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Executive Summary

This report describes the results of an analysis tracing the technological influence of bioenergy
conversion research funded by the U.S. Department of Energy (DOE)’s Bioenergy Technologies
Office (BETO) and its precursor programs, as well as bioenergy conversion research funded by
other offices in DOE. The tracing is carried out both backwards and forwards in time, and
focuses on patents filed in three systems: the U.S. Patent & Trademark Office (U.S. patents); the
European Patent Office (EPO patents); and the World Intellectual Property Organization (WIPO
patents). The primary period covered in this analysis is 1976 to 2018.

The main purpose of the backward tracing is to determine the extent to which BETO-funded
bioenergy conversion research has formed a foundation for innovations patented by leading
bioenergy conversion organizations. Meanwhile, the primary purpose of the forward tracing is to
examine the broader influence of BETO-funded bioenergy conversion research upon subsequent
technological developments, both within and outside bioenergy conversion technology. In
addition to these BETO-based analyses, we also extend many elements of the analysis to other
DOE-funded bioenergy conversion patents, in order to gain insights into their influence.

The main finding of this report is:

¢ Bioenergy conversion research funded by BETO, and by DOE in general, has had a
significant influence on subsequent developments, both within and beyond bioenergy
conversion technology. This influence can be seen on innovations associated with the
leading bioenergy conversion organizations. It can also be traced to innovations in other
technologies, notably chemical production.

More detailed findings from this report include:

¢ In bioenergy conversion technology, in the period 1976-2018, we identified a total of
29,209 patents (9,456 U.S. patents, 8,609 EPO patents and 11,144 WIPO patents). We
grouped these patents into 18,901 patent families, where each family contains all patents
resulting from the same initial application (named the priority application).

e 074 bioenergy conversion patents are confirmed to be associated with BETO funding
(515 U.S. patents, 241 EPO patents, and 218 WIPO patents). We grouped these BETO-
funded bioenergy conversion patents into 295 patent families.

¢ In addition, we identified a further 467 bioenergy conversion patents (289 U.S. patents,
66 EPO patents and 112 WIPO patents) that are associated with DOE funding. These
“Other DOE-funded” patents are grouped into 206 patent families.

® Qut of these 206 Other DOE-funded patent families, 164 are definitely not BETO-
funded. These patent families were either funded by a different DOE office, or were
marked as being not BETO-funded by inventors or BETO technology managers, but
without specifying funding from another DOE source.
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The remaining 42 Other DOE-funded bioenergy conversion patent families could not be
linked definitively to a specific DOE funding source, and may in fact have been BETO-
funded. Hence, up to 20.4% (42 out of 206) of the Other DOE-funded bioenergy
conversion patent families in this analysis may in fact be BETO-funded. As such, the
results presented in this report may understate the influence of BETO-funded bioenergy
conversion research, relative to the influence of bioenergy conversion research funded by
DOE in general.

The total number of DOE-funded bioenergy conversion patents (BETO-funded plus
Other DOE-funded) is 1,443, corresponding to 501 patent families. This represents 2.7%
of the total number of bioenergy conversion patent families in the period 1976-2018.

Figure E-1 shows the number of BETO-funded and Other DOE-funded bioenergy
conversion U.S. patents by issue year. This figure reveals that DOE-funded bioenergy
conversion patenting was relatively sparse in the earlier time periods in the analysis. The
number of DOE-funded U.S. patents started to increase in 2005-2009, with 58 patents
issued in this period (42 of which were BETO-funded). DOE-funded patents then
continued to increase, totaling 291 (185 BETO-funded) in 2010-2014 and 378 (255
BETO-funded) in 2015-2019, even though data for the latter time period are incomplete
(see note below Figure E-1).

Figure E-1 - Number of BETO/Other DOE-funded Bioenergy Conversion Granted U.S.
Patents by Issue Year (5-Year Totals)

Number of Patents
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Note: The data collection period for this analysis ended with 2018. Any 2019 patents in the 2015-2019 column are
included because they are part of families with pre-2019 patents. No new patent search for 2019 was carried out.

The ten organizations with the largest bioenergy conversion patent portfolios (including
all subsidiaries and acquisitions) are: ExxonMobil (764 patent families); DuPont (459);
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Novo Nordisk Foundation (437); Shell (435); Honeywell (297); Institut Francais du
Pétrole (203); Xyleco (202); Butamax (200); Chevron (184); and BASF (173). In
comparison, the portfolio of 501 DOE-funded bioenergy conversion patents (295 BETO-
funded and 206 Other DOE-funded) is second only to ExxonMobil in terms of size.

BETO-funded patents cover a range of bioenergy conversion technologies, including
substances such as enzymes used in these technologies, plus systems for producing fuels
and other outputs from these substances. Other DOE-funded patents (plus patents
assigned to the leading organizations and bioenergy conversion patents in general) share
the focus on production systems, but have a lesser concentration on specific substances,
such as cellulosic bio-ethanol. This suggests that, during the period covered by the
analysis, BETO funding helped fill a research gap not addressed extensively by other
organizations.

On average, DOE-funded bioenergy conversion patent families (a majority of which are
BETO-funded) are each linked via citations to two subsequent patent families assigned to
the leading bioenergy conversion companies (see Figure E-2). This puts DOE in third
place in Figure E-2, behind BASF (with an average of 2.8 linked families) and
Honeywell (with an average of 2.1 linked families). It suggests that, even after taking into
account relative patent portfolio sizes, DOE-funded patents have had a significant
influence on subsequent innovations associated with the leading organizations in
bioenergy conversion technology.

Figure E-2 - Average No. of Leading Organization Bioenergy Conversion Patent Families
Linked via Citations to Bioenergy Conversion Families from Each Leading Organization
e.g. on average, each DOE-funded patent family is linked to two subsequent patent families
assigned to leading organizations
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70% of Butamax’s bioenergy conversion patent families are linked via citations to earlier
DOE-funded patents (20% to BETO-funded patents). DuPont has 54% of its patent
families linked via citations to DOE (47% to BETO), followed by Xyleco (51% linked to
DOE; 40% to BETO) and Novo Nordisk (46% linked to DOE; 44% to BETO). This
suggests that these companies have particularly strong links to earlier bioenergy
conversion research funded by DOE, and BETO in particular

BETO-funded bioenergy conversion patents have an average Citation Index value of 1.32
(the Citation Index is a normalized citation metric with an expected value of 1.0; a value
of 1.32 shows that, based on their age and technology, BETO-funded bioenergy
conversion patents have been cited as prior art 32% more frequently than expected by
subsequent patents). The Citation Index for Other DOE-funded bioenergy conversion
patents is even higher at 1.87 (i.e. 87% more citations than expected). The influence of
BETO-funded and Other DOE-funded bioenergy conversion patents has been primarily
within bioenergy conversion technology, but can also be traced in in adjacent
technologies, notably chemical production.

There are a number of individual high-impact BETO-funded bioenergy conversion
patents, examples of which are shown in Figure E-3. They include a Battelle Memorial
Institute (Pacific Northwest National Laboratory) patent for bio-oil production;
MRIGIobal (Midwest Research Institute) patents describing ethanol production and
refuse derived fuels; a BP patent for cellulase enzymes; Novozymes patents related to
processing lignocellulose materials; and a Wisconsin Alumni Research Foundation
(WAREF) patent describing transgenic plants.

