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Abstract: This article provides an overview of the U.S. bioeconomy, discussing how its definition
has evolved and been formalized over time. The first attempts to conceptualize and define the U.S.
bioeconomy began in the early 1990s. This was followed by a series of government and private
efforts to develop methods to understand and evaluate it and to develop programs to promote it.
These efforts culminated in the 2020 release of the National Academies of Science, Engineering,
and Medicine (NASEM), Safeguarding the Bioeconomy report. The report recommended a formal
definition of the U.S. bioeconomy, providing the rationale for that particular definition in the U.S.
context. Formally adopting a comprehensive definition of the U.S. bioeconomy would enable the
U.S. government to better assess the bioeconomy’s current state, to develop strategies to support its
growth, and to promote strategies to safeguard it. Along with this recommendation, the NASEM
Safeguarding report also discussed defining the “bioeconomy landscape,” which involves more
precise determination and quantification of which economic activities are part of and external to the
U.S. economy. Defining this landscape could guide metric development and data collection needed
to track the bioeconomy’s growth, conduct economic assessments, and enable policy makers to keep
abreast of advances that could potentially pose new national or economic security challenges. The
report also includes an analysis of the broad range national bioeconomy strategies, identification of
the four drivers of the U.S. bioeconomy, and the first of its kind, comprehensive estimate of the size
and scope of the U.S. bioeconomy of USD 959B (valued in 2016 constant USD ).

Keywords: bioeconomy; biotechnology; life science; innovation; R&D; biological resources; sci-
ence policy

1. Introduction

Advances in information and computing sciences, along with the integration of engi-
neering principles, has fundamentally transformed the life sciences and biotechnology in
the last 50 years. Breakthroughs, such as the ability to read genetic code, to edit an organ-
ism’s genome, and to create organisms with entirely synthetic genomes, have changed how
research is done and the products that innovators can be create. The term “bioeconomy”
encompasses economic activity related to life sciences research. Some products of the
bioeconomy include microorganisms acting as environmental biosensors, fabrics made
from biosynthetic spider silk, chemicals made though biosynthetic pathways instead of
solely petrochemical synthesis (such as 1,3-propanediol), and novel foods and food ad-
ditives made from yeast or bacteria. The U.S. bioeconomy offers means of developing
innovative products, with benefits such as reduced carbon emissions and improved health
care applications. While the bioeconomy has opened new opportunities for innovation, job
creation, and economic growth, it has brought vulnerabilities and concerns.

In 2019, at the request of the U.S. Office of the Director of National Intelligence, the
U.S. National Academies of Science, Engineering, and Medicine (NASEM) convened a
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committee of experts to evaluate the scope and the economic value of the U.S. bioecon-
omy. The committee was also tasked with identifying potential national security and
economic risks to the U.S. bioeconomy. This included identifying policy gaps, determin-
ing means of tracking advances and developments in the bioeconomy, and considering
cybersecurity solutions to protect data and other bioeconomy outputs. The work of the
committee culminated in a NASEM consensus study report, Safeguarding the Bioeconomy
(the Safeguarding report) [1].

The U.S. bioeconomy is a multifaceted set of enterprises, spanning diverse scientific
disciplines and sectors and including a diverse and ever-changing set of stakeholders. A
starting point for basic life sciences research is public investment to train scientists. These
scientists work in universities and federal research institutions in addition to research and
development (R&D) departments of corporations. These traditional research institutions
have also encouraged local innovation ecosystems. This has drawn in new stakeholders,
-small businesses and partnerships with larger industrial companies— which now include
start-up companies, incubator spaces, and citizen-science labs. In turn, networks of firms
providing materials, tools, expertise, and other services have also grown to support these
businesses. Computing and information sciences, including machine learning, have made
it possible to analyze and use biological data in new ways, and have accelerated the reach
of the bioeconomy. New engineering applications have enabled automation and high-
throughput experimentation. This has further accelerated the growth of the bioeconomy.

There is currently no broad consensus among countries, organizations, or academics
about a precise definition of the bioeconomy. This has led to different interpretations
of what activities lie within the scope of the bioeconomy. A fundamental challenge in
attempting to define the bioeconomy is that its activities span many sectors and scientific
disciplines [2]. Consequently, this often involves combining subsets of traditional sectors
that are measured in systems of national income accounts in novel (and non-uniform ways).
Definitions have often arisen in response to individual country’s’ economic priorities,
biological resource base, technological capacity, and regulatory approaches to deployment
of biotechnology.

The U.S. National Bioeconomy Blueprint first articulated a definition of the U.S.
bioeconomy in 2012 [3]. Given significant scientific advances that have occurred since then,
it is worthwhile to reassess this definition. A new, comprehensive definition would help the
U.S. government to better assess the current state of the U.S. bioeconomy and to develop
strategies to foster its sustainable growth. A practical definition could also help guide data
collection and metric development necessary to track the bioeconomy’s growth and to
conduct economic assessments. It could also enable policy makers to monitor advances
that could potentially pose new challenges to national or economic security. The NASEM
Safeguarding report developed a definition of the bioeconomy that does not limit the scope
of the U.S. bioeconomy to particular technologies, processes, or economic sectors. Rather,
it recognizing that a definition needs to be flexible enough to allow for the future inclusion
of new developments.

This article examines how the definition of the U.S. bioeconomy has evolved to be-
come more formalized over time. It discusses early attempts, in the 1990s, to conceptualize
and define the bioeconomy. The article next provides an overview of government and
private industry efforts to understand, assess, and promote the U.S. bioeconomy. The
piece culminates by discussion of the bioeconomy definition recommended in the NASEM
Safeguarding report. Different countries have adopted different definitions of the bioe-
conomy. These have been influenced by their scientific capacity as well as their biological
resource base. These have also been conditioned by their environmental, science, and
technology policies, particularly, biotechnology policies. The United States is no exception
to these influential factors. We emphasize that this article is a positive analysis. We dis-
cuss how definitions of U.S. bioeconomy have come about and what recommendations
in the Safeguarding report are. The article summarizes the pros and cons of different
approached to define the bioeconomy in the U.S. context. It does not make any special
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claims about how other entities should do so. While it briefly compares the U.S. approach
with those of other countries and regions, it is not meant to be an exhaustive comparative
analysis. North American studies have taken distinctly different approaches to defining
the bioeconomy landscape (which economic activities are to be considered within and
outside of the bioeconomy) than approaches taken in EU countries, Japan, and other re-
gions. Earlier North American approaches have tended to adopt narrower definitions of
the bioeconomy landscape, while other regions have tended to define the bioeconomy
more broadly. This is a rather broad characterization and there are counterexamples of
North American studies taking a more inclusive approach to certain activities. We dis-
cuss the advantages and disadvantages of adopting broader versus narrower approaches.
There has also been recent movements towards convergence in approaches. This will
hopefully encourage greater international research and policy collaboration on measuring
and promoting the bioeconomy.

2. Early U.S. Perspectives on “the Bioeconomy”

Over the past two decades, interest in the concept of “the bioeconomy”—as a topic of
research and as a focus of economic, technology, and national security policy—has grown
rapidly. The number of research publications referring to “the bioeconomy” (or to closely
related terms) has grown sharply beginning in the mid-2000’s (Figure 1) [4-7]. As of 2018,
more than 40 countries had developed formal strategies to promote their bioeconomies [8].
By 2020, nearly 60 countries were doing so [9]. In addition, efforts are underway to
harmonize measurements of the bioeconomy and its contribution to the overall economy
across countries [10-12].
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Figure 1. Number of publications listed in Scopus with “bioeconomy”, “bio-economy”, “biobased economy”, or “bio-based

economy” included in their titles, abstracts, or keywords [5].

