic choices available to firms and research organizations, and
are likely to induce more collaborative practices between leading
holders of IPRs.

2. Background

2.1. Wood-based biofuels and biorefineries

Recent interest in lignocellulosic biofuels is part of a global search
for technologically, economically, and environmentally viable energy
sources. One manifestation driving increased energy demand has been
the wide changes in agricultural practices, especially irrigation systems
[6]. As a non-food crop, wood-based renewable biofuels embody a
particularly attractive solution, and were already identified as such at
the beginning of the chemical wood processing industry. The first non-
food, crop-based, biofuel solutions were introduced roughly 100 years
ago, when bioethanol was one of the major industrial products from
wood-based, sulphite and pulp mills in Scandinavia, Germany and the
USA [7].

After World War II, the success of the oil and petroleum industries,
as well as the pulp and paper industry completely shifted to sulphate
pulp processes [8], which quickly eclipsed substantial efforts to develop
and expand wood-based biofuel technologies [9]. Continued interest in
bioethanol based on other crops secured the development of key
technologies, mostly fermentation technologies, the key nexus being
the Brazilian effort to develop sugarcane-based bioethanol.

The rise of second generation biofuel technologies, fuelled by the
global search for more environmentally sound fuel sources, especially
those focused on the exploitation of various biomasses, has more
recently expanded the technological search and business interest in
lignocellulosic biofuels [10]. Basically, any lignocellulosic biomass –

agricultural residues, municipal waste, wood residues, (micro)algae,
switchgrass, to mention the most common feedstocks – can be
extracted and converted into carbohydrate sugars, alcohols, lignin
phenols and oils in a first stage and biofuels in a second stage [7].

More recently, the food/fuel rivalry has triggered a scramble for
alternative feedstocks, i.e. lignocellulosic material, which form the
basis for the next generations of biofuels. Lignocellulosic components,
such as cellulose, hemicellulose and lignin, represent an interesting and
challenging opportunity for producing sustainable and renewable
liquid fuels.

Wood-based biofuels enjoy several potential advantages. One
advantage is that carbohydrates (cellulose and hemicelluloses sugars)
are the most abundant organic feedstock on Earth, with lignin,
comprising about 25% of all biomass compounds, being the second
most abundant. Roughly 75% of the lignocellulosic feedstock is
composed of carbohydrates. Some technological bottlenecks arrest
their exploitation, especially the difficulty of efficiently separating out
the lignin, with only about five percent of all carbohydrates being used
by humankind.

There are three main technology platforms for biofuels: (a) hydro-
lysis – enzymatic (biochemical) or thermochemical hydrolysis, (b)
pyrolysis (solid biofuels or bio-oil), and (c) gasification [7,11]. Liquid
biofuels are usually produced via gasification or hydrolysis technolo-
gies. Hydrolysis or fermentation is usually related to ethanol produc-
tion, and gasification is a syngas conversion of carbon monoxide,
carbon dioxide, methane and hydrogen. Syngas, as a gas, can serve as
fuel for power or as a liquid fuel, in particular, methanol. Methanol is a

versatile platform compound for several chemicals and fuels (e.g. acetic
acid and dimethyl ether) (Table 1).

Dimethyl ether (DME) has in turn emerged as an efficient energy
carrier and transportation fuel in the form of biodiesel [7,12]. The
advantages of biodiesel fuels are the same as for ethanol. Ethanol can
easily be used by the established transportation system, that is in fossil
based liquid blends, for transportation fuels at established gasoline
pumps. Furthermore, it can be processed from almost any abundant
lignocellulosic material (e.g. wood and/or agricultural residues or
energy crops such as algae). This, so called Third Generation of
biofuels, is based on upgrades in the production of biomass, which
takes advantage of specifically engineered energy crops such as algae
[13].

Biofuel production is often part of biorefinery infrastructures in
facilities that convert biomass feedstock, including lignocellulosic
material such as wood, into a wide range of valuable and sustainable
materials, chemicals and multiple fuels [7]. The biorefinery concept
embraces several renewable raw materials, separation and conversion
technologies, and intermediate and final products. A biorefinery
potentially has the advantage of producing more classes of products
than can petroleum refineries, thus offering more opportunities for
product development and diversification. A bottleneck consists of the
logistics of heterogeneous raw materials which makes access to
biomass a strategic factor when locating a biorefinery production unit.
Currently, there are not many global examples of cost-competitive
alternatives to oil refineries, but in the 2000s, the uncertainties related
to climate change, volatile energy prices and fossil-based energy
supplies, ‘cotton peaks’ and the like, have contributed to making
biomass appealing as a feedstock for many industries and industrial
processes. In a lignocellulosic context, a range of technological barriers
and economic and industrial opportunities have been identified, and
resulted in a nexus of highly active research and development [14].