1.0)

Citation Index (Expected Value

Figure E-3 — Examples of Highly-Cited BETO-funded Bioenergy Conversion Patents
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1.0 Introduction

This report focuses on bioenergy conversion technology. Its objective is to trace the influence of
bioenergy conversion research funded by the Department of Energy (DOE) Bioenergy
Technologies Office (BETO) — as well as bioenergy conversion research funded by DOE as a
whole — upon subsequent developments both within and outside bioenergy conversion
technology. The purpose of the report is to:

) Locate patents awarded for key BETO-funded (and other DOE-funded) innovations
in bioenergy conversion; and

(i1) Determine the extent to which BETO-funded (and other DOE-funded) bioenergy
conversion research has influenced subsequent technological developments both
within and beyond bioenergy conversion.

The primary focus of the report is on the influence of BETO-funded bioenergy conversion
patents. That said, we also extend many elements of the analysis to DOE-funded bioenergy
conversion patents that could not be definitively linked to BETO funding. There are both
evaluative and practical reasons for extending the analysis in this way. From an evaluation
perspective, it is interesting to examine the influence of BETO itself upon the development of
bioenergy conversion technology, while also tracing the influence of DOE more generally.
Meanwhile, in practical terms, determining which patents were funded by BETO, versus other
offices within DOE, is often very difficult.

In the U.S. patent system, applicants are required to acknowledge any government funding they
have received related to the invention described in their patent application. Typically, this
government support is reported at the level of the agency (e.g. Department of Energy,
Department of Defense, etc.). Hence, the only way to determine which office within DOE funded
a given patent is via other data resources (e.g. iEdison), or through direct input from offices,
program managers and individual inventors. For older patents, such information is often
unavailable, because records may be less comprehensive, and there is less access to the inventors
and program managers involved.

Rather than discard patents confirmed as DOE-funded, but that could not be definitively
categorized as BETO-funded, we instead included these patents in the analysis under a separate
“Other DOE-funded” category. Some of these patents are confirmed as being linked to funding
from other DOE offices, while for others the source of funding within DOE is unknown. Many
of these “unknown” patents may in fact have been funded by BETO, although a definitive link
could not be established. Hence, the results reported here may underestimate the influence of
BETO-funded bioenergy conversion research, relative to the influence of bioenergy conversion
research funded by the rest of DOE.

This report contains three main sections. The first of these sections describes the project design.
This section includes a brief overview of patent citation analysis, and outlines its use in the
multi-generation tracing employed in this project. The second section outlines the methodology,
and includes a description of the various data sets used in the analysis, and the processes through
which these data sets were constructed and linked. The third section presents the results of our
analysis. Results are presented at the organizational level for both BETO-funded and Other
DOE-funded patents. These results show the distribution of BETO-funded (and Other DOE-
funded) patents across bioenergy conversion technologies (as defined by Cooperative Patent
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Classifications). They also evaluate the extent of BETO’s influence (and DOE’s influence in
general) on subsequent developments in bioenergy conversion and other technologies. Patent
level results are then presented to highlight individual BETO-funded bioenergy conversion
patents that have been particularly influential, as well as to identify key patents from other
organizations that build extensively on BETO-funded bioenergy conversion research.'

2.0 Project Design

This section of the report outlines the project design. It begins with a brief overview of patent
citation analysis, which forms the basis for much of the evaluation presented in this report. This
overview is followed by a description of the techniques used to link the various patent sets in the
analysis, along with a listing and description of the metrics employed in the study.

The analysis described in this report is based largely upon tracing citation links between
successive generations of patents. This tracing is carried out both backwards and forwards in
time. The primary purpose of the backward tracing is to determine the extent to which
technologies developed by leading organizations in the bioenergy conversion industry have used
BETO-funded research as a foundation. Meanwhile, the primary purpose of the forward tracing
is to examine how BETO-funded bioenergy conversion patents have influenced subsequent
technological developments more broadly, both within and outside bioenergy conversion
technology. Many elements of both the backward and forward tracing are also extended to the
Other DOE-funded patents, in order to trace their influence, both overall and upon the leading
bioenergy conversion organizations.”

Our analysis covers patents filed in three systems: the U.S. Patent & Trademark Office (U.S.
patents); the European Patent Office (EPO patents); and the World Intellectual Property
Organization (WIPO patents). By covering multiple generations of citations across patent
systems, our analysis allows for a wide variety of possible linkages between DOE-funded
bioenergy conversion research and subsequent technological developments. Examining all of
these linkage types at the level of an entire technology involves a significant data processing
effort, and requires access to specialist citation databases, such as those maintained at 1790
Analytics. As a result, this project is more ambitious than many previous attempts to trace
through multiple generations of research, which have often been based on studying very specific
technologies or individual products.

Patent Citation Analysis

In many patent systems, patent documents contain a list of references to prior art. The purpose of
these prior art references is to detail the state of the art at the time of the patent application, and

" This is one of a series of similar reports examining research portfolios across a range of DOE offices. Note that the
results are not designed to be compared across portfolios, for example in terms of numbers of patents granted,
number of citations received etc. The portfolios have very different profiles with respect to research risks, funding
levels and time periods covered, plus there are wide variations in the propensity to patent across technologies.
Hence, the results reported in the various reports should not be used for comparative analyses across portfolios.

* The analyses described in this report were carried out separately for BETO-funded and Other DOE-funded
bioenergy conversion patents. However, referring repeatedly to “BETO-funded/Other DOE-funded patents” or
“BETO-funded/Other DOE-funded research” in describing the analyses is lengthy, so we use the collective terms
“DOE-funded patents” and “DOE-funded research” in the Project Design and Methodology sections of the report.
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to demonstrate how the new invention is original over and above this prior art. Prior art
references may include many different types of public documents. A large number of the
references are to earlier patents, and these references form the basis for this study. Other
references (not covered in this study) may be to scientific papers and other types of documents,
such as technical reports, magazines and newspapers.

The responsibility for adding prior art references differs across patent systems. In the U.S. patent
system, it is the duty of patent applicants to reference (or “cite”) all prior art of which they are
aware that may affect the patentability of their invention. Patent examiners may then reference
additional prior art that limits the claims of the patent for which an application is being filed. In
contrast to this, in patents filed at the European Patent Office (EPO) and World Intellectual
Property Organization (WIPO), prior art references are added solely by the examiner, rather than
by both the applicant and examiner. The number of prior art references on EPO and WIPO
patents thus tends to be much lower than the number on U.S. patents.”

Patent citation analysis focuses on the links between generations of patents that are made by
these prior art references. In simple terms, this type of analysis is based upon the idea that the
prior art referenced by patents has had some influence, however slight, upon the development of
these patents. The prior art is thus regarded as part of the foundation for the later inventions. In
assessing the influence of individual patents, citation analysis centers on the idea that highly
cited patents (i.e. those cited by many later patents) tend to contain technological information of
particular interest or importance. As such, they form the basis for many new innovations and
research efforts, and so are cited frequently by later patents. While it is not true to say that every
highly cited patent is important, or that every infrequently cited patent is necessarily trivial,
many research studies have shown a correlation between patent citations and measures of
technological and economic importance. For background on the use of patent citation analysis,
including a summary of validation studies supporting its use, see: Breitzman A. & Mogee M.
“The many applications of patent analysis”, Journal of Information Science, 28(3), 2002, 187-
205; and Jaffe A. & de Rassenfosse G. “Patent Citation Data in Social Science Research:
Overview and Best Practices”, NBER Working Paper No. 21868, January 2016.