What accounts for this recent surge in research interest and policy activity related to
the bioeconomy? Humans have, after all, been growing crops, raising livestock, brewing
beer, and using wood for building material and fuel for millennia. Humans have been
gathering biological materials to test their nutritional and medicinal potential for even
longer. Using biological resources remains a fundamental part of modern economies.
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Agriculture, forestry, and fisheries (in addition to mining) are referred to as the “primary
sectors” of national economies.

Three factors have contributed to this interest in the bioeconomy. First, advances in
biological sciences and biotechnology offer promising new commercial applications, in
addition to new ways of supplying existing products. Developments in DNA sequencing,
genetic engineering, and high-throughput molecular operations facilitated by robotics have
“transformed the practice and potential of biological research” [3] p. 7. Major advances
in engineering biology have included gene-editing approaches involving meganucleases,
TALENS (transcription activator-like nucleases), zinc fingers, and CRISPR (clustered regu-
larly interspaced short palindromic repeats) technology. Consequently, biotechnology has
become a new area of international technological and economic competition [3,13-16]. Sec-
ondly, in many countries, the substitution of renewable biological resources for exhaustible
fossil fuels to produce electricity, fuel, and chemical-based manufactured goods has been
promoted to further various policy objectives [8,17-19]. These include climate change miti-
gation, energy self-sufficiency, rural economic development, and export promotion. Third,
biodiversity and genetic resources have been viewed as inputs critical to the discovery
and production of new pharmaceuticals and other bio-based products [20-27]. Genetic
resources serve as a source of materials and as blueprints for the design of new commercial
compounds [28].

Dr. Bernadine Healy, as director of the U.S. National Institutes of Health (NIH), used
the specific term “the bioeconomy” in speeches dating back to 1992 [29-31]. In her 1994
commencement address at Vassar College, Healy [32] (p. 13) noted:

“A revolution in the life sciences will also go way beyond medicine into agriculture,
chemical production, environmental sciences, and microelectronics. Biotechnology will
be creating jobs that we don’t even have names for yet. And they will be high-paying,
high-demand jobs—and intellectually satisfying ones. New industries will emerge that
will be a growing source of national economic strength and world leadership. Some have
gone so far as to suggest that the twenty-first century will be based on a bioeconomy.”

Juan Enriquez and Rodrigo Martinez have been credited with using the term “bioe-
conomy” at a scientific conference in 1997 [5,33-36]. In a 1998 Science article, “Genomics
and the World’s Economy,” Enriquez, while not using the term “bioeconomy” specifically,
emphasizes the scientific, technological, and economic implications of innovations in ge-
nomics that allowed for the study, design, and construction of economically important
molecules [37].

Enriquez’s article emphasized the important economic implications of advances in
genomics [37]. Boundaries between the agribusiness, pharmaceutical, and chemical indus-
tries were beginning to blur as the potential for complementary technological applications
was spurring corporate mergers and acquisitions. According to Enriquez, “The objective of
the life science company is no longer to generate breakthroughs in a single area such as
medicine, chemicals, or food, but to become a dominant player in all of these [37].” Indeed,
companies grounded in chemical, pharmaceutical, and agricultural production merged,
reorganized, and acquired seed companies (along with their crop germplasm resources),
expanding into the development and sale of genetically modified crops [38-42]. These
changes in scientific and business models, Enriquez further argued, would transform the
energy sector, as plant-based energy sources would begin to substitute for fossil fuels.
Enriquez heralded the rise “of a new economic sector, the life sciences [37].”

U.S. agriculture, over the last 25 years, has illustrated the very transformations En-
riquez envisioned. There have been significant shifts in both how crops are used and how
new crop varieties are developed. The U.S. energy sector has shifted toward greater use
plant-based fuels, just as Enriquez envisioned. More than a third of today’s U.S corn and
soybean crop is used for fuel. The United States is now the world’s leading producer of
biofuels, followed by Brazil and the European Union (EU) [43]. Genetically modified crops
now account for roughly half of all U.S. crop sales [1].
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3. Defining the U.S. Bioeconomy: Recent Developments

Several events led to greater examination of the U.S. bioeconomy. In response to The
Great Recession, interest turned toward technology policy as one means of stimulating eco-
nomic recovery. First, in 2009, the NASEM issued A New Biology for the 21st Century [44],
which examined critical intersections of biotechnology and other scientific disciplines,
including computer science and engineering and discussed the role of biotechnology in
addressing a variety of human health, food and nutrition, energy, and the environmental
needs (NRC, 2009). While focusing on social benefits, the report also identified critical
linkages between biological innovation and economic benefits. Next, in 2010, the White
House Office of Science and Technology Policy (OSTP) and the Office of Management and
Budget (OMB) issued a joint guidance memorandum on science and technology priorities
for the fiscal year (FY) 2012 budget. The memorandum directed federal agencies to place
priority on efforts to promote job creation and sustainable economic growth. Agencies were
to “support research to establish the foundations for a 21st century bio-economy” in areas
where “advances in biotechnology and improvements in our ability to design biological
systems have the potential to address critical national needs in agriculture, energy, health
and the environment [45].” Notably, the memorandum highlighted biotechnology as a key
feature of the U.S. bioeconomy. This reflected the strengths of the U.S. public and private
R&D programs that focused on cutting-edge engineering biology and big data approaches
to apply biological research to meet national challenges.

Another policy goal was to stimulate economic growth and enable entrepreneurs
to create new companies and new jobs by reforming the patent system. This resulted in
the America Invents Act of 2011, which sought to lower barriers hindering biotechnology,
medical devices, and advanced manufacturing industries. The act provided a fast-track
patent application process, allowing applicants to obtain a decision within 12 months. This
was intended to reduce the (at the time) patent backlog, accelerating innovation. It also
moved the U.S. patent system from a “first-to-invent” to a “first-inventor-to-file” system.
This aligned the U.S. patenting system with those of other countries around the world.

In 2012, the Obama White House issued the National Bioeconomy Blueprint, [3] which
laid out the Administration’s strategic objectives for the bioeconomy. These included:
strengthening relevant strategic R&D, moving discoveries from the laboratory to the mar-
ket faster, reducing regulatory barriers, developing a 21st century bioeconomy workforce,
and promoting public—private partnerships. The Blueprint also emphasized the impor-
tance of biotechnology as a driver of the U.S. bioeconomic strategy. Since the Blueprint’s
release, federal agencies and other institutions initiated a suite of programs to promote the
U.S. bioeconomy:

e The U.S. Department of Agriculture (USDA) expanded efforts to enable the procure-
ment of bio-based products through the Biomass Crop Assistance Program [46], the
BioRefinery Assistance Program (renamed the Biorefinery, Renewable Chemical, and
Biobased Product Manufacturing Assistance Program) [47], and the BioPreferred
Program [48].

e In 2016, the White House launched The Precision Medicine Initiative. Its aim was to
use biological data and new analytics tools to derive inferences that could be applied
to understand diseases and develop diagnostics and treatments for them [49].

e The U.S. Department of Energy (DOE) and USDA jointly released The Billion Ton
Biomass report in 2016, which assessed the potential for producing and utilizing
a billion tons of renewable biomass in the United States. The report identified the
potential to annually produce 50 billion gallons of biofuels and 50 billion pounds of
bio-based chemicals/product. This production could supply 25 percent of U.S. liquid
transportation fuels, reduce CO, emissions by 450 million tons and support 1.1 million
direct U.S. jobs by 2030 [50,51].

e In 2016, DOE established the Agile BioFoundry—the first open, public biofoundry—to
address precompetitive research challenges identified by industry [52].
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In 2016, the National Science Foundation (NSF) launched its Big Idea initiative, includ-
ing the Rules of Life Program [53].