Given the political, economic and societal pressures to move
towards cleaner and environmentally sustainable energy systems and
economic factors, the business interest to develop a cost-efficient and
technologically sound wood-based biorefinery concept has surged
during the last decade. This interest has materialized as a rapidly
growing research effort, as evidenced by the surge in scientific
publications and patent applications. Naturally, when investment in a
wood-based biomass biorefinery easily exceeds 1 billion euros, the need
to secure a return on investments for the development of necessary new
technologies affects the balance between scientific research and claim
on exclusive intellectual property rights.

2.2. Emerging technologies and patent races

The notion of “emerging technologies” is usually applied in a
practical sense to define a given technological nexus being capable of
overturning or replacing existing mainstream solutions. It is invoked,
typically, as a framework to guide expectations and focus R&D and
business efforts. In the context of this paper, we label lignocellulosic
biofuels as an “emerging technology” because of their potential as a
new biofuel production method, as well as because of the rapidly
increasing volume of research and development efforts (see below).

Whereas nanocellulose or biofuels are perhaps the current embodi-
ments of emerging technologies in the forest based industries,
Toivanen [8,9] has argued that the industry has, since the 1850s, been
swept by a succession of emerging technologies. The first wave was the
introduction of wood pulp and the first sulphite pulping process,
followed by different product innovations (newsprint, tissue paper,
corrugated board, etc.). This was followed by the second wave that
included the sulphate pulping process, and eventually by the third
wave, the introduction of engineered fast-growing tree species and
adapted pulp processes. Each of these waves either substituted existing
production processes or products or introduced completely new ones.
Moreover, each of these emerging waves sparked an industry-wide
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transition, manifest in organizational and regulatory change. Novotny
and Laestadius have shown, with extensive qualitative analysis, that the
industry's transition to convert biomass into energy and bioproducts is
accompanied by many similar management, organizational and policy
challenges [15].

In a biofuels context, several patent studies have confirmed
increasing patenting rates and changing business dynamics. Biofuel
and biohydrogen technologies increased substantially in the early
2000s, and the technology has significantly matured, prompting
strengthened commercialization strategies [16]. Similar emerging and
growth dynamics have been confirmed for biomass fermentation
technologies [17], as well as in the broader and aggregate “clean
energy” field [18]. These studies document an increasing patent rate in
high-priority biofuel technology areas, often suggesting deeply chan-
ging business and industry dynamics.

Industry transitions [19] underpinned by novel technological
departures, and the emergence of new, complex, technological, pro-
duction systems, are typically accompanied by intense business com-
petition. This is particularly true in cases requiring heavy capital
investments so as to achieve sufficient economies of scale, and under
these circumstances, large and small firms have been shown to follow
distinct strategic paths in order to secure long-term advantages from
their investments in research and development [20]. In the pulp and
paper industry, such transitions engendered repeatedly intensive,
litigious, and lengthy patent races [8].

Patent races should be interpreted as manifestations of firms’
attempts to secure a competitive advantage over competitors, and
cause a rapid increase in the number of patent applications. Often, such
races reveal a deeper change. Industry leaders’ intensified research and
development efforts can also suggest the imminent commercial viabi-
lity of specific production technologies. However, if no firm or patent
manages to claim very broad exclusive IPR rights to the emerging
technology and effectively negates competitors’ efforts, increased
research and patent activity is likely to impact the very nature of
research and development activity, patent claims, and eventually the
corporate strategy of leading firms [21].

In this paper, we argue that the nature of the lignocellulosic biofuels
patent race is likely to create two specific outcomes. First, key IPR
rights will be divided into a number of strategic IPR portfolios held by
competing firms, and, secondly the building of major production
systems will require some sort of cooperative arrangements between
the owners of these portfolios. Furthermore, as no firm in the industry
is likely to have a clear monopolistic grip on technological solutions, as
a whole the industry is likely to explore increasingly collaborative
arrangements in R&D and production technologies.

