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‘It has become
part of the
accepted wisdom
to say that the
twentieth century
was the century
of physics and
the twenty-first
century will be
the century of
biology.”

Introduction

The esteemed physicist Freeman Dys-
on, in an essay in the New York Review
of Books in 2007, wrote: “It has become
part of the accepted wisdom to say that
the twentieth century was the century of
physics and the twenty-first century will be
the century of biology.” Cutting-edge bio-
technologies, e.g., synthetic biology and
genome engineering, offer opportunities
to improve our ability to enhance wellness
and treat disease, address food insecurity,
mitigate climate change, strengthen bio-
defense, and as we have seen over recent
months, combat future pandemics.

Today, the United States leads the world
in biotechnological expertise and inno-
vation. Whether it continues to do so by
mid-century will depend on how the bio-
technology development environment,
i.e., the drivers of innovation, in the United
States compares to that of other nations.
This report from the JCVI Policy Center
attempts to define and semi-quantitatively
characterize the factors that may increase
or decrease the rate of biotechnology in-
novation in selected nations around the
world. By 2050, we project that the United
States’ foremost competitors will be Chi-
na, followed by India. Continued leader-
ship by the US compared to China seems
likely but is by no means assured. Other
countries examined within the report in-
clude Brazil, Germany, Indonesia, Iran, Is-
rael, Russia, Singapore, South Africa, and
South Korea.

Within each of 12 countries, we have as-
sembled and analyzed a series of close to
100 indicators in a wide variety of catego-
ries. These include indicators of scientific,
technological, policy, and broad societal
drivers that enable the development of
biotechnology innovation today and in
the future. For lack of an existing term,
we have coined the word “bio-enterprise”
to refer to the entire biotechnology inno-
vation and production system, including
the broader science and technology and
general societal environment on which it
depends.

From these 100 indicators we construct
two aggregate scores: 1) Our bio-en-
terprise capacity score is an absolute
measure that reflects each country’s
capacity, or potential to invent and pro-
duce, biotechnology products. 2) Our
bio-enterprise innovation-driver score
is an intensity measure that reflects each
country’s capability to grow its bio-enter-
prise over the next years.

We first evaluate each country’s bio-en-
terprise capacity and potential for growth
as of 2020. We then construct a series of
scenarios that project future bio-enter-
prise capacity in these 12 nations under
varying degrees of governmental policy
attention or neglect.

Biotechnology by Mid-Century: Assessing current capabilities. Anticipating tomorrow’s leaders.



This summary report distills the highlights
of our research. The full 200-page report
includes four sections: 1) an overview of
methods, including the choice of indica-
tors, methods used to aggregate the indi-
cators into sector-wide and comprehen-
sive scores for 2020, and projections of
country capabilities to 2050; 2) a high-lev-
el comparison of the 12 countries, as of
2020 and projected to 2050; 3) four-page
summaries for each of the 12 countries;
and 4) eight-page detailed datasheets for
each of the 12 countries displaying the
100 indicators that form the basis of our
analyses.

We have coined
the word “bio-
enterprise” to
refer to the entire
biotechnology
innovation and
production
system, including
the broader
science and
technology and
general societal
environment on
which it depends.



The 12 countries
examined in this
report include,
the United States,
China, Germany,
South Korea,
Singapore, Israel,
India, Brazil,
South Africa,
Indonesia, Russia
and Iran.

Countries analyzed in this report

The 12 countries examined in this report
include, first, the United States and China,
the world’s two largest economies and
biotechnology leaders, on an absolute
basis, today. In addition, we include four
high-income countries (using the World
Bank classification scheme): Germany,
South Korea, Singapore, and Israel. All
four are biotechnology leaders from a
different perspective, not in absolute ca-
pacity, but the intensity of their biotech
sectors. Four of our countries are large,
rapidly expanding economies with ac-
tive biotechnology sectors: India, Brazil,
South Africa, and Indonesia. Finally, we
include two US adversaries: Russia and
Iran. The latter six are all middle-income
countries today.

Figure 1 displays current (2020) and pro-
jected (2050) GDP/capita for each of our
12 countries. Seven of our 12 countries,
China among them, are middle-income
countries today. By 2050, all are forecast
to increase their GDP/capita to a level that
would be considered high-income today.
Increasing total economic productivity, as
well as increasing per capita productivity,
are important factors for understanding
the potential growth of the bio-enterprises
of these countries by 2050.

Seven of our 12 countries are among the
10 largest economies, as measured by
GDP, in the world today; 6 of 12 are fore-
cast to be among the largest in 2050. To-
gether the economies of these countries
contribute about two-thirds of global GDP
both today and perhaps an even greater
share in 2050. Half our countries are also
quite populous. Six of our 12 countries are
among the top 10 most populous coun-
tries today.

Biotechnology by Mid-Century: Assessing current capabilities. Anticipating tomorrow’s leaders.