Patent citation analysis has also been used extensively to trace technological developments over
time. For example, in the analysis presented in this report, we use citations from patents to earlier
patents to trace the influence of DOE-funded bioenergy conversion research. Specifically, we
identify cases where patents cite DOE-funded bioenergy conversion patents as prior art. These
represent first-generation links between DOE-funded patents and subsequent technological
developments. We also identify cases where patents cite patents that in turn cite DOE-funded
bioenergy conversion patents. These represent second-generation links between innovations and
DOE-funded research. The idea behind this analysis is that the later patents build in some way on
the earlier DOE-funded bioenergy conversion research. By determining how frequently DOE-
funded bioenergy conversion patents have been cited by subsequent patents, it is thus possible to

? Note that this analysis does not cover patents from other systems, notably patents from the Chinese, Japanese and
Korean patent offices. This is because patents from these systems do not typically list any prior art. Hence, it is not
possible to use citation links to trace the influence of DOE research on patents from these systems. Having said this,
Chinese, Japanese and Korean organizations are among the most prolific applicants in the WIPO system. Our
analysis thus picks up the role of organizations from these countries via their WIPO filings.
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evaluate the extent to which DOE-funded research forms a foundation for various technologies
both within and beyond bioenergy conversion.

Forward and Backward Tracing

As noted above, the purpose of this analysis is to trace the influence of DOE-funded bioenergy
conversion research upon subsequent developments both within and beyond bioenergy
conversion technology. There are two approaches to such a tracing study — backward tracing and
forward tracing — each of which has a slightly different objective. Backward tracing, as the name
suggests, looks backwards over time. The idea of backward tracing is to take a particular
technology, product, or industry, and to trace back to identify the earlier technologies upon
which it has built. In the context of this project, we first identify the leading bioenergy
conversion organizations in terms of patent portfolio size. We then trace backwards from the
patents owned by these organizations. This makes it possible to determine the extent to which
innovations associated with these leading bioenergy conversion organizations build on earlier
BETO-funded and Other DOE-funded research.

The idea of forward tracing is to take a given body of research, and to trace the influence of this
research upon subsequent technological developments. In the context of the current analysis,
forward tracing involves identifying all bioenergy conversion patents resulting from research
funded by DOE (i.e. BETO plus Other DOE). The influence of these patents on later generations
of technology is then evaluated. This tracing is not restricted to subsequent bioenergy conversion
patents, since the influence of a body of research may extend beyond its immediate technology.
Hence, the purpose of the forward tracing element of the project is to measure the influence of
DOE-funded bioenergy conversion patents on developments within and beyond this technology.

Tracing Multiple Generations of Citation Links

The simplest form of tracing study is one based on a single generation of citation links between
patents. Such a study identifies patents that cite, or are cited by, a given set of patents as prior art.
The analysis described in this report extends the tracing by adding a second generation of
citation links.* The backward tracing starts with patents assigned to the leading patenting
organizations in bioenergy conversion technology. The first generation contains the patents that
are cited as prior art by these starting patents. The second generation contains patents that are in
turn cited as prior art by these first generation patents. In other words, the backward tracing starts
with bioenergy conversion patents owned by leading organizations, and traces back through two
generations of patents to identify the technologies upon which they were built, including those
funded by DOE. Meanwhile, the forward tracing starts with DOE-funded patents in bioenergy
conversion technology. The first generation contains the patents that cite these DOE-funded
patents as prior art. The second generation contains the patents that in turn cite these first-
generation patents. Hence, the analysis starts with DOE-funded bioenergy conversion patents
and traces forward for two generations of subsequent patents.

* As noted above, the forward and backward tracing were carried out separately for BETO-funded and Other DOE-
funded bioenergy conversion patents. The references in this section to “DOE patents” are shorthand, and do not
mean that the tracing was carried out for all DOE-funded bioenergy conversion patents as a single portfolio.
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This means that we trace forward through two generations of citations starting from DOE-funded
bioenergy conversion patents; and backward through two generations starting from the patents
owned by leading bioenergy conversion organizations. There are thus two types of links between
DOE-funded patents and subsequent generations of patents:

1. Direct Links: a patent cites a DOE-funded bioenergy conversion patent as prior art.
2. Indirect Links: a patent cites an earlier patent, which in turn cites a DOE-funded
bioenergy conversion patent. The DOE patent is linked indirectly to the later patent.

The idea behind adding the second generation of citations is that agencies such as DOE often
support basic scientific research. It may take time, and numerous generations of research, for this
basic research to be used in an applied technology, for example that described in a patent owned
by a leading company. Introducing a second generation of citations provides greater access to
these indirect links between basic research and applied technology. That said, one potential
problem with adding generations of citations must be acknowledged. Specifically, if one uses
enough generations of links, eventually almost every node in the network will be linked. This is a
problem common to many networks, whether these networks consist of people, institutions, or
scientific documents. The most famous example of this is the idea that every person is within six
links of any other person in the world. By the same logic, if one takes a starting set of patents,
and extends the network of prior art references far enough, almost all patents will be linked to
this starting set. Hence, while including a second generation of citations provides insights into
indirect links between basic research and applied technologies, adding further generations may
bring in too many patents with little connection to the starting patent set.

Constructing Patent Families

The coverage of a patent is limited to the jurisdiction of its issuing authority. For example, a
patent granted by the U.S. Patent & Trademark Office (a “U.S. patent”) provides protection only
within the United States. If an organization wishes to protect an invention in multiple countries,
it must file patents in each of those countries’ systems. For example, a company may file to
protect a given invention in the U.S., China, Germany, Japan and many other countries. This
results in multiple patent documents for the same invention.” In addition, in some systems —
notably the U.S. — inventors may apply for a series of patents based on one underlying invention.

In the case of this study, one or more U.S., EPO and WIPO patents may result from a single
invention. To avoid counting the same inventions multiple times, it is necessary to construct
“patent families”. A patent family contains all of the patents and patent applications that result
from the same original patent application (named the “priority application”). A family may
include patents from multiple countries, and also multiple patents from the same country. In this
project, we constructed patent families for DOE-funded bioenergy conversion patents, and also
for the patents owned by leading bioenergy conversion organizations. We also assembled
families for all patents linked via citations to DOE-funded bioenergy conversion patents. To
construct these families, we matched the priority documents of the U.S., EPO and WIPO patents
in order to group them into the appropriate families. It should be noted that the priority document
need not necessarily be a U.S., EPO or WIPO application. For example, a Japanese patent

> It also means that patents from a given country’s system are not synonymous with inventions made in that country.
Indeed, roughly half of all U.S. patent applications are from overseas inventors.
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application may result in U.S., EPO and WIPO patents, which are grouped in the same patent
family because they share the same Japanese priority document.

Metrics Used in the Analysis

Table 1 contains a list of the metrics used in the analysis. These metrics are divided into three
main groups — technology landscape metrics (trends, assignees, and technology distributions),
backward tracing metrics, and forward tracing metrics. Findings for each of these three groups of
metrics can be found in the Results section of the report.