In 2017 the U.S Environmental Protection Agency (EPA) released its Update to the
Coordinated Framework for the Regulation of Biotechnology, which was aimed at
increasing transparency, streamlining regulatory processes while still ensuring safety,
and accelerating the pace at which bio-inventions were brought to market [54].

In 2017, USDA released an interagency task force report to the President. It outlined the
importance of increasing public acceptance of biotechnology products, modernizing
and streamlining the federal regulatory system for such products, and expediting their
commercialization [55].

In 2018, the biotechnology start-up LanzaTech partnered with Pacific Northwest
National Laboratory and Virgin Atlantic airlines to develop and test new bio-based
jet fuel [56].

In 2019, the Biomass Research and Development Board of USDA and DOE issued The
Bioeconomy Initiative: Implementation Framework [57].

In 2019, the Engineering Biology Research Consortium (EBRC), a non-profit, public-
private partnership, released Engineering Biology: A Research Roadmap for the
Next-Generation Bioeconomy. The report outlined technical themes, applications, and
key sectors for engineering biology [58].

In 2019, the White House displayed renewed interest in the U.S. bioeconomy. In
August, the Administration’s FY2021 Research and Development Priorities budget
memorandum identified the U.S. bioeconomy as a key area for federal R&D invest-
ment [59]. In September 2019, the OSTP released a public Request for Information
seeking input regarding what steps the federal government might take to promote
and protect the U.S. bioeconomy [60]. In October 2019, it held a White House Summit
on America’s Bioeconomy to discuss U.S. bioeconomy leadership, challenges, and
opportunities [61].

In 2019, H.R. 4373 Engineering Biology Research and Development Act of 2019 was
passed in the U.S. House of Representatives. The bill would direct OSTP to implement
a National Engineering Biology Research and Development Initiative, designate an
interagency committee to coordinate the initiative, establish an advisory committee
on engineering biology R&D); direct the NSF to partner with the NASEM to conduct a
review and make recommendations regarding ethical, legal, environmental, and other
societal issues related to engineering biology R&D, and with other federal agencies
including the National Aeronautics and Space Administration (NASA) to conduct
research as part of the initiative [62].

In May 2020, S.3734, the Bioeconomy Research and Development Act of 2020, which
closely mirrors H.R. 4373, was introduced in the U.S. Senate [63].

In addition to the New Biology for the 21st Century report [44], other, recent NASEM

reports have elaborated specific sectors of biotechnology. These include:

Industrialization of Biology: A Roadmap to Accelerate the Advanced Manufacturing
of Chemicals [64] addresses chemical and fuel production using microbial biotech-
nology, providing a roadmap for expanding applications of engineering biology to
chemical production.

Genetically Engineered Crops: Experiences and Prospects [65] examines the current
evidence concerning both positive and negative effects of genetically engineered
crops. It makes recommendations about improving safety assessments, improving
regulations, furthering innovation, and increasing access to agricultural biotechnology.
Preparing for the Future Products of Biotechnology [66] considers possible biotech-
nology developments over the next five to ten years and considers new regulatory
frameworks needed to support these technologies.

Biodefense in the Age of Synthetic Biology [67] considers how tools of synthetic
biology could possibly be misused.
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e  Gaseous Carbon Waste Streams [68] identifies feedstocks (e.g., carbon monoxide [CO],
carbon dioxide [CO; ], methane [CHy]) that could potentially drive the U.S. bioeconomy.

Since 2013, NASEM has also worked with the science academies in the United King-
dom and China, conducting a series of symposia titled “Positioning Synthetic Biology to
meet the Challenges of the 21st Century.” NASEM also convened workshops in 2014, 2015,
and 2016 to explore the bioeconomy, emerging technologies, and security concerns related
to use of life sciences data.

The global bioeconomy, involves both economic rivalry and cooperation among na-
tions. This cooperation includes significant scientific collaboration. The United States is
not the only one recognizing economic advantages of investing in biotechnology R&D or
promoting one’s bioeconomy. The European Commission, the Organization for Economic
Co-operation and Development (OECD), and a number of individual European countries
have developed their own position documents and bioeconomy roadmaps. In 2012, the
United Kingdom launched its Synthetic Biology Leadership Council, co-chaired by repre-
sentative from government and the private sector. China has identified the potential for
synthetic biology to accelerate economic growth and has developed its own 20 year plans
to carry this out.

4. Defining the Bioeconomy: Alternative Approaches

To develop a definition of the U.S. bioeconomy that accurately portrayed the breadth
of scientific and economic activity (both current and potential) the NASEM Safeguarding
report considered how other countries and academic entities have pursued their own
definitions. Governmental bodies, academics, and business organizations throughout the
world continue to develop new definitions of “the bioeconomy” to refer to a multitude
of life sciences-related and biologically-based economic activities. There is currently no
global consensus about how to define “the bioeconomy.” Bugge et al. correctly note, “there
seems to be little consensus concerning what a bioeconomy actually implies” [4], while
Scordato et al. point that, as 2017, “it remains unclear what the bioeconomy is” [69]. The
bioeconomy has been called “an emerging concept” [2], “a notion” [4], and a “policy
concept” [5], while “the definitions have shown to evolve in a relatively short period of
time” [19]. Different approaches to defining the bioeconomy have been characterized as
different “visions” [4,69].

Previous studies have provided tables and lists of alternative definitions of the bioe-
conomy (e.g., [4,15,17,33]). A common element in these definitions is the use of biological
resources. Definitions vary in terms of the emphasis they place on new uses of biological
resources (e.g., new fuel sources, bioplastics, and other materials) or whether they consider
traditional activities (e.g., agriculture, forestry, wood products, paper milling) part of the
bioeconomy. They also vary in the explicit use of the term “biotechnology,” although the
term is usually included.

Many countries have developed separate strategies to promote their biotechnology in-
dustries and to promote bio-based products that substitute renewable biological resources
for exhaustible fossil fuels. These distinct strategies have been, over time, combined in
overarching definitions of the bioeconomy [17]. The value of simply listing bioeconomy
definitions diminishes as the total number of definitions grows large, however. There has
been a shift among scholars, from cataloguing bioeconomy definitions to studying the vari-
ation in definitions themselves to understand commonalties and divergences [4,10,17,70].
Bibliometric studies of bioeconomy publications have provided useful, detailed analyses
that identify and quantify which fields of science, regions, and institutions are conducting
research defining the bioeconomy [4-7,71].