Figure 1: Current GDP/capita and projected GDP/capita, constant USD, purchasing power
parity. 2050 estimates are an average of World Bank and PricewaterhouseCoopers
economic projections, Wittgenstein Center of population projections.
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Our
bio-enterprise
capacity score
reflects each
country’s
potential to invent
and produce
biotechnology
products.

Our
bio-enterprise
innovation-driver
score reflects
each country’s
capability to grow
its bio-enterprise
over the coming
decades.

Methods: 2020 Indicators and 2050

Projections

Taking the Measure of the
Bio-enterprise in 2020

Throughout this report, we use the term
“bio-enterprise” to refer to the entire
biotechnology innovation and production
system, including the scientific and so-
cietal environment on which it depends.
To help us understand and compare the
bio-enterprise within and among each of
our 12 countries, we have collected data
on approximately 100 indicators in three
sectors: the biotechnology sector itself,
the broader science and technology sec-
tor, and the general societal environment
in which they function. We combine these
indicators into two high-level bio-enter-
prise scores: a bio-enterprise “capacity
score” and a bio-enterprise “innova-
tion-driver score”.

Our bio-enterprise capacity score is
an absolute measure that reflects each
country’'s capacity, or potential to invent
and produce, biotechnology products.
Each of the 30 indicators included in this
combined score is countable, e.g., number
of patents, scientists, and top universities,
dollars spent on R&D, etc. The bio-enter-
prise capacity score includes indicators
from three sectors, with greatest weight
given to those within the biotechnology
sector and diminishing weights to the sci-
ence and technology sector and general
societal sector.

Our bio-enterprise innovation-driver
score is an intensity measure that re-
flects each country’s capability to grow
its bio-enterprise over the coming de-

cades. Each of the 53 indicators in this
combined index are either absolute mea-
sures scaled to GDP or some measure of
quality that does not depend on country
size. Thus, this score includes indicators
such as R&D expenditures as a percent
of GDP but also includes evaluations of
regulatory burden or intellectual property
protection. While several of the indicators
overlap with those in the capacity score
(but scaled to GDP), the emphasis is on
more forward-looking or future-oriented
indicators.

The Indicators by Sector

Figure 2 is an overview of the categories
of indicators we have used to develop our
bio-enterprise scores. From the biotech-
nology sector itself, we have included
several traditional measures of output,
including scientific journal articles related
to biotechnology; biotechnology patents;
and biotechnology companies in each of
four subsectors: biopharma, agricultural
biotechnology, “industrial” biotechnology
(e.g., production of biofuels, bio-based
chemicals, plastics, etc.), and service
companies. ldeally, we would have also
included a measure of economic output
from this sector, but such information is
not available. A recent report from the US
National Academies of Sciences (NASEM,
2020) recommends collecting such sta-
tistics for the United States. The report es-
timates that the US bioeconomy accounts
for about 5 percent of US GDP, about S1
trillion/year. We could not identify compa-
rable estimates for other countries.

Biotechnology by Mid-Century: Assessing current capabilities. Anticipating tomorrow’s leaders.



Indicators particularly important for pre-
dicting future success are shown in a dark-
er shade. These include biotechnology
and synthetic biology talent, both profes-
sionals and students; top universities for
biotechnology and life sciences; whether
the country has a national biotechnology

policy or plan; measures of the maturity
of the biopharma, ag biotech, and indus-
trial biotech subsectors; measures of the
knowledge base of each country’s plant
and animal biodiversity and genomics,
and a measure of international collabora-
tion within the life sciences.

Figure 2: Categories of indicators analyzed in this report. Indicators have been selected
from three sectors. Indicators shown in darker shade are those particularly important for

predicting future success.
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We constructed a

series of simple

models that step

10

through time in
10-year intervals,
calculating the
increase in both
bio-enterprise
capacity scores
and innovation-
drivers cores
through time.

Indicators from the science and technology
sector include scientific journal articles
in a broad range of advanced technology
flelds outside of, but relevant to, biotech-
nology; total patents (all fields); and an-
other study’s measure of knowledge and
technology outputs (Global Innovation
Index, GlI, by INSEAD, Cornell, and WIPO).
We would have liked to include a mea-
sure of economic output from this broad
sector, but such information, collected in
such a way as to be comparable across
our 12 countries, is not available.

Broader science and technology indica-
tors most important to the future success
of biotechnology are again shown in a
darker shade. These include measures of
STEM talent, both recent graduates and
researchers; R&D expenditures (all fields
of science and engineering) by universi-
ties, businesses, and government; venture
capital funding; top computer science and
engineering universities; regulatory policy;
intellectual property policies; a series of
aggregate measures related to innovation,
acceptance of business risk, and univer-
sity-industry collaboration from the GlI
study and the World Economic Forum'’s
Global Competitiveness Report.