Table 1 — List of Metrics Used in the Analysis

Metric

Trends

e Number of BETO/Other DOE-funded bioenergy conversion patent families by priority year

e Number of BETO/Other DOE-funded granted U.S. bioenergy conversion patents by issue year

e Overall number of bioenergy conversion patent families by priority year

e Percentage of bioenergy conversion patents families funded by BETO/Other DOE by priority year

Assignee Metrics

e Number of bioenergy conversion patent families for leading patenting organizations

® Assignees with largest no. of bioenergy conversion patent families funded by BETO/Other DOE

Technology Metrics

e Patent classification (CPC) distribution for BETO-funded bioenergy conversion patent families (vs
Other DOE-funded, leading bioenergy conversion organizations, all bioenergy conversion)

Backward Tracing Metrics

e Total/Average number of leading organization bioenergy conversion patent families linked via
citations to earlier patent families from BETO/Other DOE-funding and other leading organizations

e Number of bioenergy conversion patent families for each leading organization linked via citations
to earlier BETO/Other DOE-funded patent families

e Total citation links from each leading organization to BETO/Other DOE-funded patent families

e Percentage of leading organization bioenergy conversion patent families linked via citations to
earlier BETO/Other DOE-funded patent families

e BETO/Other DOE-funded bioenergy conversion patent families linked via citations to largest
number of leading organization bioenergy conversion patent families

e [eading organization bioenergy conversion patent families linked via citations to largest number
of BETO-funded bioenergy conversion patent families

e Highly cited leading organization bioenergy conversion patent families linked via citations to
earlier BETO-funded bioenergy conversion patent families

Forward Tracing Metrics

¢ (Citation Index for bioenergy conversion patent portfolios owned by leading organizations, plus
portfolios of BETO/Other DOE-funded bioenergy conversion patents

¢ Number of patent families linked via citations to BETO/Other DOE-funded bioenergy conversion
patents by patent classification

® Organizations (beyond leading bioenergy conversion organizations) linked via citations to largest
number of BETO/Other DOE-funded bioenergy conversion patent families

e Highly cited BETO-funded bioenergy conversion U.S. patents

e BETO/Other DOE-funded bioenergy conversion patent families linked via citations to largest
number of subsequent bioenergy conversion/non-bioenergy conversion patent families

e Highly cited patents (not leading organization-owned) linked via citations to BETO-funded
bioenergy conversion patents
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3.0 Methodology

The previous section of the report outlines the objective of our analysis — that is, to determine the
influence of BETO-funded (and Other DOE-funded) bioenergy conversion research on
subsequent developments both within and outside bioenergy conversion technology. This section
of the report describes the methodology used to implement the analysis. Particular emphasis is
placed on the processes employed to construct the various data sets required for the analysis.
Specifically, the backward tracing starts from the set of all bioenergy conversion patents owned
by leading patenting organizations in this technology. Meanwhile, the forward tracing starts from
the sets of bioenergy conversion patents funded by BETO and Other DOE. We therefore had to
define various data sets — BETO-funded bioenergy conversion patents; Other DOE-funded
bioenergy conversion patents; and bioenergy conversion patents assigned to the leading
organizations in this technology.

Identifying BETO-funded and Other DOE-funded Bioenergy Conversion Patents

The objective of this analysis is to trace the influence of bioenergy conversion research funded
by BETO (plus bioenergy conversion research funded by the remainder of DOE) upon
subsequent developments both within and outside bioenergy conversion technology. Outlined
below are the three steps used to identify BETO-funded and Other DOE-funded bioenergy
conversion patents. These three steps are:

) Defining the universe of DOE-funded patents;

(i1) Determining which of these DOE-funded patents are relevant to bioenergy
conversion; and

(iii))  Categorizing these DOE-funded bioenergy conversion patents according to whether
or not they can be linked definitively to BETO funding.

Defining the Universe of DOE-Funded Patents

Identifying patents funded by government agencies is often more difficult than locating patents
funded by companies. When a company funds internal research, any patented inventions
emerging from this research are likely to be assigned to the company itself. In order to construct
a patent set for a company, one simply has to identify all patents assigned to the company, along
with all of its subsidiaries, acquisitions, etc.

Constructing a patent list for a government agency is more complicated, because the agency may
fund research carried out at many different organizations. For example, DOE operates seventeen
national laboratories. Patents emerging from these laboratories may be assigned to DOE.
However, they may also be assigned to the organization that manages a given laboratory. For
example, many patents from Sandia National Laboratory are assigned to Lockheed Martin
(Sandia’s former lab manager), while many Lawrence Livermore National Laboratory patents
are assigned to the University of California. Lockheed Martin and the University of California
are large organizations with many interests beyond managing DOE labs, so one cannot simply
take all of their patents and define them as DOE-funded. A further complication is that DOE
does not only fund research in its own labs and research centers, it also funds extramural
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research carried out by other organizations. If this research results in patented inventions, these
patents may be assigned to the organizations carrying out the research, rather than to DOE.

We therefore constructed a database containing all DOE-funded patents. These include patents
assigned to DOE itself, and also patents assigned to individual labs, lab managers, and other
organizations and companies funded by DOE. This “All DOE” patent database was constructed
using a number of sources:

1. DOEPatents Database — The first source is a database of DOE-funded patents put
together by DOE’s Office of Scientific & Technical Information (OSTI), and available on
the web at www.osti.gov/doepatents/. This database contains information on research
grants provided by DOE. It also links these grants to the organizations or DOE labs that
carried out the research, the sponsor organization within DOE, and the patents that
resulted from these DOE grants.

2. iEdison Database — EERE staff provided us with an output from the iEdison database,
which is used by government grantees and contractors to report government-funded
subject inventions, patents, and utilization data to the government agency that issued the
funding award.

3. Visual Patent Finder Database — EERE also provided us with an output from its Visual
Patent Finder tool. This tool takes DOE-funded patents and clusters them based on word
occurrence patterns. In our case, the output was a flat file containing DOE-funded
patents.

4. Patents assigned to DOE — in the USPTO database, we identified a small number of U.S.
patents assigned to DOE itself that were not in the any of the sources above. These
patents were added to the list of DOE patents.

5. Patents with DOE Government Interest — A U.S. patent has on its front page a section
entitled ‘Government Interest’, which details the rights that the government has in a
particular invention. For example, if a government agency funds research at a private
company, the government may have certain rights to patents granted based on this
research. We identified all patents that refer to ‘Department of Energy’ or ‘DOE’ in their
Government Interest field, including different variants of these strings. We also identified
patents that refer to government contracts beginning with ‘DE-’ or containing the string ‘-
ENG-’. The former string typically denotes DOE contracts and financial assistance
projects, while the latter is a legacy code listed on a number of older DOE-funded
patents. We manually checked all of the patents containing these strings that were not
already in any of the sources above, to make sure that they are indeed DOE-funded (e.g.
‘-ENG-’ is also used in a small number of NSF contracts). We then included any
additional DOE funded patents in the database.

The “All DOE” patent database constructed from these five sources contains more than 31,000

U.S. patents issued between January 1976 and December 2018 (the end-point of the primary data
collection for this analysis).
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Identifying DOE-Funded Bioenergy Conversion Patents

Having defined the universe of DOE-funded patents, the next step was to determine which of
these patents are relevant to bioenergy conversion technology. We designed a custom patent
filter to identify bioenergy conversion patents, consisting of a combination of Cooperative Patent
Classifications (CPCs) and keywords. Details of the patent filter are shown in Table 2. The form
of the filter is (Filter A OR Filter B OR Filter C), so patents that qualify under any of the three
filters in Table 2 were included in the initial patent set.