Finally, our paper explores the role of technological intelligence for
the biofuel community, and demonstrates the advantages of versatile
Big Data approaches to mapping the technological, IPR and business
environment. When developing and choosing the best strategies for
moving forward within the emerging biofuel space, research organiza-
tions, firms, and governments must obtain information about the
broader technology and business environment, and in this regard, we
also briefly outline the economic, strategy and policy implications.

3. Data and methods

3.1. Data

Patent data was obtained from the USPTO patent database main-
tained by Teqmine Analytics Ltd, which is based on USPTO-issued
XML publications. The data for analysis was prepared in five steps for
the final analysis. In the first phase, we text mined all USPTO full-text
publications between 1990 and 2015 (inclusive) with the key words
string “lign” and “fuel”. This search yielded 82,580 publications. In the
second phase, this data was processed with Latent Dirichlet Allocation
(LDA, see below for full description) and all the records were allocatedT
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to 20 topics. By visual inspection, and using four reference patents (e.g.
US20140256979A1 and US20130333652A1), we identified two topics
capturing patents focussing on pyrolysis and catalysts in a biomass and
hydrocarbon context. Patents in this area totalled 5144. In the third
phase, the 4803 patents were divided with LDA into 10 topics (see
below for methods).

The fourth phase consisted of selecting the final patent pool
providing the best evidence on recent evolution of the lignocellulosic
fuel technology. To this end, data was limited to publications between
2002 and 2015 (inclusive) and kind A1, B1, P1 and P2. These cover
first-time publications of utility and plant patent applications, as well
as first-time publications of granted patents without prior publications.
Because the data continued to include noise and patents of no
immediate relevance to lignocellulosic fuel processing technologies,
we excluded redundant patents from the data.

To this end, we visually inspected the Topic Modelling classifica-
tion, as well as analysing the classification of our above-mentioned
reference, US patents. More importantly, we controlled our LDA results
by comparing our results with the International Patent Classification
(IPC) at record level. This work confirmed that Topic 9 effectively
captured all patents that were of relevance to us, and, as verified in
Table 2, depict topic distribution of patents by the World International
Patent Organization, and introduce 33 aggregate technology categories
from the IPC classifications (Table 2).

The fifth and final stage of data processing consisted of eliminating
as much redundant data as possible from the selected Topic 9.
Consisting of 2562 records, Topic 9 is effectively contaminated with
unrelated patents addressing mostly fuel cell, pharmaceutical, and

lubricant patents. While pharmaceutical and lubricant patent areas are
technologically closely related to lignocellulosic fuel processing, fuel
cell technologies carry only linguistic similarity. Elimination of such
“noise” from the patent data is an enduring challenge in patent analysis
and a prerequisite of credible analysis. Thus, we resorted to using a
sample of record level IPC classifications to choose patents for the final
analysis data.

Final lignocellulosic biofuel technology patent data consisted of
1069 records, in our judgement, included at most very few non-
relevant patents and effectively captured relevant USPTO patent
publications with a bearing on lignocellulosic fuel processing and
production technologies.

3.2. Methods – patent analysis

Patent analysis of emerging technologies, or competitive technolo-
gical intelligence, is a relatively well-established methodological tradi-
tion, though one that is currently impacted by the introduction of a
range of new “Big Data” methodologies, such as natural language
processing (NLP) and machine learning approaches. The methodolo-
gical transition in patent analysis is essentially about completing patent
analysis more efficiently, faster, and with a higher level of accuracy, all
with the potential of improving the practical value of patent analysis for
engineers and business leaders [22].

Whereas traditional patent analysis methods make extensive use of
the meta data at the patent publication level, such as technology
classes, keywords, and citation data, in order to map and classify data
for analytical purposes, Big Data approaches rely heavily on unsuper-

Table 2
Comparing LDA results with WIPO IPC technology classes.
Source: USPTO, Teqmine Analytics Oy, Authors.