General societal indicators include mea-
sures of economic output, both GDP and
GDP per capita; and population measures,
both total population and the ratio of
working-age to elderly people. For each of
these, we include current data and projec-
tions to 2050. Indicators most important
to the future success of biotechnology
(shown in darker shade) include top-
ranked universities; a series of measures
related to education of the population and
spending on education by government; a
measure of “rule of law"; adoption of in-

ternet and communication technologies;
and a series of survey results about be-
liefs about the benefits from science.

Appendix Table 1 includes the complete
list of indicators used to construct the
bio-enterprise capacity score and the
arithmetic weightings used to calculate
each “within-sector” sub-score. The sec-
tor sub-scores are then combined into the
bio-enterprise score as a scaled Euclidian
distance, with greatest weight given to the
biotechnology sector, followed by the sci-
ence and technology sector, and lowest
weighting to the general societal indica-
tors.

Appendix Table 2 includes the list of
these indicators used to construct the
bio-enterprise innovation-driver score
and the arithmetic weightings used to
calculate each within-sector score. The
bio-enterprise  innovation-driver  score
combines indicators from all three sectors
in a manner similar to the capacity score.
Data sources for the indicators follow
Appendix Table 2.

Methods for Projecting the Relative
Growth of the Bio-enterprise by 2050

Once we had estimated country scores
for 2020, our next goal was to explore the
relative country scores and rankings in
the global bio-enterprise by mid-century.
Our approach assumes that each coun-
try’s future bio-enterprise capacity score
depends on:

o Thecountry's current bio-enterprise
capacity score.

Biotechnology by Mid-Century: Assessing current capabilities. Anticipating tomorrow’s leaders.



o The intensity or strength of its bio-
enterprise innovation-driver score.
The higherthe innovation-driver score,
the faster the growth in capacity.

o Forecast GDP growth (i.e, growth
in the economy overall). A country’s
capacity will grow at least at the rate
of its forecast GDP growth.

o Forecast growth in the average
productivity of its citizens (GDP/
capita). Innovation-driver score ap-
pears related to GDP/capita; exactly
how is unclear, as discussed below.

We constructed a series of simple models
that step through time in 10-year intervals,
calculating the increase in both capacity
scores and innovation-driver scores
through time independently for each of
the three sectors, as GDP and GDP/capita
increases.

We then combine these sector-specif-
ic scores into bio-enterprise scores. In
essence, the bio-enterprise capacity
score represents the size of each coun-
try’s bio-enterprise at a point in time. The
bio-enterprise innovation-driver score
represents the rate at which it is increas-
ing. Those countries with higher innova-
tion-driver scores will see faster growth in
capacity.

We are assuming that global bio-enter-
prise capacity will grow faster than overall
global GDP growth. However, just how
much faster is unknown, thus we con-
structed two growth scenarios to test
whether relative scores and rankings were
sensitive to this unknown.

For the US, the low-growth scenario as-
sumed about 4%/yr. growth of the sector
between 2020 and 2050, i.e., about twice
anticipated GDP growth of just under 2%/
yr. The high-growth scenario assumed a
much rosier picture for the sector: over 5%
above GDP growth, for an overall growth
of over 7%/yr. These higher growth rates
have been forecast by observers who are
optimistic that new technology (e.g., CRIS-
PR gene editing, synthetic biology, cheap-
er sequencing of human genomes) will
enable the biotechnology sector to grow
far faster than the overall economy. For
example, Carlson (2016) estimated that
revenues from the biotechnology sector
grew at over 10%/yr. between 2005 and
2015.

While the absolute capacity scores are, of
course, much greater in the high-growth
scenarios than under our low-growth
scenarios, the relative patterns of growth
among countries remained quite similar.
In this summary, we use the results from
our high-growth scenarios.

Finally, we observed a striking relation-
ship between our 2020 bio-enterprise
innovation-driver scores and the average
productivity of a country’s citizenry (mea-
sured as GDP/capita). All of our countries
are forecast to become wealthier through
time, but at varying rates. We wanted to
incorporate these differences into our
models, but because we have data from
only one point in time, just how was not
clear. Thus, we constructed three different
models incorporating plausible alternative
explanations. As with our growth scenari-
0s, the relative patterns of growth among
countries remained reasonably similar
across our three different models.

Each country's
future bio-
enterprise
capacity score

depends on: 1) its

current capacity
score, 2) the
strength of its
innovation-driver
score, and 3) its
forecast growth

in GDP and GDP/

capita.

1



We have developed

three policy
scenarios, which

we call status quo,

policy push, and

policy drag. Policy

decisions within
each country can

significantly affect

innovation drivers

and thus the future

12

bio-enterprise.

"What-if" Scenarios

The high-growth and low-growth scenar-
ios discussed above were developed to
examine the effects of modest vs. rapid
global technological advance, not vari-
ations in policy emphasis among coun-
tries. To interrogate the effect of policy, we
constructed an additional series of policy
scenarios to test the sensitivity of our
bio-enterprise capacity score to changes
in policies or societal emphasis in indi-
vidual countries. We believe that policy
decisions within our 12 countries will have
striking influences on their relative stand-
ings in the future.