Table 2 — Filters used to identify DOE-funded Bioenergy Conversion Patents

Filter A

Cooperative Patent Classification

YO02E 50 — Producing non-fossil fuels

YO02P 30/42 — Ethylene production using bio-feedstocks

YO02P 20/136 — Renewable energy of biological origin — e.g. bioenergy
YO02P 30/20 — Oil and gas technologies using bio-feedstocks

YO02P 80/21 — Climate change technologies using biomass as fuel

Filter B

Cooperative Patent Classification

YO02P 20/145 — Chemical technologies using bio-feedstocks

AND

Title/Abstract

fuel* or bio(-)fuel* or bio(-)gas* or bio(-)diesel* or bio(-)energy or bio(-)mass*

Filter C

Cooperative Patent Classification

CO07C - Acyclic or carbocyclic compounds

C10G — Production of liquid hydrocarbons

AND

Title/Abstract

bio(-)fuel* or bio(-)gas* or bio(-)diesel* or bio(-)energy

We manually checked this initial list of patents to determine which of them appear relevant to
bioenergy conversion, and then sent the resulting patent list to BETO for review. Following this
review, and based on feedback from BETO, the initial list of bioenergy conversion patents
funded by DOE contained a total of 727 granted U.S. patents.

Defining BETO-funded vs. Other DOE-funded Bioenergy Conversion Patents

As noted above, linking DOE-funded patents to individual offices is often a difficult task. For
this analysis, EERE staff undertook an exhaustive process to determine which of the 727 DOE-
funded bioenergy conversion patents in the initial list could be linked definitively to BETO
funding. This process involved a number of steps, which are listed below:
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) Linking contract numbers listed in patents to EERE project contract numbers, for
financial assistance projects,

(i1) Linking contract numbers listed in patents to EERE SBIR project agreement numbers,

(iii))  Asking BETO technology managers to verify individual patents,

(iv)  Asking BETO technology managers to send lab patents to lab POCs to get direct
verification of these patents,

v) Contacting individual inventors listed on patents to ask them to confirm whether
individual patents were funded by BETO, and

(vi)  Locating references to patents in available office annual project progress reports or
patent disclosure documents with accomplishments reported by PIs.

Final List of BETO-funded and Other DOE-funded Bioenergy Conversion Patents

Based on the process described above, we divided the initial list of 727 DOE-funded bioenergy
conversion U.S. patents into two categories — BETO-funded and Other DOE-funded. We then
searched for equivalents of each of these patents in the EPO and WIPO systems. An equivalent is
a patent filed in a different patent system covering essentially the same invention. We also
searched for U.S. patents that are continuations, continuations-in-part, or divisional applications
of each of the patents in the initial set. We then grouped the patents into families by matching
priority documents (see earlier discussion of patent families). Table 3 shows the final number of
BETO-funded and Other DOE-funded bioenergy conversion patents and patent families.

Table 3 — Number of BETO-funded and Other DOE-funded Bioenergy Conversion Patents
and Patent Families

# Patent # U.S. # EPO # WIPO

Families Patents Patents Patents
BETO-funded 295 515 241 218
Other DOE-funded 206 289 66 112
Total DOE-funded 501 804 307 330

Table 3 reveals that we identified a total of 295 BETO-funded bioenergy conversion patent
families, containing 515 U.S. patents, 241 EPO patents, and 218 WIPO patents (see Appendix A
for patent list). We also identified 206 Other DOE-funded bioenergy conversion patent families,
containing 289 U.S. patents, 66 EPO patents, and 112 WIPO patents (see Appendix B for patent
list). The oldest patents in these DOE-funded portfolios date back to the late 1970s.

As noted throughout this report, the approach used to define patents as BETO-funded was very
stringent. Hence, a number of the 206 Other DOE-funded patent families may in fact have been
funded by BETO, but are not categorized as such because a definite link could not be
established. To get a better sense of how many of these Other DOE-funded patents (and patent
families) may in fact be BETO-funded, we divided them into two groups.

The first group contains DOE-funded patent families that were definitely not funded by BETO.
These include families linked specifically to funding from an office other than BETO, or that the
inventor or BETO technology manager said were not funded by BETO (but without specifying
funding from a different office). There are 164 such patent families. The second group contains
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DOE-funded patent families where the funding source within DOE could not be established, and
inventors and BETO technology managers could not state categorically whether or not they were
funded by BETO. There are 42 such patent families. Hence, up to 20.4% (42 out of 206) of the
Other DOE-funded patent families in this analysis may in fact be BETO-funded. The findings in
this analysis may thus understate the influence of BETO-funded bioenergy conversion patents,
relative to the influence of the remainder of DOE patents.

Identifying Bioenergy Conversion Patents Assigned to Leading Organizations

The backward tracing element of our analysis is designed to evaluate the influence of BETO-
funded (and Other DOE-funded) research on bioenergy conversion innovations produced by
leading organizations in this technology. To identify such organizations, we first defined the
universe of bioenergy conversion patents in the period 1976-2018 using the patent filter detailed
earlier in Table 2. Based on this filter, we identified a total of 9,456 bioenergy conversion U.S.
patents, 8,609 bioenergy conversion EPO patents, and 11,144 bioenergy conversion WIPO
patents. We grouped these patents into 18,901 patent families by matching priority documents.

We then located the most prolific patenting organizations in this overall bioenergy conversion
patent universe, based on number of patent families. The ten organizations with the largest
number of bioenergy conversion patent families are shown in Table 4.° The number of patent
families listed in this table includes all variant names under which these organizations have
patents, taking into account all subsidiaries and acquisitions. The bioenergy conversion patent
families of these ten organizations in Table 4 form the starting point for the backward tracing
element of the analysis.

Table 4 — Top 10 Patenting Bioenergy Conversion Organizations

Organization # Bioenergy Conversion Patent Families
Exxon Mobil 764
DuPont 459
Novo Nordisk Foundation 437
Shell 435
Honeywell 297
Institut Francais du Pétrole (IFP) 203
Xyleco 202
Butamax 200
Chevron 184
BASF 173

Constructing Citation Links

Through the processes described above, we constructed starting patent sets for both the backward
forward tracing elements of the analysis. The patent set for the backward tracing consisted of

® Note that these organizations are selected based on patent portfolio size, which does not necessarily reflect units
sold or revenues, profits etc. A fuller description would be the leading patenting bioenergy conversion organizations,
but this is a cumbersome description to use throughout the results section of the report. Also, note that there are
various companies focused on bio-products — e.g. Ginkgo Bioworks, Genomaticaand Amyris - that have numerous
patents in the bioenergy conversion patent universe, but not enough to be among the ten leading companies.
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patent families assigned to the leading patenting organizations in bioenergy conversion
technology. The patent sets for the forward tracing consisted of BETO-funded (and, separately,
Other DOE-funded) bioenergy conversion patent families. We then traced backwards through
two generations of citations from the leading organizations’ bioenergy conversion patents, and
forwards through two generations of citations from the BETO/Other DOE-funded bioenergy
conversion patents. The tracing included citations listed on U.S., EPO and WIPO patents, and
required extensive data cleaning to account for differences in referencing formats across these
systems. The citation linkages identified, along with characteristics of the starting patent sets,
form the basis for the results described in the next section of this report.