Topic

No IPC Sub-Field 1 2 3 4 5 6 7 8 9 10 Total

1 Analysis of biological materials 8 4 11 25 44 24 2 118
2 Audio-visual technology 1 1
3 Basic materials chemistry 35 19 19 94 2 23 865 450 1507
4 Biotechnology 44 48 62 16 39 40 77 193 6 525
5 Chemical engineering 17 24 1 353 395
6 Civil engineering 2 50 52
7 Computer technology 12 2 25 5 44
8 Control 2 1 2 5
9 Electrical machinery, apparatus, energy 2 6 120 128
10 Engines, pumps, turbines 1 25 26
11 Environmental technology 9 2 69 80
12 Food chemistry 21 2 17 14 110 5 169
13 Furniture, games 6 1 1 8
14 Handling 3 1 3 1 10 18
15 IT methods for management 1 4 1 6
16 Machine tools 1 4 1 19 25
17 Macromolecular chemistry, polymers 9 2 118 1 496 2 628
18 Materials, metallurgy 5 13 138 156
19 Measurement 6 1 1 1 6 19 34
20 Mechanical elements 1 17 18
21 Medical technology 21 9 3 10 159 17 1 220
22 Micro-structural and nano-technology 5 6 6 1 3 21 1 43
24 Optics 1 2 20 23
25 Organic fine chemistry 23 30 154 30 21 23 12 46 645 232 1216
26 Other consumer goods 2 6 3 27 38
27 Other special machines 1 5 19 3 4 88 23 143
28 Pharmaceuticals 3 59 272 29 8 43 58 336 62 40 910
29 Semiconductors 1 3 12 16
30 Surface technology, coating 13 30 1 166 4 214
31 Telecommunications 1 1
32 Textile and paper machines 13 22 83 118
33 Thermal processes and apparatus 1 6 7
34 Transport 32 10 42

Total 62 308 520 132 461 105 154 754 3672 766

Note: Patents are counted once for each class they have received a IPC classification.
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vised or semi-supervised machine learning approaches. The latter
approaches offer several advantages. These include such things as the
ability to rapidly process very large data, such as reading millions of
full-text patent texts, which is not easily possible for humans, and often
enabling the possibility to analyse technologies from a range of
perspectives. Another advantage relates to improved and higher rates
of semantic discovery, as NLP approaches analyse all data and enable
the linking of data pools based on semantic similarities. In contrast,
traditional patent analysis methods often suffer from the “street light”
syndrome, where one searches only within the predefined area [23,24].

We employed a mix of unsupervised and supervised, i.e. semi-
supervised learning methods in processing patent data, as described in
our data sections. Our unsupervised learning methods rely on Latent
Dirichlet Allocation (LDA), which is a topic model that identifies latent
patterns from semantic text. Whereas a range of algorithms cover what
are known as “Topic models”, LDA is by far the most familiar of them
[25]. LDA is a three-layer Bayesian model that is now widely used in
different applications, such as text mining, bioinformatics, and image
processing. We use LDA to pass the data through iterative analysis
cycles, whereby, we eliminate redundant, and identify relevant, data.
However, the relevant data on lignocellulosic biofuels is, in the end, so
small, as well as linguistically overlapping with other fields, such as
lubricants and pharmaceuticals, that in the final data processing stages,
it is practical also to use meta-data approaches.

On the practical side, our use of a mix of unsupervised and
supervised classification methods offer two important advantages.
First, we were able to screen whole patent data to identify the
technology area where potentially relevant inventions on lignocellulosic
biofuels could be found, regardless of the type of technology classifica-
tions assigned to patents by examining offices or inventors. Second, we
were able to discard non-relevant patent data from key technology
classes, as several important classifications for lignocellulosic biofuels
cover a very broad range of technologies, industries and biomass
sources. Thus, our methodological approach also demonstrates the
value and applicability of novel Big Data approaches for patent analysis
in biofuel technologies.

4. Results

4.1. Emerging technology area

Lignocellulosic biofuels embody a relatively small but nascent
technology area. Annual patenting in the technology increased about
eightfold between 2002 and 2015 to about 130–160 annual filings.
(Fig. 1.) An increase in patenting rate of this size can only be
interpreted as significant, although we have not verified for divisional
applications or patent families, and it suggests an intensified techno-
logical and economic interest in the technology. Given its recent growth

and the likelihood of continued intense technological research and
development, lignocellulosic biofuels are appropriately characterized as
an emerging technology with a high probability of patent races.

While several key patents in lignocellulosic biofuels processing and
production had already been filed in the 1990s, which often made wide-
ranging claims for the key technological processes, our results demon-
strate a continued search for new solutions and improvements for
technological challenges, and suggest that industry expansion con-
tinues to be slowed down because of serious technical problems.
Perhaps the best-known example of such problems is the experience
of Kior's Mississippi plant and its eventual bankruptcy. While predict-
ing a future patenting rate is relatively uncertain, a simple projection
based on our results would suggest that patenting, in this area, is likely
stay above 130 patents over the next few years; and could soon reach
200 annual filings. Annual patenting rates also attest to the intensifica-
tion of economic interests in lignocellulosic biofuels, as well as the fact
that patents are considered by industry players to be a key strategic
asset.