Bugge et al. [4] distinguished between bioeconomy definitions in terms of three
different “visions” of the economy. These three: a biotechnology, a bioresource, and a
bioecology vision capture different aspects of the bioeconomy. This distinction in terms of
visions has been maintained by other researchers [70,72,73] and the NASEM Safeguarding
report adopted this as well.
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4.1. Biotechnology Vision

Under the biotechnology vision, recent advances in biotechnology are core features of
the bioeconomy. This is exemplified in the U.S. National Bioeconomy Blueprint [3,74]. In
the Blueprint, released in 2012, the United States became the first country to emphasize
biotechnology as a key driver of the bioeconomy. More countries are now featuring biotech-
nology as part of their overall bioeconomy strategies. Over the past year, Canada [75],
Germany [76], Japan [77], and the United Kingdom [78] all released new “biotechnology”
bioeconomy strategies. Today, biotechnology is seen to be a new area of economic and
technological competition [3,13-16,79].

Defining the bioeconomy under the biotechnology vision follows an example-driven
approach, which highlights specific products and production processes. Many of the
first applications of novel technologies or new bio-based products have been in more
traditional sectors, such as agriculture and forestry. This presents a challenge for technology-
based definitions of the bioeconomy. It raises questions about whether to limit what to
consider part of the bioeconomy to only newer applications, such as biofuels or genetically
modified (GM) crop varieties, or to consider all crop and forest production as part of
the bioeconomy. For example, studies of China [13,80], other Asian countries [80], the
United States [74], Latin America [20], and OECD countries [81], in addition to the U.S.
Blueprint [3], all consider the diffusion of GM crop varieties as a key performance indicator
for the bioeconomy. In contrast, EU countries tend to consider all crops as part of the
bioeconomy, with no special reference to GM crop diffusion. The EU de-emphasis of
GM crops reflects a more hesitant approach to deployment of agricultural biotechnology;,
with commercial cultivation of GM crops currently banned in a number of individual EU
countries [82].

Countries have adopted different approaches toward treatment of medical applica-
tions in their definitions of their bioeconomies. Most definitions adopted by countries
now consider bio-based pharmaceuticals to be part of the bioeconomy. The United States
and China, though, have included a broader set of medical applications. For China, Li
et al. considered vaccines (both animal and human), gene therapies, genome sequencing,
tissue-engineering products, and immunological diagnosis [13]. These technologies and
applications are similar to those emphasized in the U.S. Blueprint [3]. Nordic countries
have emphasized functional foods and nutraceuticals designed to promote health [83]. The
current SARS-CoV-2 coronavirus pandemic has focused efforts on rebooting economies
with bioeconomy strategies, highlighting the risks associated with reliance on global supply
chains for preparedness and response, and has caused countries to re-examine exclusion of
health fields from their bioeconomy strategies. Countries also vary in how much emphasis
they place on measuring biotechnology-related R&D, with the United States, Canada,
and China giving it greater emphasis [3,13,74,79]. Generally, European countries have
deemphasized biotechnology R&D, with Germany [84] and Sweden [85] being notable
exceptions. Some studies have also included applications of bioleaching applications in
mining as part of the bioeconomy [13,86-88].

4.2. Bioresource Vision

The bioresource vision of the bioeconomy focuses on substituting renewable biolog-
ical resources for fossil fuels as the basis for transportation fuels, electricity production,
and chemical manufacturing. A key goal is to develop new value chains in traditional,
biologically—based industries [4]. Countries consistently include such activities in their
definitions of and strategies for the bioeconomy. Countries, however, place differing em-
phasis on different goals as rationales for bioresource substitution. These can include rural
development, energy security and self-sufficiency, climate change mitigation, and attaining
sustainable development goals (SDGs) [4,8,10,73,83].

U.S. federal agencies, to date, have not developed a consistent set of economic activi-
ties, products, or technologies to include in their definitions of bio-based production. The
2015 USDA BioPreferred report to Congress [89], and 2018 report update [90] evaluates



Sustainability 2021, 13, 1627

9of 24

seven bio-based product industries contributing to the U.S. economy. These included
agriculture and forestry, forest products, natural-fiber (e.g., cotton) textiles, biorefining,
bio-based chemicals, enzymes, and bioplastic bottles and packaging. It excluded phar-
maceuticals and agriculture for food, feed, or biofuels production. Under this scheme,
92 percent of the economic contribution to value-added came from mature, traditional eco-
nomic sectors. Logging, timber, and wood products accounted for 81 percent of bio-based
value-added, while cotton production and cotton-based textiles and apparel contributed
another 11 percent. Value-added summed over all industries nationally equals a country’s
gross domestic product [GDP]). New forms bio-based manufactured products accounted
for only 8 percent of direct value-added from bio-based production. In contrast to the
BioPreferred reports, the DOE’s Billion-Ton report [50] focused on bioresource supply
potential. It considered a broader set of products and technologies and products, which
included anaerobic digestion, bio-based chemicals, biodiesel, ethanol, landfill gas, woody
biomass, and wood waste.

4.3. Bioecology Vision

The bioecology vision of the bioeconomy emphasizes “the importance of ecological
processes that optimize the use of energy and nutrients, promote biodiversity, and avoid
monocultures and soil degradation” [4]. The bioecology vision, similarly to the concept
of the circular economy, also emphasizes the recycling and reuse of resources. In the
EU, economic policies have increasingly adopted a circular economy approach, where
resource waste is minimized, while moving away from a “linear economy approach” that
emphasizes “taking,” “making,” and “disposing.” A circular economy, in contrast empha-
sizes product longevity, reuse, repair, and recycling of materials. Scholars have argued
that the bioeconomy and the circular economy represent distinct, but complementary
concepts [2,91]. While the bioeconomy places greater emphasis on the role of biological
science and processes, certain bio-based energy production and consumption are external
to the circular economy [2,91].

In the EU, the concept of the “circular bioeconomy” has gained traction. Policies
are being developed to increase the use of bio-based resources regarded as wastes (e.g.,
agriculture and forestry residues). Here, the long-term objective is to substitute bio-based
production for production based on fossil fuels [91-93].

Biodiversity, commonly understood as the variety of living organisms within their
natural environments, is critical to the bioeconomy for a number of reasons. First, main-
taining the richness of biodiversity is essential for sustaining life on earth. Second, genetic
resources have long been a source of technological advance and product development in
agriculture and medicine. Half the yield gains since the 1930s of major field crops in the
United States have been attributed to genetic improvements in crop varieties, often though
crossbreeding [94]. Soejarto and Farnsworth [95] have estimated that roughly a quarter
of prescription drugs contain some natural products. This percentage increases further
if one considers that traditional medicines used in developing countries rely on natural
products [22]. The molecular structures of natural products can also serve as blueprints
for—or as research leads in—the development of new compounds [28,96]. In addition
to pharmaceuticals, natural products have provided an array of chemical structures that
have served as starting points in the development of many insecticides, herbicides, and
fungicides [97]. Third, the capacity to manipulate biodiversity through the use of metabolic
engineering and synthetic biology is fueling parts of a purposeful bioeconomy. This could
be thought of as creating a new “synthetic” or “digital” realm of biodiversity, manifested
as biological tools and new marketable products.