4.0 Results

This section of the report outlines the results of our analysis tracing the influence of BETO-
funded and Other DOE-funded bioenergy conversion research on subsequent developments both
within and beyond bioenergy conversion technology. The results are divided into three main
sections. In the first section, we examine trends in bioenergy conversion patenting over time, and
assess the distribution of BETO-funded and Other DOE-funded patents across bioenergy
conversion technologies. The second section then reports the results of an analysis tracing
backwards from bioenergy conversion patents owned by the leading organizations in this
technology. The purpose of this analysis is to determine the extent to which bioenergy
conversion innovations developed by leading organizations build upon earlier bioenergy
conversion research funded by BETO (plus bioenergy conversion research funded by the
remainder of DOE). In the third section, we report the results of an analysis tracing forwards
from BETO-funded (and Other DOE-funded) bioenergy conversion patents. The purpose of this
analysis is to assess the broader influence of DOE-funded research upon subsequent
developments within and beyond bioenergy conversion.

Overall Trends in Bioenergy Conversion Patenting
Trends in Bioenergy Conversion Patenting over Time

Figure 1 shows the number of BETO-funded and Other DOE-funded bioenergy conversion
patent families by priority year — i.e. the year of the first application in each patent family.
BETO-funded patent families are shown in light blue and Other DOE-funded families in dark
blue. This figure reveals that DOE-funded bioenergy patenting was very sparse in the earlier
time periods included in the analysis. There were only five patent families filed between 1975
and 1984, all of them defined as Other DOE-funded. The following time periods showed a slight
increase, with around 20 DOE-funded patent families (approximately half of which were BETO-
funded) filed in each five-year time period through 1999. The number of DOE-funded patent
families then increased rapidly, totaling 51 in 2000-2004 (41 BETO-funded), 160 in 2005-2009
(78 BETO-funded) and 212 in 2010-2015 (145 BETO-funded). The most recent time period saw
a decrease to only 13 patent families, although data from this time period are incomplete (see
note below Figure 1). Overall, Figure 1 suggests that DOE-funded bioenergy conversion
patenting is concentrated in the most recent time periods in the analysis, with BETO-funded
patents representing a high percentage of these recent patents.
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Figure 1 - Number of BETO/Other DOE-funded Bioenergy Conversion Patent Families by

Priority Year (5-Year Totals)
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Note: The final time period in this figure is 2015-2018, and is shown for completeness, although data for this time
period are incomplete. Our primary data collection covered only patents issued through 2018. Due to time lags
associated with the patenting process, only a fraction of the patent families from 2015-2018 will be included.

Figure 2 - Number of BETO/Other DOE-Funded Bioenergy Conversion Granted U.S.

Patents by Issue Year (5-Year Totals)
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Note: The data collection period for this analysis ended with 2018. Any 2019 patents in the 2015-2019 column are
included because they are part of families with pre-2019 patents. No new patent search for 2019 was carried out.
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Figure 2 shows the number of bioenergy conversion granted U.S. patents funded by DOE in each
time period. This figure follows a similar pattern to Figure 1. There were very few patents
granted in the earliest time periods in the analysis, with those few patents all defined as Other
DOE-funded. The number of patents then started to increase, gradually at first, reaching 58 in
2005-2009 (42 of which were BETO-funded). It then increased much more rapidly, to 291 (185
BETO-funded) in 2010-2014 and 378 (255 BETO-funded) in 2015-2019, even though data for
the most recent time period are incomplete (see note below Figure 2).

Comparing Figures 1 and 2 shows the effect of time lags in the patenting process, with many of
the patent families with priority dates in 2005-2009 and 2010-2014 (Figure 1) resulting in
granted U.S. patents in 2010-2014 and 2015-2019 (Figure 2). These time lags can also be seen in
Figure 3, which shows bioenergy conversion patent family priority years alongside issue years
for granted U.S. bioenergy conversion patents (in this figure, BETO and Other DOE are
combined, in order to simplify the presentation). In this figure, the growth in patent families filed
in 2007-2010 is associated with a subsequent increase in U.S. patents in 2010-2015. More
recently, patent family priorities dropped away after 2012, resulting in a decline in U.S. patents
from 2016 onwards (although these declines may be due in part to incomplete data — see note
below Figure 3).

Figure 3 - Number of DOE-funded Bioenergy Conversion Patent Families (by Priority
Year) and Granted U.S. Patents (by Issue Year)

100 i
\
U N
—o— Patent Families —m— Granted US Patents / .\
/ -
1 \
80 7 \
\
™
\
\
60 \
\
\
\
\
40 \
\
[
20
[ 3
»

0 T T T T \VI:\:I
N © N ©®© O O H o M $ M W N ®® O O H &N mM & ;M VW N 0 O
a o o o O O O O O o o o o o o 4 ™=H 94 “H “E o9 = «“ « o
o o O o o © & © o 6 6 6 6 6 6 O © O O O O 9O o o o
Y - - = = AN &N N &N AN &N N &N &N NN N N &N N N N N N NN 9«

Note: The data collection period for this analysis ended with 2018. Any 2019 patents are included because they are
members of the same patent families as pre-2019 patents. No new patent search for 2019 was carried out.

Figures 1-3 focus on DOE-funded bioenergy conversion patent families. Figure 4 broadens the
scope, and shows the overall number of bioenergy conversion patent families by priority year
(based on USPTO, EPO, and WIPO filings). This chart reveals that overall bioenergy conversion
patenting was relatively low throughout the period from 1975 to 1994, averaging around 60-110
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patent families per year (i.e. 300-550 families per 5-year period). The number of bioenergy
conversion patent families then started to increase, to 697 in 1995-1999 and 1,549 in 2000-2004.
This increase continued — and indeed became more substantial — in the following time periods,
reaching 5,391 in 2005-2009 and 7,568 in 2010-2014, before declining to 1,886 in 2015-2018
(although data for this time period are incomplete). Thus, more than ten times as many bioenergy
conversion patent families were filed in 2010-2014 as in 1995-1999. Comparing Figure 4 with
Figure 1 suggests that the trend in DOE-funded (and BETO-funded) bioenergy conversion
patenting is in line with the broader trend in this technology, with little activity in the early
periods in the analysis, followed by a rapid growth in more recent time periods.

Figure 4 - Total Number of Bioenergy Conversion Patent Families by Priority Year (5-
Year Totals)
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Note: The final time period in this figure is 2015-2018, and is shown for completeness, although data for this time
period are incomplete. Our primary data collection covered only patents issued through 2018. Due to time lags
associated with the patenting process, only a fraction of the patent families from 2015-2018 will be included.

Figure 5 shows the percentage of bioenergy conversion patent families in each time period that
were funded by DOE (BETO plus Other DOE). This percentage peaked at 4.9% in 1985-1989
(1.6% BETO-funded), although the number of patent families involved was small. Perhaps more
interestingly, as the overall number of bioenergy conversion patent families increased since 2000
(see Figure 4), DOE-funded patent families remained around 3% of the total in each time period
(with BETO-funded patents being the majority of these families). This suggests that DOE-
funded (and especially BETO-funded) patent families have played in important role in the
growing bioenergy conversion patent landscape. The percentage of DOE-funded patent families
fell in the most recent time period, although data for this period are again incomplete. Overall,
2.7% of bioenergy conversion patent families in the period 1976-2018 were funded by DOE.
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Figure 5 - Percentage of Bioenergy Conversion Patent Families Funded by BETOQ/Other
DOE by Priority Year
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The ten leading patenting organizations in bioenergy conversion are listed above in Table 4,
along with their number of bioenergy conversion patent families. Figure 6 shows the same
information in graphical form, while also including DOE-funded patent families.