Another matter is that an increased patenting rate could also be
interpreted as a changed nature of technology or inventions, and that it
could also carry implications for competitive strategies. Whereas early
lignocellulosic biofuel patents often embodied wider claims and were
filed within a relatively vacant patent space, contemporary patent
applications must navigate an increasingly tense and occupied IPR
space. This development can translate to increasingly narrow and
focussed claims in patents, as well as establishing increasing inter-
dependency between key patent portfolio owners and prompting the
need for a range of new collaboration strategies.

While a detailed analysis of the business and IPR strategy implica-
tions of the significant growth of lignocellulosic biofuel patenting is
beyond the scope of this paper, it is clear that such implications, as
considered above, exist and weigh heavily on corporate decisions in the
renewable biofuels industry.

4.2. Leading countries

Which countries are spearheading the emerging lignocellulosic
biofuel technologies, and are these countries following specific techno-
logical trajectories? To this end, Table 3 depicts 20 leading inventor
countries in 2002–2015.

U.S.-based inventors have contributed to about 60% of all ligno-
cellulosic patents, making them the largest single inventor group by far.
With USPTO patents, this is often self-evident, as U.S-based inventors
are more likely to apply for a U.S. patent than are foreign-based
inventors. The second largest inventor group is Germany-based,
followed closely by Japan, France, and Great Britain-based inventors.
The seven largest non-U.S. inventor countries produce about one
quarter of all patent publications. Within the list, one is perhaps
surprised that Sweden and Finland, traditional technology leaders in
forest-based technologies, only rank as a tied 11th and 14th place, and
are surpassed by Canada, the Netherlands, Belgium, Israel, and China.
(Table 3).

Geographically, the sources of inventions in lignocellulosic biofuels
are relatively diffuse, with very few true regional clusters. In the U.S.,
most patents are by inventors based in Houston (76 patents), followed
by San Diego (49), Pasadena (39), Madison (38), Wilmington (23) and
Atlanta (20). Leading cities outside the U.S. are, in order, Mannheim,
Tokyo, Cambridge, Lyon, Amsterdam and Jerusalem, Heidelberg and
Ludwigshafen, with each having produced between 10 and 14 patents.
Importantly, patents from these cities are, as a rule, obtained as private
corporations as assignees.

The role played by key assignees is suggestive too, although it is
difficult to provide a reliable assessment of key assignees in the data, as
USPTO practice allows filing of patent applications in a manner that
conceals possible real assignees. However, the largest assignee in our
data is the Celanese Corporation with 47 publications. Of these, 39
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were published in a single year, suggesting a determined corporate
tactic. Celanese is followed by BASF (22 patents), Shell (20), UOP (18)
and IPF (13). Of these, only BASF has had a long history of patenting in
the area, as the other firms have filed almost all of their patents in the
last five years, within the time frame covered in this analysis. The
increasing corporate interest in lignocellulosic biofuel patenting is
strongly suggestive of patent race dynamics.

Given the fact that R &D and patenting in lignocellulosic biofuels is
increasing substantially, several key countries and cities are, in
practice, being transformed into repeat invention hubs, producing an
increasing number of intellectual property claims within the business
area. This interpretation is strengthened by the fact that many of the
leading actors in key regions are firms, either incumbent industry
leaders or highly specialized new entrants. This development is likely to
have a significant impact on the nature of the lignocellulosic biofuel
business, as well as shaping the nature of patenting and technological
trajectories.

4.3. Inventive frontiers in lignocellulosic biofuels

Lignocellulosic biofuel technologies are evidently growing in size, to
the extent that they are best described as an “emerging technology”.
Here, we turn to analysing whether this growth is accompanied by a
shifting technological focus, and, more specifically, determining what
are the key technological focus areas within lignocellulosic biofuels R &
D efforts, and whether they are displaying different dynamics? To
answer this question, Table 4 shows annual filings by key IPC class
level for the largest technology groups.

Lignocellulosic biofuel patenting concentrates on four technology
class areas, of which the C07C “Acyclic or carbocyclic compounds”,
especially covering electrolysis approaches, is the most significant,
covering almost 40% of all lignocellulosic biofuel patents. Almost non-
existent as lignocellulosic biofuel technology in the early 2000s,
contemporary patenting in the IPC class is between 60 and 100, and
this demonstrates how rapidly technological and economic interest in
the area has proliferated. This class and the patents selected through
our methods constitute a key technology in lignocellulosic biofuels.