Biodiversity is a rich, natural and renewable resource that feeds into myriad compo-
nents of the bioeconomy. Conversely, biodiversity loss represent potential costs in the form
of missed or unrealized opportunities for the bioeconomy. Most U.S. agricultural crops
are monocultures. Relying on single varieties of crops increases agriculture’s vulnerability
to pests and pathogens. It can also diminish ecosystem services inherent in more diverse
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landscapes. Proponents of the bioecological vision of the bioeconomy often stress the need
for diversity in multiple dimensions. This includes the types of crops grown, how they are
grown, and their genetic makeup [4].

Biodiversity traditionally has been leveraged for benefits in different ways across
multiple sectors. Selection of desired agricultural traits depends on accessing broad ge-
netic diversity within a species. This diversity is important for marker-assisted breeding
programs, where genetic sequences guide the selection of traits. Synthetic biology and
biotechnology tools have also been recently applied to convert biodiversity within and
across species (transgenics), with demonstrable economic benefits. Genomic sequencing
of a diversity of living organisms allows scientists to identify genes that could be utilized
to create genetic pathways and circuits, using metabolic engineering to create high-value
compounds. Much of the potential of biodiversity remains undiscovered. Yet industry
exploration, such as R&D of natural-product pharmaceuticals, has shown promise in the
past and has received renewed interest [98,99]. For example, over the next decade, the
Earth BioGenome Project plans to sequence, catalog, and characterize the genomes of
earth’s eukaryotic biodiversity [100].

4.4. Reconciling Visions of the Bioeconomy

The three different visions of the bioeconomy—the biotechnology, the bioresource,
and the bioecology visions—are not necessarily mutually exclusive. Virtually all national
bioeconomy strategies of different countries emphasize substituting away from fossil
fuel-based production toward bio-based products. This is the fundamental aspect of the
bioresource vision. Other countries, such as the United States, Canada, China, several
Latin American countries, Germany, the United Kingdom, and Malaysia also simultane-
ously emphasize biotechnology in defining their bioeconomies [13,20,74,101]. There are
cases of conflict between bioeconomy visions, however. For example, some definitions
following the bioecology vision explicitly reject inclusion of genetically modified crops
as part of the bioeconomy [4]. In other cases, though, one can find aspects of all three
visions in a country’s bioeconomy strategies. For example, the U.S. National Bioecon-
omy Blueprint emphasizes biotechnology and health applications, in keeping with the
biotechnology vision [3]. The Department of Energy’s Billion-Ton report [50] and the 2015
USDA BioPreferred report to Congress [89] emphasizes substituting renewable biological
resources for fossil fuels, in keeping with the bioresource vision. Third, in keeping with the
bioecology vision, the Earth BioGenome Project [100] addresses risks to biodiversity from
climate change.

5. Defining the U.S. Bioeconomy

Definitions of the “the bioeconomy” vary by country and context. The NASEM
Safeguarding report identified four drivers of the bioeconomy in the U.S. context (Figure 2).
Life sciences are the first driver, which includes biology and its sub-disciplines that provide
an understanding of life on earth in its many forms. Sub-disciplines include botany and
agronomy, which focus on plants and agriculture, microbiology, which focuses on single-
cell organisms, and environmental biology, which studies how plants and animals interact
with their environment.

Biotechnology is the second driver. It enables an understanding of biology at the level
of DNA, the code for all living organisms. Biotechnology advances have made it possible to,
not only read genetic code but to write it, and to engineer it to cure a disease, improve crop
yields, address an environmental problem, and produce bespoke bio-products. Advances
in biotechnology have enabled new methods to grow and analyze cells and tissues and
to purify enzymes to be used to drive chemical reactions outside of their native cellular
context. Examples include: analytical chemistry, next-generation sequencing, epigenetics,
and gene and genome editing. All of these powerful biotechnology tools have accelerated
the development of applications for the bioeconomy.
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Figure 2. Four Drivers of the U.S. Bioeconomy from the National Academies of Science, Engineering,
and Medicine (NASEM) Safeguarding report [1].

Advances in biotechnology require experimentation. Whether it is a biotechnology
drug, a genetically modified crop, or a new detergent enzyme, bringing an innovative
product to market requires literally millions of experiments. Now, though, it is possi-
ble via engineering to automate and miniaturize the experimental process. Advances
in microfluidics and robotics support high-throughput techniques for product develop-
ment, while advances in analytical techniques allow results to be derived, using smaller
samples. In addition to microfluidics and robotics, tissue engineering, cell culture, and
advanced fermentation are examples of the use of engineering to develop and manufacture
bioeconomy products. Furthermore, the application of engineering principles to biology
(design-build-test, for example) has accelerated advances in synthetic biology.

To accomplish this, computing and information sciences make it possible to model
experiments mathematically before running them and to develop predicted outcomes.
Advanced computing techniques, such as machine learning, have enhanced our capacity
to observe nonobvious patterns in large, complex datasets. This allows researchers to
make “wise guesses,” eliminate improbable experiments, and focus on pursuing the most
promising leads. Biological datasets, from genomics, proteomics, metabolomics, and
the other “omics” can be paired with imaging data, medical clinical observations, plant-
breeding records, workplace exposure data, family histories, and lifestyle information
from social media. Applying artificial intelligence tools to these datasets will increase our
understanding of linkages between cause and effect and between genotype and phenotype.
It is this deeper understanding of these linkages that holds particular promise for the future
of the U.S. bioeconomy.

Keeping the history of the U.S. Bioeconomy and these factors in mind, the NASEM
Safeguarding report [1] recommended the definition:

“The U.S. bioeconomy is economic activity that is driven by research and innovation
in the life sciences and biotechnology, and that is enabled by technological advances in
engineering and in computing and information sciences.”

This definition encompasses economic activity relating to all products, processes, and
services that interact with or are built specifically for “research and innovation in the life
sciences and biotechnology.” The intent is for this definition to be sufficiently flexible to
anticipate, to account for, and to include advances and new applications in the life sciences
and biotechnology. These include innovations such as the use of CRISPR (clustered regu-
larly interspaced short palindromic repeats) technology for genome editing or applications
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of cellular agriculture. In addition, this definition references the contributions that other
disciplines have made to the life sciences. For example, engineering has enabled high-
throughput experimentation, while computing and information sciences have facilitated
the collection, analysis, sharing, and storage of biological information. Such enabling
technologies have transformed life science research, opening up new avenues for R&D.

6. Approaches to Defining Bioeconomy Landscapes

Beyond the initial step of developing a working definition of the bioeconomy, are
the goals of measuring the economic scope and contribution of the bioeconomy to the
overall economy and developing performance metrics to evaluate the success of strategies
to promote the bioeconomy. The movement from definition to measurement naturally
leads to what the NASEM Safeguarding report refers to as defining the landscape of the
bioeconomy—deciding which economic sectors and sub-sectors to include as a direct
component of the bioeconomy and which to consider external to it. This classification is an
intermediate step in measuring the contribution of the bioeconomy to the total economy
of region or country. Chapters 3 and 4 of the Safeguarding report discuss methodological
issues surrounding measurement of the bioeconomy’s economic contribution. Evaluation
of the full economic contribution of the bioeconomy acknowledges and accounts for the fact
that economic activity within the bioeconomy stimulates demand, sales, and employment
in other parts of the economy via economic multiplier effects.