We have developed three policy sce-
narios, which we call status quo, policy
push, and policy drag. Our status-quo
scenario assumes that for any individual
country, due to little or no change in the
national policy influencing our measures,
the strength of its 53 innovation-drivers
remains about equal to its value in 2020,
increasing only slightly as average pro-
ductivity (GDP/capita) increases through
time. Our policy-push scenario posits
that a country would like to drive bio-
technology development, to help grow its
economy and/or become a leader in the
fleld, and therefore alters policy toward
aggressive and sustained governmental
actions supporting biotechnology growth.
Under this scenario, we increase a subset
of innovation-drivers amenable to policy
intervention through time and calculate
the resulting increase in bio-enterprise ca-
pacity. Our policy-drag scenario assumes
that policy attention toward biotechnolo-
gy wanes, innovation drivers decline, and
thus future bio-enterprise capacity drops
below the status-quo scenario.

Of course, governmental policy does not
impact all of our innovation drivers equal-
ly; some are amenable to rapid change,
others hardly at all. The last column of
Appendix Table 2 includes our estimates
of how long it might take to see the full
effect of governmental policy change on
each of our 53 innovation drivers. For
about 20% of our innovation drivers, we
believe policy change could have sig-
nificant effects within a decade. These
include such innovation drivers as gov-
ernment regulation, intellectual property
protection, and investments in R&D and
public education. About another 35% of
our innovation drivers might significantly
respond to governmental policy change
within a 10- to 20-year timeframe. In this
category we include such innovation driv-
ers as building a strong scientific talent
pool, a mature biotech crop industry, or
strengthening the rule of law. We believe
that 30 years might be a more reasonable
timeframe for change in about another
15% of our innovation drivers, e.g., building
strong university and industry technology
clusters. The remaining 30% of our inno-
vation-drivers will not respond to policy
change quickly or are not impacted by
policy changes at all.

In addition, some governments can im-
plement change more quickly than oth-
ers. We have assumed that authoritarian
regimes, if they desire to, can implement
policy changes more rapidly than demo-
cratic governments. Thus, we allow au-
thoritarian regimes, such as China, Iran,
and Russia, to change their innovation
drivers scores more rapidly in response
to our policy scenarios than such dem-
ocratic nations as Germany, the US, and
South Korea. This applies to both the pol-
icy-push and policy-drag scenarios. Rate

Biotechnology by Mid-Century: Assessing current capabilities. Anticipating tomorrow’s leaders.



adjustments are based on the Economist
Intelligence Unit Democracy Index scores.

Just how much an individual innovation
driver can increase under the policy-push
scenario depends on its score in 2020
and its income category. We assume
that our high-income countries, with
political will and sufficient resource in-
vestment, could achieve “best-in-class”
performance for that particular indicator.
For example, if it chose to do so, the US
could increase its rate of R&D spending
(when measured as R&D expenditures
relative to GDP) to that of South Korea, the
current leader. For indicators for which
global data was available, “best-in-class”
was set to an average of the top fifth of
global nations (to eliminate outliers), or
the best of our 12 nations, whichever was
higher. Middle-income countries such as

Brazil also increase their scores under the
policy-push scenario, but not as much.
The maximum score for middle-income
countries was set to either the average
of the top middle-income score and top
high-income score, or the average of the
top fifth of global middle-income nations,
whichever was higher. This recognizes
that middle-income countries will be able
to push further toward high-income per-
formance as their economies develop in
the coming decades.

Under the policy-drag scenario, we as-
sume individual innovation drivers can
drop by 30%, regardless of country income
category. Again, as under the policy-push
scenario, the rate of decline varies by indi-
cator, with authoritarian regimes declining
faster than democratic countries.

Our policy-push
scenario posits
that a country
would like to drive
biotechnology
development

to help grow its
economy and/or
become a leader in
the field.

Our policy-drag
scenario assumes
that policy
attention toward
biotechnology
wanes and
innovation drivers
decline.
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Today, the US and
China are the clear
bio-enterprise
capacity leaders,
with the US over
50% larger than
China. Germany
and India fall into a
second tier.

14

Results: 2020 and Projections to 2050

Bio-enterprise Capacity and Drivers of
Innovation in 2020

Figure 3 displays our calculated bio-en-
terprise capacity scores in 2020. The
bio-enterprise capacity scores (vertical
axis) are displayed in relation to each
country’s GDP (horizontal axis). Because
our capacity score is an absolute mea-
sure, large countries clearly have an ad-
vantage.

Note the different scales between the
top and bottom panels. The top panel
display all 12 countries; the bottom panel
expands a portion of both axes so that the
relative positions of smaller countries can
be seen more easily.