Figure 6 — Top 10 Bioenergy Conversion Organizations (based on no. of patent families)
800

Light Blue = BETO-funded
Dark Blue = Other DOE-funded

600 -

200_ I I I I I I I
0 4 . I l

Exxon Mobll DOE (funded) DuPont  Novo Nordlsk Shell Honeywell Xyleco Butamax Chevron

Number of Patent Families
ey
o
o

Report prepared by 1790 Analytics LLC Page 16



An Analysis of the Influence of BETO-funded Bioenergy Conversion Patents

ExxonMobil has the largest bioenergy conversion portfolio in Figure 6, containing 764 patent
families. It is followed by the DOE-funded portfolio of 501 patent families (295 BETO-funded;
206 Other DOE-funded). Other organizations with large patent portfolios in Figure 6 include
DuPont (459 families), Novo Nordisk Foundation (437 families) and Shell (435 families). It is
interesting to note the geographical distribution of the leading bioenergy conversion
organizations in Figure 6. These ten organizations (i.e. not including DOE) are almost evenly
split between North America (six organizations) and Europe (four organizations). As noted
earlier, the counts of patent families in Figure 6 include all subsidiaries and acquisitions
associated with each organization. For example, the Novo Nordisk Foundation portfolio includes
patent families assigned to Novozymes, while the Honeywell portfolio includes patent families
originally assigned to UOP. Meanwhile, Butamax is listed separately, as it is 50/50 joint-venture
of BP and DuPont.

It should also be noted that there is some double-counting of patent families in Figure 6,
specifically where innovations developed by one of the leading organizations were funded in
whole or in part by BETO (or another office within DOE). For example, BETO funded a number
of patent families assigned to Novozymes, plus patent families assigned to Genencor (which was
subsequently acquired by Danisco, which in turn was bought by DuPont). In Figure 6, these
patent families are counted in both the BETO segment of the DOE column, and in the respective
company columns (i.e. Novo Nordisk and DuPont). This double-counting is appropriate, since
these patent families are both funded by BETO and assigned to a leading organization.

Assignees of BETO/Other DOE-funded Bioenergy Conversion Patents

The DOE-funded bioenergy conversion patent portfolios are constructed somewhat differently
from the portfolios of the top ten organizations listed in Figure 6. Specifically, DOE’s 501 patent
families were funded by DOE, but they are not necessarily assigned to the agency. For example,
BETO (or another DOE office) may have funded research projects at DOE labs or companies. In
such cases, the assignees of any resulting patents will be the respective DOE lab managers or
companies (as in the case of the Novozymes and Genencor families discussed above).

Figure 7 shows the leading assignees on BETO-funded patent families. This chart is headed by
Novozymes with 91 patent families, followed by MRI Global with 37 patent families resulting
from its management of the National Renewable Energy Laboratory (NREL), and DuPont
(including Genencor and Danisco) with 34 families. The remaining organizations in Figure 7
include companies, such as UOP (now owned by Honeywell), Royal DSM and Virent Energy
(part of Marathon Petroleum). They also include universities (Florida and Wayne State) and
DOE lab managers — Battelle Memorial Institute (Pacific Northwest National Laboratory) and
UT-Battelle (Oak Ridge National Laboratory). Figure 7 thus reflects the range of organizations
that have carried out BETO-funded bioenergy conversion research.

Figure 8 shows the leading assignees on Other DOE-funded bioenergy conversion patent
families. This figure is dominated by universities, DOE lab managers and non-profit
organizations. It is headed by the Wisconsin Alumni Research Foundation (WARF) with 24
patent families, followed by Battelle Energy Alliance (Idaho National Laboratory) with 22
families and the University of California (Lawrence Berkeley National Laboratory; University of
California Los Angeles) with 19 patent families. DOE itself appears in both Figure 7 and Figure
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8. Patents may be assigned to DOE for various reasons, including where the inventors are federal
employees; where the funding recipient elects not to pursue patent protection for, or take title to,
the invention; or where the funding recipient does not have the right to take title to the invention.

Figure 7 — Most Prolific Assignees of BETO-Funded Bioenergy Conversion Patent Families
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Figure 8 — Most Prolific Assignees of Other DOE-funded Bioenergy Conversion Patent
Families
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Distribution of Bioenergy Conversion Patents across Patent Classifications

We analyzed the distribution of BETO-funded bioenergy conversion U.S. patents across
Cooperative Patent Classifications (CPCs).” We then compared this distribution to those
associated with Other DOE-funded bioenergy conversion patents; bioenergy conversion patents
assigned to the ten leading organizations; and the universe of all bioenergy conversion patents.
This analysis provides insights into the technological focus of BETO funding in bioenergy
conversion, versus the focus of the rest of DOE, leading bioenergy conversion organizations, and
bioenergy conversion technology in general.

The results from this CPC analysis are shown in two separate charts, each from a different
perspective. The first chart (Figure 9) is based on the six CPCs that are most prevalent among
BETO-funded bioenergy conversion patents. The purpose of this chart is thus to show the main
focus areas of BETO-funded bioenergy conversion research, and the extent to which these areas
translate to other portfolios (Other DOE-funded; leading bioenergy conversion organizations; all
bioenergy conversion).

Figure 9 - Percentage of Bioenergy Conversion U.S. Patents in Most Common Cooperative
Patent Classifications (Among BETO-Funded Patents)
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This figure shows that BETO-funded research includes relatively balanced coverage across the
six CPCs (which is not particularly surprising, since the BETO-funded patent portfolio forms the
basis for the CPCs included in the chart). The most common CPC among BETO-funded
bioenergy conversion patents is C12N 9/2437, which appears on 44% of these patents. This CPC

" The CPC is a patent classification system. Patent offices attach numerous CPC classifications to a patent, covering
the different aspects of the subject matter in the claimed invention. In generating these charts, all CPCs associated
with each patent are included.
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is related to cellulases, enzymes that can be used in biofuel production. Other CPCs in Figure 9
are related to substances with bioenergy applications, including saccharides (CPC C12P 19/14)
and monosaccharides (CPC C12P 19/02), plus CPCs connected to ethanol production (YO2E
50/16, YO2E 50/17 and C12P 7/10). The other portfolios in Figure 9 all have a notable presence
in the CPCs related to ethanol production, but fewer patents in CPCs covering specific bioenergy
substances, such as cellulosic bio-ethanol, suggesting that BETO funding helped fill a research
gap not addressed extensively by other organizations.

Figure 10 is similar to Figure 9, except that it is from the perspective of the most common CPCs
among all bioenergy conversion patents. Hence, the purpose of this chart is to show the main
research areas within bioenergy conversion as a whole, and how these areas are represented in
selected bioenergy conversion portfolios (BETO-funded; Other DOE-funded; leading bioenergy
conversion organizations). Three of the six most common CPCs among all bioenergy conversion
patents also appeared in Figure 9, and are concerned with ethanol production. Meanwhile, the
new CPCs in Figure 10 are related to producing gas from bio-feedstocks (YO2P 30/20), bio-
diesel production (YO2E 50/13) and producing fuel from waste materials (YO2E 50/30). BETO-
funded patents have a notable presence in the first of these CPCs (as do leading organizations),
but less so in the other two CPCs. In general, the CPCs in Figure 10 reflect a focus on production
techniques, whereas BETO-funded patents cover both substances and production.