The bioeconomy is not comprised of a set of discrete economic sectors. Rather, it
spans multiple sectors. Because of this, developing a bioeconomy landscape definition is
challenging. Previous efforts, however, have followed a common overall approach, at least
as a starting point. First, certain sectors are considered wholly within (e.g., biotechnology
R&D) or outside of (e.g., steel manufacturing) the bioeconomy. What remains is a set of
“mixed” [102] “partly included” [103], or “hybrid” [104] sectors. For example, bioplastics
(part of a larger plastics manufacturing industry) or soy printer ink manufacturing (part
of the larger printing ink manufacturing industry) would be part of the bioeconomy. So,
for some sectors, a subset of economic activities would be within the bioeconomy; the
remainder, not.

North American studies [87,90,105-108] have taken a distinctly different approach
to defining their bioeconomy landscapes than European countries [102-104,109-114] and
Japan [115]. EU studies tend to use a relatively broad definition of the bioeconomy land-
scape and include, in their entirety, economic sectors that produce or fundamentally rely
on biologically produced materials. For example, primary sectors (other than mining) such
as agriculture, forestry and fisheries are included. Food, beverage, tobacco, and wood
products manufacturing are also included. EU ministries have identified research and
innovation as a key bioeconomy indicator. Yet, EU countries often exclude biotechnology
R&D the bioeconomy landscapes [84]. In the United States and Canada, there has been
greater emphasis on applications of biotechnology, and biological R&D. The substitution of
bio-based products for fossil fuel-based ones in manufacturing within traditional sectors
has also been emphasized. Here, crop production, livestock production, forestry, and
fisheries are largely excluded from the bioeconomy. Two important exceptions are crops
grown for energy production and genetically modified crops, which are included in the
bioeconomy landscape [74].

Lier et al. surveyed ministries from EU member states that have been tasked with
monitoring the performance of their bioeconomies or with developing bioeconomy strate-
gies [103]. Respondents were asked which economic activities were completely included,
partly included, or not included in their bioeconomies. Combining country responses, Lier
et al. identified 15 different sectors as part of the bioeconomy. Not all countries included
the same sectors, however. Only three of the 15 industries were listed as completely in-
cluded in the bioeconomy by all respondents: agriculture, forestry, and the food industry.
Countries differed on their level of inclusion, with respect to the other twelve. Most coun-
tries included aquaculture, fisheries, wood products manufacturing, and pulp and paper
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manufacturing as wholly within in their bioeconomies. Some ministries also included
hunting, nature-based tourism and recreation, transportation of bio-based products, and
even some construction activities as either wholly or partly in their bioeconomies. For
these latter activities, there was much less agreement.

Most ministries in EU countries identified “investment in research and innovation” as
a key indicator of performance for their bioeconomy [103]. Yet, in general, they have not in-
cluded biotechnology R&D or more general life science R&D as part of their bioeconomies.
This is despite the fact that the EU’s Nomenclature générale des Activités économiques
dans les Communautés Européennes codes, which classify economic activities in the Eu-
ropean Community, have a distinct code, 72.11 Research and experimental development
on biotechnology, which would facilitate the inclusion and measurement of biotechnology
R&D. In contrast, Sweden does include activities within code 72.11 as part of their bioecon-
omy [85]. Similarly, analysis of the Central Germany found that 18 percent of firms within
the bioeconomy were categorized under scientific R&D industry codes [84].

There are trade-offs involved in adopting narrower versus broader definitions of
which economic activities one includes in the bioeconomy. If one adopts a broad, highly
inclusive definition of the bioeconomy, this has the advantage of including several sectors,
such as agriculture, forestry, wood manufacturing, and food processing, in their totality.
These sectors are already well-defined and measured in consistent ways across countries in
their national income accounts and other government economic statistics. This facilitates
measurement across countries and regions and over time. Yet, a distinct disadvantage
of such broad measurement is the fact that the bioeconomy is then dominated (in terms
of output, employment, etc.) by “mature” economic activities, such as wood furniture
manufacturing that do not rely on applications of biological research or biotechnology
or (to date) involve much substitution of biological for petrochemical resources. Primary
production, food processing, and manufacturing of wood and paper products are also
economic sectors where economic activity (e.g., sales, value added, employment, total
wage payments) has been shrinking as a share of the overall economy. Thus, weighting the
bioeconomy toward these sectors could likely portray that, relative to the overall economy,
a country’s bioeconomy is shrinking in size and economic consequence over time.

By adopting a narrower definition of the bioeconomy landscape, one based on the
penetration of biological innovations, one may be better equipped to track innovation
and dynamism within mature sectors of the economy. For example, under a narrower
definition of the bioeconomy landscape, the entire forestry sector, may not be included.
If, however, future biotechnology applications in the forestry sector progressed, those
activities would be included in the bioeconomy, while the diffusion of those applications
would be measured as growth in the bioeconomy. Crop agriculture is another example.
Under a narrower definition, all crops would not automatically be included, but genetically
modified crops or crops used for biofuel or bioelectricity production would be. Again,
tracking diffusion of these technologies would capture growth in the bioeconomy, even
when the relative size of total crop production was shrinking in relative terms in the
overall economy. Similarly, innovations in cellular agriculture could bring more livestock
production or food processing activities under the umbrella of the bioeconomy:.

Yet, there are disadvantages to adopting too narrow of definition of what is within
the bioeconomy as well. If criteria about what to include in the bioeconomy is based on
the novelty of technologies, applications or uses, then what activities or sub-sectors are
included in the bioeconomy will need to be revised frequently. This will make it more
difficulty to collect data, measure activity or track the performance of the bioeconomy over
time and across countries. There is a possibility that the generation of official statistics will
always be “one step behind.” For example, advances in biological innovations and biolog-
ical applications of informatics are leading to rapid technological change in agriculture.
Keeping pace with the diffusion of these innovations and how they affect economic activity
will require continual adjustment costs.
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6.1. Defining the U.S. Bioeconomy Landscape

Figure 3 highlights the sectors and activities the NASEM Safeguarding report consid-
ered within the U.S. bioeconomy landscape. The report’s definition emphasized the role of
biotechnology and this is reflected in the landscape illustrated in the figure. In addition,
crop, livestock, forest products, and textiles sectors have potential applications, currently
in the R&D phase, which may be commercialized in the near future. With the diffusion of
these new technologies, it will be necessary to regularly reassess whether new goods and
services produced or supplied in novel ways belong in the bioeconomy. For example, the
forestry sector, in its totality was not included in the U.S. bioeconomy. This was because
biotechnology applications or forest biomass for fermentation have not (to date) been
significant. This could soon change, however. There are potential future applications of
biotechnology to promote and protect forest health [116]. As these applications diffuse,
forestry could become an important contributor to the bioeconomy.

U.S. BIOECONOMY [
Economic activity that is driven by research and innovation in the life sciences and biotechnology, and that is enabled by
technological advances in engineering and in computing and information sciences.

B

BIOMEDICAL
Criteria for inclusion include any medical products
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development, or innovation, in the life sciences.
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Criteria for inclusion include the use of (1) +Pharmaceutical pmducu

genetic engineering when creating a strain «Lab-grown
or seed; (2) advanced molecular biology -Medocal devvces
technique for marker-assisted breeding
programs; (3) large informatics databases
and computational techniques for either
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downstream bioprocessing and/or
fermentation process utilizing recombinant
DNA technology. This set of criteria is also
applied to agricultural animals (with the
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Examples
*Bio-based chemicals
*Biofuels

*Bio-based plastics

Examples
*Genetically modified crops/animals (e.g.,
genetically engi d salmon, heat-resistant
cows)
*Precision agriculture

TOOLS, KITS, AND SERVICES
Criteria for inclusion include tools, kits, and services that support or enable the ady of
biotechnology or life science research.