The “carbocyclic” part of the IPC code “C07C” covers the aromatic
ring of carbon atoms found in many biomolecules that chemically may
substitute major petroleum-based molecules, such as the hydrocarbons

benzene and cyclopropane, which make up a large part (almost 50%) of
gasoline composition, particularly in high octane gasoline. Products
from this category may be used as e.g. bioethanol or blended with
gasoline. The technological and business importance of this IPC
technology class is underscored by the factor by which patent filings
in it have surged in recent years. (Table 4).

A second key area is established by the IPC class area C10L, “Fuels
not otherwise provided for”, which covers some 28% of the total
patenting in the lignocellulosic biofuels area, and totals some 25–40
patents per year. The importance of this technology class for the
biofuels technology and business community is also reflected in
patenting activity. Although this technology area has substantially
increased since 2002, it cannot be characterized as “emerging”. The
area's patenting has declined substantially in the early 2000s, and has
only recently begun to recover. While we have made an effort to
eliminate pure fuel additives and lubricants from the selection, this
group continues, to some degree, to include patents that focus more on
these technology areas rather than biofuels. However, it is often
difficult to establish a clear demarcation between wood-based fuels,
fuel additives and lubricants, as they might be “by-products” of the
same or of a closely related production system.

The IPC class B01J, “Chemical or physical processes, e.g.
Catalysis…” embodies another clearly emerging, yet small, technology
area. Patenting in the area has increased within lignocellulosic biofuels
from practically nothing to about 20–40 per year, and it captures more
than 10% of the whole patent group. This technology class is well
described as “nascent”, as it did not exist in lignocellulosic biofuels in
the early 2000s, but ranks as one of the four largest ones today.

The C12P class, “Fermentation or enzyme-using processes to
synthetize….” also captures some 10% of the total lignocellulosic
patenting volume. It is best described as moderately emerging,
increasing from a few annual patents to about 1 to −30 between
2002 and 2015.

Enzymatic processes and enzymatic catalysis, related to IPC classes
B01J and C12P, are used for two reasons. They are first of all part of
one of the most promising ecological pre-treatment processes for
fermentation technologies, e.g. bioethanol technologies. Secondly, with
enzymatic treatment, the purpose is to obtain higher fuel yields – or in
general fermentable sugars – at low energy costs. In particular, the
emerging technology, the booming biomass-based fuels (bioethanol

Table 3
Lignocellulosic biofuel patents by inventor country, 2002–2015. 20 leading inventor countries.
Source: USPTO, Teqmine Analytics Oy, Authors.

Country 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 Total

US 11 28 11 15 20 13 27 34 36 42 98 111 97 102 645
DE 2 1 1 2 9 4 8 6 9 10 6 11 69
JP 2 1 2 2 7 3 5 4 11 7 7 2 8 61
FR 1 1 4 4 2 5 12 4 9 6 3 51
GB 2 1 2 4 3 3 4 8 4 9 4 6 50
CA 1 1 1 2 4 3 3 1 5 7 4 4 36
NL 1 1 4 4 7 6 2 4 6 35
BE 1 1 2 2 8 7 4 9 34
IL 2 1 1 1 6 2 4 3 20
CN 2 1 4 4 3 2 1 17
BR 1 2 1 1 2 4 2 13
IT 1 1 1 1 1 5 1 2 13
SE 1 1 2 1 2 1 5 13
FI 1 1 1 2 1 2 4 12
IN 1 1 1 1 2 2 2 2 12
N 8 3 11
KR 1 1 2 3 3 10
SA 1 1 1 5 8
CH 1 1 1 3 6
ES 1 2 2 1 6
Total 22 38 17 22 28 30 52 60 75 95 145 174 142 169

NOTE: Countries are represented by 2-letter standard abbreviations.
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and biobuthanol in primis), could be filed under all the three key IPC
classes C07C “Carbocyclic compounds”, B01J “chemical processes, e.g.
catalysis” and C12P “fermentation or enzyme-using processes”.

Technologically, patents assigned to B01J, C07C, and C12P in our
patent data embody the core technologies for the emerging lignocellu-
losic biofuels production technologies and methods, and are likely to
continue to have high growth rates in the near future. C01L class
includes a significant number of patents relevant to lignocellulosic
biofuels, but it remains a challenge to differentiate biofuels patents
from fuel additives and lubricants in the class.