The US and China are the clear bio-enter-
prise capacity leaders. And even though
the US GDP (measured as purchasing
power) is about three-quarters the size
of China’s (due to China’s far larger pop-
ulation), the US’ bio-enterprise capacity
score is over 50% larger. Germany and
India fall into a second tier, with Germany
slightly outpacing India, even though Ger-
many's GDP is less than half the size of In-
dia’s. Brazil, South Korea, and Russia form
a third tier, again on an absolute basis,
followed by Indonesia and the remaining
four smaller countries *

* Country codes: Brazil — BRA, China —
CHN, Germany — DEU, India — IND, Indone-
sia — IDN, Iran = IRN, Israel = ISR, Russia —
RUS, Singapore — SGP, South Africa — ZAF,
South Korea — KOR, United States — USA.

Figure 3: 2020 Bio-enterprise capacity
score vs GDP (purchasing power parity)
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Figure 4 displays our second key mea-
sure, each country’s bio-enterprise inno-
vation-driver score in 2020. Again, this is
an intensity measure that reflects each
country’s capability to grow its bio-enter-
prise into the future.

One can see a striking relationship be-
tween our 2020 bio-enterprise innova-
tion-driver scores and the average produc-
tivity of a country’s citizenry (measured as
GDP/capita), again in 2020. Our 12 coun-
tries fall into two tiers. The first tier, with
the highest bio-enterprise innovation-driv-
er scores, includes Israel, Singapore, the
US, Germany, and South Korea. All five are
high income countries.

Biotechnology by Mid-Century: Assessing current capabilities. Anticipating tomorrow’s leaders.



Figure 4: 2020 Bio-enterprise innova-
tion-driver scores increase with eco-
nomic productivity (GDP/capita), but at a
declining rate.
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The second tier of countries are all mid-
dle-income countries today. Note that
several of these have somewhat higher
innovation-driver intensity scores than
might be expected simply on the basis of
GDP/capita. These include China, South
Africa, Brazil, and India. Iran, Russia, and
Indonesia have the lowest innovation-driv-
er intensity scores of our 12 countries and
are all less than might be expected based
on GDP/capita.

Table 1 displays our calculated bio-enter-
prise capacity scores and bio-enterprise
innovation-driver scores for each of
our 12 countries in 2020. The top panel
includes the combined bio-enterprise
capacity score, as well as the capacity
scores for each of its three component
sectors. The bottom panel presents in-
novation driver scores in a similar format.
A much deeper understanding of each
country’'s 2020 bio-enterprise capacity

$80,000 $100,000

and drivers of innovation can be gained by
examining the eight pages of close to 100
individual indicator scores per country in-
cluded in Part Il of the full report.

Table 1: 2020 Capacity scores and inno-
vation-driver scores, by country. Bio-en-
terprise score and scores for individual
sectors.

Capacity scores:
Combined bio-enterprise score and individual sectors

COUNTRY | Bio-enterprise | biotech SCi:::: &
238

IND 23 0.8 13

BRA 1.4 1.2 0.7 1.0
KOR 13 0.7 it 0.7
RUS 1.0 03 11 11
IDN 0.6 0.4 0.0 1.0
ISR 0.4 0.4 03 0.1
ZAF 0.4 03 0.4 0.3
SGP 0.3 0.2 0.4 0.1
IRN 03 01 03 0.5

Innovation-driver scores:
Combined bio-enterprise score and individual sectors

science &
tech

COUNTRY | Bio-enterprise | biotech general

ISR
SGP
USA
DEU
KOR

CHN
ZAF
BRA
IND 3.8 18 29 (e
IRN 3.5 17 20 32
RUS 3.4 14 27 36
IDN 25 0.8 17 3.0

Five high-income
countries—Israel,
Singapore, the
US, Germany, and
South Korea—
have the highest
bio-enterprise
innovation-driver
scores.
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The graphs in

Figure 5 are divided
into four quadrants.

The upper-right

quadrant of both
graphs includes

countries that have
both high capacity

16

scores and high
innovation-driver

SCores.

In 2020, the US is
the only country

that falls in this
quadrant.

Bio-enterprise Capacity and Drivers of
Innovation Projected to 2050

As discussed previously, our models as-
sume that each country’s future bio-en-
terprise capacity score depends on 1)
its current bio-enterprise capacity score;
2) the intensity or strength of its bio-en-
terprise innovation-driver score; and 3)
forecast GDP growth (i.e., growth in the
economy overall). Each country’s future
bio-enterprise innovation-driver score
depends on 1) its current bio-enterprise
innovation-driver score and 2) forecast
growth in the average productivity of its
citizens (GDP/capita). Our models start
in 2020, using the scores calculated from
the close to 100 indicators as described
and displayed above, then step through
time in 10-year intervals until 2050.

Figure 5displays the scores of both bio-en-
terprise measures together. In this graph,
each country’s bio-enterprise capacity
score (vertical axis) is displayed in rela-
tion to its bio-enterprise innovation-driv-
er score (horizontal axis). The top panel
displays 2020 scores; the bottom panel
displays are projections for 2050.