Examples
sLife sciences or biotechnology-related softy and d.
*Specialized equipment or instruments for use in the

bioeconomy (e.g., pip robots, mass spec DNA :; »
sequencing, and synthesizers) s
*Bioscience patent lawyers e

Figure 3. The bioeconomy landscape: examples falling under the bioeconomy definition from the
Safeguarding the Bioeconomy [1] Report.
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The Engineering Biology Research Consortium’s Engineering Biology [58] and the
NASEM's Preparing for Future Products of Biotechnology [66] outline a number of new and
exciting products and biotechnologies that would be included in the above bioeconomy
landscape. Platform technologies to create engineered strains of microorganisms that
perform specific biosynthetic functions are examples of biotechnology products and firms
that fall within the bioeconomy [117,118]. Others are microorganisms developed to clean
up the environment by recycling metal or acting as environmental biosensors, clothing
made from biosynthetic spider silk [117], and meat substitutes made with biosynthetic
protein additives from yeast, such as the hemoglobin used to give the product a “meaty”
flavor [119]. To explain how the NASEM Safeguarding bioeconomy definition informs the
bioeconomy landscape, we next present some concrete examples along with the report’s
rationale for including them.

6.1.1. Agriculture

According to the Safeguarding definition, the U.S. bioeconomy includes most crop
production. This is because many crops grown in the United States interact with biotech-
nology or research in the life sciences during their life cycle. There are four main criteria
for inclusion within the agriculture sector that allow consistency with the definition. The
first is the use of genetic engineering when creating a strain or seed. The second is using
advanced molecular biology techniques for marker-assisted breeding programs. The third
is using large informatics databases and computational techniques for either breeding ap-
plications or enhanced land-use capabilities (i.e., precision agriculture). The computational
approaches in this criteria include breeding capabilities such as accelerated breeding tech-
niques and examination of genomes to plan genetic crosses. Additionally, computational
techniques can enhance land use when drone or artificial intelligence technologies are
used to help with everything from water management to weed and pest scouting. The
final criterion is using plant biomass in a downstream bioprocessing and /or fermentation
process utilizing recombinant and synthetic DNA technologies. These criteria would ex-
clude any crop varieties that do not meet these four criteria from the assessment of the
U.S. bioeconomy.

The first three criteria also apply to animal products. In 2019, the United States
gave approval to the biotech company AquaBounty to grow and sell GM salmon in the
United States [120]. AquaBounty salmon had earlier been approved and are already sold in
Canada. Food products from genetically engineered land animals have yet be approved and
commercialized in the United States. This may soon change. Researchers have engineered
cattle that are heat-resistant to help them survive in warmer climates [121], as well as cattle
that are “polled” (meaning without horns), making it safer for both their human handlers
and the cattle themselves, because dehorning cattle is painful and dangerous [122]. Insects
are being developed as both a food source and a means of pest control. One company is
using farmed insects for protein in products such as pet food [123], while a genetically
engineered moth is being used for pest control in the production of cabbages [124]. These
products would be included in the bioeconomy, and will start to make larger economic
contributions as they clear regulatory hurdles.

Additional examples of animal products included in the bioeconomy include “lab-
grown meats,” also referred to as “cellular agriculture.” While not the same as a classic
“meat alternative,” “lab-grown” meat is “the use of animal cell culture technology to grow
animal tissue directly from animal cells, rather than from a live animal” [125]. In this
process, muscle cells are cultured from biopsies to produce the exact composition of animal
meat without the need for animal husbandry. This is another example of a meat product
relying heavily on new biotechnologies and would so be included in the bioeconomy:.

6.1.2. Biomedical Applications

The Safeguarding definition would include in the bioeconomy any medical products or
services resulting from life sciences R&D. All pharmaceuticals require significant research
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and safety testing before they can be approved and allowed onto the market. The research
needed to produce a final pharmaceutical product frequently includes the drug discovery
paradigm of using biological information and processes to obtain an initial product. That
initial product is iteratively tested and screened for safety and efficacy before it is produced
at scale. Engineering processes are used increasingly to identify a starting drug molecule.
Such processes include automated screening of large chemical libraries to identify a starting
drug molecule and in silico screening of molecules in the binding regions of important
protein targets. These steps all require “research and innovation in the life sciences,” as
the Safeguarding definition denotes. This means that all pharmaceutical products, and the
processes needed for their discovery, are part of the bioeconomy.

Biological R&D is also critically important for developing medical devices. Some
devices require extensive use of newly developed biotechnologies and the latest biological
research. One example is the brain-controlled robotic arm, including a new version using
noninvasive brain-computer interface, avoiding the need for invasive surgery [126]. Other
devices being developed rely heavily on advances in human biology. These include
cell-based biosensors for diagnosis and lab-grown organoids. All medical devices are
considered within the bioeconomy because their development all require life science R&D.

6.1.3. Bioindustrial Applications

As with the downstream fermentation processes in agriculture, any product or chemi-
cal produced using a biosynthetic or semi-biosynthetic route utilizing recombinant DNA
technology is included in the bioeconomy. However, chemicals manufactured through
strictly chemical synthesis are excluded. The common industrial additive 1, 3-propanediol
(PDO) provides an example highlighting the biosynthetic versus chemically synthetic
processes for producing a chemical. This product can be produced at large scale using
genetically modified bacteria to convert a sugar-based starting product into the desired
chemical [127]. Applications include adding durability to carpets and rugs [128]. Here,
a chemical previously produced through chemical synthesis, is now produced primarily
through a biosynthetic process. There are inherent challenges to measuring the contribution
of production of certain chemicals to the bioeconomy. At present, there are not adequate
data to determine what fraction of the total production of manufactured chemicals are
made via fermentation versus chemical synthesis.

6.1.4. Cross-Cutting Tools, Kits, and Services

Tools, kits, or services supporting or enabling the advancement of biotechnology or
life sciences research would be included in the U.S. bioeconomy landscape. This recognizes
that it can be difficult to decouple tools or services that function both within and outside
the defined parameters of the bioeconomy. A clear example of a supporting tool is a
software used specifically in life sciences laboratories. Software such as SnapGene, used
to view and analyze genetic sequences, would be included because it is a computing
technology that functions primarily to advance research in the life sciences. Standard word
processing software, however, would be excluded because of its many other applications.
As technologies for acquiring data have advanced, there has been significant growth
of life science—specific databases, such as those of genomic sequences that are part of
the bioeconomy. These include data collected from medical and laboratory specimens,
in addition to data produced from consumer-based genomic testing, such as 23andMe
and Ancestry®.

Life sciences-specific instruments, such as pipetting robots, are part of the bioeconomy.
DNA sequencing and synthesis technologies are also important across all bioeconomy
sectors. Many of the products and services described in this landscape rely on the ability
to sequence and synthesize DNA with increasing speed and falling costs (see Chapter 5
of [1,66]. Mass spectrometers and other instruments are critical to the bioeconomy, yet
also serve scientific functions completely outside the bioeconomy. Mass spectrometers
are the workhorse instruments in the fields of proteomics and metabolomics, important
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analytical fields of life science. However, mass spectrometers are also critical to the field of
chemistry, helping, for example, with analyzing and identifying small-molecule products.
These different applications make it difficult to parse out the economic contributions of
mass spectrometers to the bioeconomy.