Table 4 describes an emerging technology that clearly concentrates
on a few key technologies, of which the most important ones relate to
exploiting the advantages of lignocellulosic biofuel as a high-octane fuel
suitable for mixed-fuel combustion engines. Investment in research
and development of lignocellulosic biofuel technologies is likely to
continue at the current (or an increased rate) in the near future, and it
is likely that the key technologies will demonstrate more pronounced
growth dynamics.

4.4. Technological nature of lignocellulosic biofuels patents

An analysis on how the different key lignocellulosic biofuel tech-
nologies are related casts light on the nature of the emerging
technological solutions, as well as on how different technical solutions
relate to the overall production technologies. This type of analysis, in
particular, shows to what degree solutions focus on specific technolo-
gical areas.

By using traditional analysis of co-classification of patent technol-
ogy classes, Table 5 shows what percentage of patents classified in the
leading IPC classes have been co-classified to other key technology
classes. Of the six largest technology classes detailed in the rows, C07C,
C10L, and C08F have received only moderate co-classifications,
whereas B01J, C12P and C10G have received relatively modestly co-
classifications.

Of all classes, only C07C and B01J establish a clear pair in a way
that reveals that much of B01J classified technology is dependent on
C10G technologies. Given that these two technology classifications also
demonstrate the highest growth in annual patenting in recent years, it
is likely that many of the new critical solutions in lignocellulosic
biofuels are being developed in this nexus. However, it is important to
note that a significant portion of patents co-classified in C07C and B01J
are obtained by the leading incumbents, the Celanese Corporation,
Shell, and UOP, as well as, to lesser extent, by focussed new biofuel

firms, such as Range Fuels. Furthermore, the majority of these co-
classified patents are filed by U.S. based inventors.

While a detailed analysis of the exact nature of the contemporary
technological inter-relatedness in lignocellulosic biofuel patents is
beyond the scope of this paper, as it would necessitate close examina-
tion of the context of up to hundreds of patents, some broad features
can be extracted with our patent analysis. Much of the inventive effort
appears to focus on three key aspects of lignocellulosic biofuels:
exploitation of the high octane content of the raw material, ecological
pre-treatment processes for fermentation technologies, and improving
the overall fuel yields. Combined, these are indeed inter-related, as they
bear upon the technical and engineering realities to arrive at reason-
able and economically sufficient cost-benefit ratio in large-scale
lignocellulosic biofuel production.

5. Discussion and conclusions

We have demonstrated with Big Data patent analysis how the
technological and business environment of lignocellulosic biofuels is in
transition, and have argued that such technological intelligence is a

Table 4
Lignocellulosic biofuel patents by key IPC classes, 2002–2015.
Source: USPTO, Teqmine Analytics Oy, Authors.

IPC 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 Total %

C07C 1 2 2 2 9 6 10 16 29 36 65 99 63 91 431 40,32%
C10L 13 27 13 7 10 7 20 25 21 26 37 32 23 43 304 28,44%
B01J 1 2 1 6 3 10 20 42 15 27 127 11,88%
C12P 2 1 5 2 3 8 6 11 13 27 14 14 21 127 11,88%
C08F 4 2 6 3 9 9 4 7 17 16 8 7 13 105 9,82%
C10G 1 2 3 1 3 7 3 8 12 17 16 28 101 9,45%
C07D 2 1 2 4 8 15 10 17 21 80 7,48%
C13K 2 1 1 3 6 6 15 6 13 12 65 6,08%
C08B 1 2 4 7 4 9 12 10 4 53 4,96%
C02F 1 3 1 2 3 1 1 2 3 9 6 11 8 51 4,77%
C08G 1 1 4 3 6 7 5 7 34 3,18%
C08L 1 1 2 1 1 5 2 4 4 8 29 2,71%
C10M 1 1 3 2 1 3 9 3 1 4 28 2,62%
C07H 1 1 4 1 1 13 1 1 2 25 2,34%
B01D 2 2 1 2 4 3 2 6 22 2,06%
C09K 1 4 2 4 3 2 2 3 21 1,96%
C11B 1 3 1 6 5 2 3 21 1,96%

Table 5
Technological interrelatedness of patents, 2002–2015.
Source: USPTO, Teqmine Analytics Oy, Authors.