Each graph is divided into four quadrants.
The upper-right quadrant of both the 2020
and 2050 graphs includes countries that
have both high capacity scores and high
innovation-driver scores. In 2020, the US
is the only country that falls in this quad-
rant.

The upper-left quadrant includes coun-
tries that have high capacity scores but
low innovation-driver scores (below a
score of five). China is the only country
that falls in this quadrant in 2020.

Figure 5: Bio-enterprise capacity score
vs. Bio-enterprise innovation-driver score:
2020 and projected 2050 (high-growth,

status-quo scenario)
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The lower right quadrant includes coun-
tries that have high innovation-driver
scores, but because of the smaller size
of their economies, have lower capacity
scores. Germany, South Korea, Israel, and
Singapore fall in this quadrant in 2020.
These countries, along with the US, are
the current drivers of innovation for the
global bio-enterprise.
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Finally, the lower left quadrant includes
countries that have both low capacity
scores and low innovation-driver scores.
Half of our countries fall into this quadrant
in 2020.

The picture in 2050 may be quite a bit
different. In the high-capacity, high-inno-
vation-driver quadrant, the US is joined
by both China and India. Note that we
are using the same threshold for high in-
novation-driver in 2050 as for 2020. Our
dividing line between low and high capac-
ity score increases at an assumed rate of
about 6.5%/yr, from a score of 3 in 2020
to a score of 20 in 2050.

Brazil, South Africa, and Iran move into
the lower right quadrant, i.e., high inno-
vation-driver scores but still low capacity
scores. That said, low capacity in 2050 is
relative. We anticipate that, for example,
Brazil's capacity in 2050 will exceed that
of Germany today. Indonesia and Russia
remain in the lower left quadrant, ie,
having both low capacity scores and low
innovation-driver scores.

The Importance of National Policy for
the Growth of the Bio-enterprise:

As The 2050 projections presented in
the graphs above are for our “status-quo”
scenario. As discussed in the earlier
methods section, we developed three
scenarios for this study, which we call
status quo, policy push, and policy drag.
Our status-quo scenario assumes that
for any individual country, the bio-enter-
prise innovation-driver score remains
about equal to its value in 2020, increas-
ing only as average productivity (GDP/
capita) increases through time, following
the relationship shown in Figure 4 above.

However, the positions of these countries,
and their positions relative to each other,
could change in both capacity and innova-
tion by 2050, depending on the policy pur-
sued by each country over the next three
decades. Results for each policy scenario
are included in the full report in each of
the country’s chapters.

Again, our policy-push scenario posits
that a country would like to become a
leader in biotechnology to help grow its
economy and intervenes with aggressive
and sustained governmental actions. Un-
der this scenario, we increase a subset
of innovation-drivers amenable to policy
intervention through time and calculate
the resulting increase in bio-enterprise ca-
pacity. Our policy-drag scenario assumes
that policy attention wanes, innovation
drivers decline, and thus future bio-enter-
prise capacity drops below the status-quo
scenario.

By 2050, we
forecast that three
countries—the US,
China, and India—
will have both high
capacity and high
innovation—driver
scores.

Only two will
remain in the
low-low' category:
Indonesia and
Russia.
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Figure 6 displays
innovation-driver
scores for India
under our three
policy scenarios.
Figure 7 (next

page), shows their

18

impact on future
bio-enterprise
capacity.

Figure 6 displays the bio-enterprise in-
novation-driver score for India, between
2020 and 2050, using the 10-year intervals
in our projection models. Note the gradual
increase in the status-quo scenario, the
significant decade-to-decade increases
in the policy-push scenario, and decline
in the policy-drag scenario. Again, our
bio-enterprise driver-innovation score in-
cludes over 50 individual indicators; some
will respond to governmental intervention
within a decade, about half will require a 10
to 30 years to achieve significant change,
and quite a few will require even longer.
The policy-push and policy-drag scores
shown in the figure are calculated using
both the magnitude and rates of change
for each individual driver. In addition, we
assume that authoritarian governments,
if they desire to, can implement policy
changes more rapidly than democratic
governments.

Figure 6: Bio-enterprise innovation-driver
score: 2020 through 2050. Status-quo,

Policy-push, and Policy-drag scenarios.
See text for explanation of scenarios
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Figure 7 displays the bio-enterprise ca-
pacity scores for the US, China, and In-
dia, the top three bio-enterprise capacity
countries by 2050. The figure displays the
results of the status-quo, policy-push,
and policy-drag scenarios, between 2020
and 2050 (under our high growth set of
scenarios). Figure 5, presented earlier,
displayed only the status-quo scenario
for 2050. Figure 7 displays the effect that
governmental action (or inaction) might
have to alter those outcomes.