Figure 10 - Percentage of Bioenergy Conversion U.S. Patents in Most Common
Cooperative Patent Classifications (Among All Bioenergy Conversion Patents)
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Figure 11 compares the CPC distribution of BETO-funded bioenergy conversion U.S. patents
across two time periods — patents issued through 2014, and those issued from 2015 onwards
(these dates are selected to divide the patents into two groups of approximately equal size). This
figure reveals that the CPCs associated with BETO-funded patents have been relatively
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consistent over time, with similar percentages of patents in each CPC across the two time
periods. That said, there are some differences, notably a somewhat higher percentage of patents
in the later time period in CPCs related to specific substances (C12P 19/02 and C12P 19/14), and
a slightly lower percentage in grain-based ethanol production (CPC YO2E 50/17).

Figure 11 - Percentage of BETO-funded Bioenergy Conversion U.S. Patents in Most
Common Cooperative Patent Classifications across Two Time Periods
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Tracing Backwards from Bioenergy Conversion Patents Owned by Leading
Organizations

This section reports the results of an analysis tracing backwards from bioenergy conversion
patents owned by leading organizations in this technology to earlier research, including that
funded by DOE. The results in this section are examined at two levels. First, we report results at
the organizational level. These results reveal the extent to which BETO-funded (and Other DOE-
funded) research forms a foundation for subsequent innovations associated with leading
bioenergy conversion organizations. Second, we drill down to the level of individual patents,
with a particular focus on BETO-funded bioenergy conversion patents. These patent-level results
highlight specific BETO-funded patents that have influenced subsequent innovations associated
with the leading organizations. They also highlight which bioenergy conversion patents owned
by these leading organizations are linked particularly extensively to earlier BETO-funded
research.

Organizational Level Results

In the organizational level results, we first compare the influence of BETO-funded and Other
DOE-funded bioenergy conversion research against the influence of leading bioenergy
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conversion organizations. We then look at which of these leading organizations build particularly
extensively on DOE-funded bioenergy conversion research.

Figure 12 compares the influence of DOE-funded bioenergy conversion research to the influence
of research carried out by the top ten bioenergy conversion organizations. Specifically, this
figure shows the number of bioenergy conversion patent families owned by the leading
organizations that are linked via citations to earlier bioenergy conversion patent families
assigned to each of these leading organizations (plus patent families funded by DOE). In other
words, this figure shows the organizations whose patents have had the strongest influence upon
subsequent developments made by leading organizations in bioenergy conversion technology.®

In total, 1,000 leading company bioenergy conversion patent families (i.e. 5.3% of these 18,901
families) are linked via citations to earlier DOE-funded bioenergy conversion patents, out of
which 736 are linked to BETO-funded bioenergy conversion patents. This finding puts DOE-
funded patents in second place in Figure 12, behind only ExxonMobil, which has 1,018 leading
organization patent families linked via citations to its earlier patents.

Figure 12 — No. of Leading Organization Bioenergy Conversion Patent Families Linked via
Citations to Earlier Bioenergy Conversion Patents from each Leading Organization
e.g. 1,000 leading company families are linked to earlier BETO/Other DOE-funded families
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® This figure compares the influence of patents funded by BETO/DOE against patents owned by (i.e. assigned to)
organizations. Such a comparison is reasonable, since patents funded by organizations through their R&D budgets
will be assigned to those organizations. Also, organizations cannot choose to reference the patents of a non-
competitor (such as DOE) rather than the patents of a competitor in order to reduce the “credit” given to that
competitor. Such an omission could lead to the invalidation of their patents. Note that, as in Figure 6, there is some
double-counting in Figure 12 and Figure 13, as some patent families assigned to leading organizations were funded
by DOE. Also, in Figures 12 and 14-16, leading organization patent families linked to both BETO-funded and Other
DOE-funded patents are allocated to the BETO-funded segment of the DOE column, in order to avoid double-
counting these families.
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Figure 12 does not take into account the different sizes of the patent portfolios associated with
the various organizations. For example, it is not surprising that more patent families are linked
via citations to ExxonMobil than any other leading organization, since it has by far the most
bioenergy conversion patent families available to be cited as prior art. Figure 13 takes into
account the differences in patent portfolio size. It shows the average (mean) number of leading
organization patent families linked to patent families associated with each of the leading
organizations, plus DOE. For example, on average, DOE-funded bioenergy conversion patent
families (the majority of which are BETO-funded) are each linked to two patent families
assigned to the leading organizations. This puts DOE in third place in Figure 13, behind BASF
(with an average of 2.8 linked families) and Honeywell (with an average of 2.1 linked families).
It suggests that, even after taking into account relative patent portfolio sizes, DOE-funded
patents have had a substantial influence on subsequent innovations associated with the leading
organizations in bioenergy conversion technology.

Figure 13 — Average No. of Leading Organization Bioenergy Conversion Patent Families
Linked via Citations to Bioenergy Conversion Families from Each Leading Organization
e.g. on average, each DOE-funded family is linked to two subsequent leading organization families
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Figures 14 through 16 examine which of the leading organizations build particularly extensively
on earlier DOE-funded patents. Figure 14 shows how many bioenergy conversion patent families
owned by each of the leading organizations are linked via citations to at least one earlier DOE-
funded bioenergy conversion patent. DuPont is at the head of this figure, with 249 patent
families linked via citations to earlier DOE-funded patents, out of which 214 are linked to
BETO-funded patents. Novo Nordisk is in second place in Figure 14, with 202 patent families
linked via citations to DOE (194 to BETO). Note that, while these two companies were both
funded by BETO, their patents are not only linked via citations to their own earlier BETO-
funded patents, but also to patents from a variety of other BETO-funded organizations. They are
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followed in Figure 14 by Butamax, with 139 patent families linked to DOE (40 to BETO), Shell
(114 families linked to DOE; 64 to BETO), and Xyleco (103 linked to DOE; 81 to BETO).

Figure 14-No. of Patent Families Linked via Citations to Earlier BETO/Other DOE-funded
Bioenergy Conversion Patents for each Leading Bioenergy Conversion Organization
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Figure 15 - Number of Citation Links from Leading Bioenergy Conversion Organization
Patent Families to Earlier BETO/Other DOE-funded Bioenergy Conversion Patents
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Figure 15 counts the total number of citation links from leading organizations to earlier DOE-
funded patents. This differs slightly from the count of linked families in Figure 14, since a single
patent family may be linked to multiple earlier DOE-funded patents. Novo Nordisk and DuPont
are again at the head of Figure 15, reinforcing their close links to earlier DOE-funded bioenergy
conversion research. The main difference between the two figures is that the two companies
switch positions, with Novo Nordisk having by far the largest number of citation links to DOE (a
total of 3,668 links, of which 3,489 are links to BETO-funded patents).

There is an element of portfolio size bias in the patent family counts in Figures 14 and 15.
Organizations with larger bioenergy conversion patent portfolios are likely to have more patent
families linked to DOE, simply because they have more families overall. Figure 16 accounts for
this portfolio size bias by calculating the percentage of each leading organization’s bioenergy
conversion patent families that are linked via citations to earlier DOE-funded bioenergy
conversion patents, rather than their absolute number. This is a measure of how extensively each
organization builds on DOE-funded research, relative to their overall patent output.

Figure 16 - Percentage of Leading Bioene