IPC Class C07C C10L B01J C12P C08F C10G Patents

C07C 9% 19% 5% 3% 4% 431
C10L 13% 6% 4% 0% 9% 304
B01J 66% 14% 6% 4% 10% 127
C12P 17% 10% 6% 6% 4% 127
C08F 12% 1% 5% 7% 0% 105
C10G 19% 27% 13% 5% 0% 101
C07D 80% 15% 15% 11% 4% 10% 80
C13K 17% 5% 6% 23% 2% 0% 65
C08B 23% 2% 8% 13% 6% 2% 53
C02F 6% 0% 14% 0% 0% 2% 51
C08G 68% 9% 6% 15% 35% 0% 34
C08L 21% 10% 7% 7% 62% 0% 29
C10M 39% 75% 0% 0% 21% 4% 28
C07H 60% 4% 28% 24% 12% 4% 25
B01D 41% 14% 14% 0% 9% 18% 22

Note: The table follows whole count: Patent is classified in a class only once. A patent
may receive multiple IPC classifications.
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valuable decision-support for the strategic management of firms,
research and academia, as well as government.

The field of lignocellulosic biofuel technologies is a nascent,
emerging technology, characterized by an intense patent race. The
overall patenting in the technology has increased about eightfold since
2002, but in selected sub-technology areas, the growth exceeds this. In
the near future, the combined annual patent application rate for the
technology is likely to be between 150 and 200, with an increasing
focus on the biomolecules that may be chemically substituted for major
petroleum-based molecules, such as the hydrocarbons benzene and
cyclopropane, which are typically filed in patents under the IPC
classification C07C.

The intensity of patenting growth has broad implications for the
lignocellulosic biofuel community. Most importantly, the IPR space is
becoming increasingly densely populated, and individual patents
increasingly interdependent, which affects the possibility of obtaining
broad exclusive IPR rights in the future, as well as the possibly limiting
the scope of past applications or existing granted patents. This
development, combined with the fact that certain key IPR holders,
such as Celanese or other major corporations, are building large,
consolidated IPR portfolios, is likely to have a bearing on assignees’
possibilities of exploiting individual or small IPR portfolios. It is likely
that full-scale production systems must draw on a broad range of IPR,
which are not generally found exclusively in only one portfolio. Thus,
we suspect that the industry is likely to increasingly explore collabora-
tive arrangements in order to exploit and develop and IPR in the
future.

The globally leading countries in lignocellulosic biofuels are the
U.S., Germany, Japan, France and the U.K. These countries are
demonstrating substantial advances and investments in research and
development, and have typically few or several specialized regional
clusters and firm groups active in lignocellulosic biofuels research. A
follow-up group consists of Canada, the Netherlands, Belgium and
Israel, which all show an increasing effort in the area. The traditional
forest industry and technology countries, Sweden and Finland, show
relatively modest activity within the technology area.

Because our patent data has been selected to represent the latest
available data, i.e. mostly first-time publications of patent applications,
we are not able to offer a credible analysis of assignees. However, it is
obvious that commercial interest in lignocellulosic biofuel innovation is
coming from different groups. The incumbent chemical industry and
oil industry firms, such as Celanese, BASF, Shell and Honeywell UOP,
are the patenting leaders in the field. A number of smaller new
entrants, such as Virent, KIOR or Range Fuels, also play an important
role. Research institutes and universities show declining importance,
probably because the commercial firms are engaging in an intensifying
patent race. Finally, one should note that the incumbent forest industry
firms are not central IPR holders, although some of them have single
important patents.

As we have documented increased patenting and evident patent
races in lignocellulosic biofuels, it is important that future research
explores in more detail how IPR rights impact the incentives for
innovation, as well as how diffusion of new technologies is affected both
in rich and poor countries. Given that we have focussed on the
operational aspects of lignocellulosic biofuel innovation and patents,
one important avenue for future research is to analyse how the
changing nature of innovation and patents affects the business strategy
of new entrants, such as research-based start-ups, and industry
incumbents. It would also be important to understand in more detail
why chemical industries and firms outperform traditional forest
products firms in lignocellulosic biofuel invention. Finally, the emer-
gence of technological and production systems of renewable biofuels is
a phenomenon linked to broader societal, economic and environmental
changes, such as increased demand for energy in developing countries,
and future research should also explore the broader relationships

between the changing nature of energy demand, biofuels innovation,
and political economy.
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