For example, the status-quo scenario
for China projects that by 2050, China's
bio-enterprise capacity score will remain
behind the US and ahead of India, as it
does today. However, with very aggressive
and sustained government intervention
(policy push), it appears plausible that
China could overtake the US, if the US
stance towards its bio-enterprise remains
about the same as it does today (status
quo). If US policy attention wanes (policy
drag), the likelihood of China overtaking
the US with aggressive policy increases.
Similarly, China's bio-enterprise capacity
under a policy-drag scenario might drop
below India’s if India adopts aggressive
and sustained policy push.
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Figure 7: Bio-enterprise capacity scores for top three nations: United States, China,
and India, 2020 through 2050. Status-quo, Policy-push, and Policy-drag scenarios.
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Table 2 (next page) is a high-level summary
of the results of our projections of bio-en-
terprise capacity and innovation-driver by
2050. The top panel includes our 2050
status-quo capacity estimates for each
country, 2050 rank, and change in rank
for each country between 2020 and 2050.
The last two columns show the change in
rank in 2050 if each country were to fol-
low either the policy-push or policy-drag
scenarios, compared to all other countries
following their status quo. Table 2 (bot-
tom panel) includes our 2050 status-quo
bio-enterprise innovation driver scores for
each country, 2050 rank, and change in
rank for each country from 2050.

The full report includes four-page sum-
maries for each country that 1) highlight

the strengths and weaknesses within
each of the three component sectors of
the bio-enterprise in 2020 and 2) provide
additional detail about the results of the
three policy scenarios by 2050.

By 2050, with
aggressive

and sustained
government
intervention by
China (policy
push), China could
overtake the US,

if the US stance
towards its bio-
enterprise remains
about the same
as it does today
(policy status quo).
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Table 2: 2050 Bio-enterprise capacity scores and innovation-driver scores, by country.
2050 scores and changes in rank under various scenarios.

Bio-enterprise capacity

COUNTRY 2050 status | 2050 status | Status quo | Policy push | Policy drag
quo score quorank | rank A 2020 | rank A 2050 | rank A 2050

USA
CHN 2
IND 3 +1 - -
DEU 16.5 4 -1 - -
KOR 9.0 5 +1 - -1
6
7
8

1 - - -

- +1 -

. BRA 8.0 -1 +1 -
Table 2 is a ISR 6.2 2 ] 1

high-level summary IDN 5.9 . 3 N
of the results of RUS 33 9 2 ] P
At ZAF 3.0 10 ; +1 )

our projections of

‘ . SGP 2.0 11 - - -1
bio-enterprise IRN 1.8 12 - +3 -

capacity and Bio-enterprise innovation drivers
innovation-driver

by 2050.

Status quo

COUNTRY rank A 2020

ISR
USA
KOR
SGP
DEU
CHN
ZAF
IND
BRA
IRN
RUS
IDN

+1
+2
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Appendix Table 1: Indicators used to calculate Bio-enterprise Capacity scores. \Weights prioritize
the relative influence of each indicator to the health of a country's biotechnology endeavor, with
higher scores more influential *

sector category absolute indicators weights
publications share of top biotech publications 10
patents share of world biotech patents, 2014-2019 10
companies share of world biotech companies 6
users of largest genetic sequence database 4
users of a major genetic engineering tool supplier 4
talent participation in international genetic engineering competition 4
attendance at preeminent synthetic biology conferences 1
subscribers to a prominent synthetic biology newsletter 1
biotech share of top biotech universities 4
universities share of top biology universities 3
share of top life sciences universities 3
) share of total global biotech crops 3
md:,s;:l{éeaor share of total global biofuel production 2
v clinical trials of biologics since 2010 5
well-studied animal and plant species 2
biodiversity non-human sequence entries in largest genetic sequence 2
database
collaboration life sciences collaboration (Nature Index) 4
publications share of top high-tech publications 10
patents share of world patents, 2014-2019 10
share of world STEM graduates 5
talent
science & share of world researchers 5
technology funding: R&D total expenditures on R&D 10
. . share of top computer sciences universities 3
universities . - —
share of top engineering and technology universities 3
collaboration share of top international innovation clusters 6
economy current GDP, PPP 10
population current population 4
E::iirtgi economy 2050 GDP, PPP 10
population 2050 population 4
universities share of top universities 6

* Weighted scores are first calculated for each sector and country. The maximum sector score of the 12

countries is assigned a value of 10 and the remaining countries’ sector scores are linearly scaled

accordingly. The sector scores are then combined into the bio-enterprise score as a scaled Euclidian

distance, i.e., bioenterprise score =

J(biotech score)? + 0.5 = (science&tech score)? + 0.25 # (general societal score)?
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Appendix Table 2: Indicators used to calculate Bio-enterprise Innovation-driver scores. \Weights
prioritize the relative influence of each indicator to the health of a country's biotechnology endeavor,
with higher scores being more influential.