In addition to tools and instruments, services that advance biotechnology and the
life sciences are included in the bioeconomy. This would, for example, include services
of bioscience patent lawyers who help move new biotechnologies through the complex
system of patent laws [108]. Bioscience patent lawyers have expertise specific to the
bioeconomy, understanding both biotechnologies they are guiding through the patent
process in addition to expertise in patent law. The specificity of their expertise differentiates
these legal services from more general legal services that, while important to biotechnology
and the life sciences, do not require biotechnology-specific knowledge or training.

6.1.5. Intangible Assets

Life science-specific datasets, such as databases of genomic sequences, are valuable
parts of the bioeconomy. As are patents and proprietary technologies, these datasets are
intangible assets that can pose challenges to valuation of the bioeconomy. The Safeguarding
report outlined a framework suitable for valuing intangible assets common to companies
in the U.S. economy (such as intellectual property, brand equity, software programs). This
also included data and other intangible assets held by the public sector. This includes,
for example, the GenBank sequence database, an open-access, annotated collection of all
publicly available nucleotide sequences and their protein translations. The National Center
for Biotechnology Information (NCBI), a division of the National Library of Medicine,
maintains this database and software used to access it. Genbank datasets have grown
quickly since its inception in 1992. This suggests that public data have significant value
for biomedical and bioindustrial analysis. If biological data assets are important inputs to
scientific and commercial advances, the beneficial impacts of open biological data will spill
over to productivity in the business economy (via new industrial and consumer biotechnol-
ogy products) and generate benefits to human health via improved treatments for diseases.
While the economic value of NCBI has not been specifically investigated, economists have
documented the importance of public databases for the progress of knowledge in science
and innovation. For example, Furman and Stern have demonstrated that public libraries for
biological materials enhance the rate of knowledge generation associated with deposited
materials [129]. There is a vast set of data assets, from precision agriculture data to human
and bacterial genome data and more, contributing to the U.S. bioeconomy.

7. Defining the U.S. Bioeconomy Landscape: Moving Forward

It can be difficult to measure the economic activity related to the bioeconomy for prod-
ucts or services that have multiple applications. Computer software has been mentioned
already. Further, economic sectors measured and reported at high levels of aggregation in
U.S. national income accounts would be treated as mixed or hybrid sectors. While some
activities would be within the bioeconomy, others would be outside of it. Larger sectors
with elements of the bioeconomy within them as sub-sectors would include agriculture
(e.g., genetically modified crops); utilities (e.g., biomass electricity); food and beverage and
tobacco products (e.g., bioengineered products); chemical products (e.g., pharmaceuticals,
bio-based chemical products); plastics and rubber products (e.g., bioplastics); professional,
scientific, and technical services (biotechnology R&D); and ambulatory health care services
(e.g., certain medical laboratory services).

At finer scales of sector definition than those used to report GDP, industries are
classified in the United States, Canada, and Mexico in terms of North American Industry
Classification System (NAICS) codes and according to Nomenclature générale des Activités
économiques dans les Communautés Européennes (NACE) codes in the EU. These more
disaggregated classification systems are extremely useful for parsing out which activities
are wholly included, wholly excluded, or partially included. For example, biomass electric
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power generation (NAICS 221117) or R&D in biotechnology (NAICS 541714)) would be
considered within the bioeconomy, while printing ink manufacturing (NAICS 325910)
would be a mixed sector. Soy ink production would be included in the bioeconomy, while
non-biobased ink production would not.

The soy ink example illustrates that, even at relatively fine sector definitions, many
sectors reported in standard statistics of the U.S. economy will be mixed (i.e., with only
a subset of activities considered part of the bioeconomy). To address this problem, some
studies have conducted industry surveys to assess which types of production within
a sector are “bio-based” (e.g., [89,102,130]. Plastics manufacturers, for example, might
be surveyed to estimate what share of their production and employment is devoted to
bioplastics. This subset of their production, bioplastic production, would then be included
in the bioeconomy. Another possible approach would be revise the NAICS codes to
better capture bioeconomy activity [74,108]. Chapter 3 of the NASEM Safeguarding report
discusses possible useful changes to NAICS code definitions that would facilitate more
accurate measurement of the bioeconomy [1].

Chapter 3 of the Safeguarding report also examines methods and data to estimate the
contribution of the bioeconomy to the overall U.S. economy. The direct contribution to
value added (GDP) was estimated (based on 2016 data) to be USD 402.5 billion. Including
indirect and induced multiplier effects, the total contribution of the bioeconomy to U.S.
GDP was estimated to be nearly a trillion dollars (USD 952.2 billion) [1].

The bioeconomy landscape defined in the Safeguarding report takes as a starting point,
a narrower set of economic activities compared, for example, to approaches undertaken in
the EU. Yet, the Safeguarding report approach recognizes that defining the bioeconomy will
continue to be a dynamic process. While EU studies have adopted broader definitions of the
bioeconomy landscape, there will likely be a convergence in what is assessed and measured.
For example, the EU’s BioMonitor Project recognizes the bioeconomy can be divided
into traditional activities (e.g., agriculture, food processing, paper, etc.) and “emerging
activities” (within chemical and pharmaceutical sectors) [131]. The Project recognizes that
the traditional sectors are already comprehensively covered in traditional national accounts,
while the emerging activities will require special focus and data gathering to capture
technological dynamism and growth in bio-based production non-traditional sectors.

As economies around the world struggle with the consequences of the SARS-CoV-2
coronavirus pandemic, emerging bioeconomy ecosystems serve as experimental testbeds
for possible solutions. A 2019 analysis of bioeconomy ecosystems by the OECD examined
the policy aspects of building the industrial and innovation ecosystems and value chains
needed to make bioeconomies viable as a sustainable means of production. Among the
global case studies examined, the OECD concluded that for the U.S., a number of key points
are relevant: the bioeconomy creates jobs and wealth, whole-of-government action and
coordination across relevant agencies is critical, public—private partnerships are powerful
and should serve a broad array of stakeholders, and engineering biology and computing
are drivers of innovation ecosystem hubs [132]. New legislation moving through Congress
may capitalize on these assets and result in a new strategic bioeconomy initiative similar to
the 21st Century Nanotechnology Research and Development Act, which catalyzed the
U.S. nanotechnology industry [133].

8. Summary and Conclusions

This article has provided a history of efforts to conceptualize and define the U.S. bioe-
conomy. It also identified seminal research publications, government reports, and policy
initiatives over the last 25 years to understand and promote the bioeconomy. This historical
overview culminated with in-depth discussion of the definition of the U.S. bioeconomy
recommended in the National Academies of Science, Engineering, and Medicine (NASEM)
report, Safeguarding the Bioeconomy [1]. This discussion has highlighted the variety of
approaches taken by scholars and governments in defining their bioeconomies. Earlier
North American approaches tended to begin from a narrower approach while others (e.g.,
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in the EU) have tended to take a broader approach. The NASEM Safeguarding report and
recent activities in the EU (e.g., the BioMonitor Project) suggest some movement toward
convergence of approaches, which will hopefully facilitate future research collaboration
and policy cooperation.
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