. T . rate of
sector category intensity indicators weights change
users of largest genetic sequence database relative to GDP 4 20 yrs
users of a major genetic engineering tool supplier relative to GDP 4 20 yrs
talent participation in international genetic engineering competition relative to GDP 4 20 yrs
attendance at preeminent synthetic biology conferences relative to GDP 1 20 yrs
subscribers to a prominent synthetic biology newsletter relative to GDP 1 20 yrs
top hiotech universities relative to GDFP 4 longer
universities top biology universities relative to GDP 3 longer
top life sciences universities relative to GDP 3 longer
biotech policy presence of a national biotechnolagy plan ] 10 yrs
biotech crops relative to total cropland 3 20 yrs
. hiotech fuels relative to total liguid fuel production 1 20 yrs
industry sector —— -
maturity average aJ.'mum'gj_"awtﬁ rate in biofuel production, 2006-2016 1 20 yrs
clinical trials of binlogics since 2010 scaled to GDP 2 20 yrs
innovation in biopharma [Biopharmaceutical Competitiveness Index) 3 20 yrs
biodiversity well-studied animal and plant species scaled to GDP 2 20 yrs
non-human sequence entries in largest genetic sequence database scaled to GOP 2 20 yrs
collaboration life sciences collaborations relative to GDF 4 30 yrs
STEM graduates relative to GDP 4 20 yrs
talent retention of foreign-educated PhD students 2 20 yrs
researchers relative to GDP 4 30 yrs
total expenditures on R&D relative to GDP 5 20 ¥rs
funding: R&D iﬁﬂ experrdi:rur'es funded by higher ed. rc.l'fi n've_ to GOP 3 10 yrs
expenditures funded by government relative to GDP 1 10 yrs
R&D expenditures funded by business relative to GDP 1 30 yrs
funding: venture | VC availability {Global Competitiveness Report) 3 longer
capital VC index (1ESE Venture Capital and Private Equity Attractiveness Index) 3 longer
policy: regulatory | lack of burden of government regulation (Global Competitiveness Report) 4 10 yrs
burden ease of technology transfer (US Chamber IP Index) 4 10 yrs
science & policy: intellectual property protection (Global Competitiveness Report) 3 10 yrs
technology intellectual patents, related rights, and limitations (IS Chamber IP Index) 4 10 yrs
property tax incentives in the creation of IP assets (US Chamber IP Index) 1 10 yrs
policy: future future erientation of government [Global Competitiveness Report] 8 30 yrs
acceptance of risk in entrepreneurship (Global Competitiveness Report) 3 longer
human capital and research {Global Innovation Index) 1 20 yrs
innovation innovation capability {Global Competitiveness Report] 1 30 yrs
infrastructure (Global Innovation Index) 1 30 yrs
business sophistication {Global innovation Index) 1 longer
universities top computer sciences pniversities relative to GDP 3 longer
tap engineering and technology universities relative to GDP 3 longer
collaboration state af cluster development [Global Competitiveness Report) 3 30 yrs
university-industry collabaration (Global Competitiveness Report) 3 20 yrs
economy 2050 GDP per capita 8 longer
GDP annual growth rate, 2018 to 2050 2 longer
population population growth rate, 2018 to 2050 1 longer
2050 ratio: working age population to young plus elderly population 3 longer
universities top universities relative to GOP 5] longer
school life expectancy, primary through tertiary 2 20 yrs
d . presence of science education in secondary school 2 10 yrs
gen_ernl education government expenditure on education as percent of GDP 1 10 yrs
scletal government expenditure on primary education as percent of GDP 1 10 yrs
policy rule of law [World Justice Praject) 4 20 yrs
ICT ICT adoption [WEF Global Competitiveness) 4 30 yrs
helief in science as future national benefit 1 longer
beliefs about helicf in science as increasing jobs 1 longer
science helief in science as a personal benefit 1 longer
trust in science over religion 1 longer
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Data Sources

Sources listed here include databases and comparative reports on general societal,
science and technology, and/or biotechnology performance whose findings were
included in our analysis.

Academic Ranking of World Universities. Shanghai Ranking Consultancy. Online
database.
Addgene. Primary data. (2019).

Bioeconomy Policy (Part Ill) Update Report of National Strategies around the World.
Germany Bioeconomy Council, Biookonomierat. (2018).

Biopharmaceutical Competitiveness & Investment (BCl) Survey, st to 4th Edition.
Pugatch Consilium. (2017).

BiotechGate Business Development Database. Venture Valuation AG. Online databse.

Building the Bioeconomy, National Biotechnology Industry Development Strategies
Globally, Tst to 6th Edition. Pugatch Consilium. (2019).

China’s Biotechnology Development: The Role of US and Other Foreign Engagement - A
report prepared for the U.S.-China Economic and Security Review Commission. Gryphon
Scientific, Rhodium Group. (2019).

Democracy Index 2079. The Economist Intelligence Unit. (2019).
EvaluatePharma® World Preview 2018, Outlook to 2024. Evaluate. (2018).

Global Agriculture Information Network (GAIN) Reports. US Department of Agricultural
Services (FAS). Multiple country reports over multiple years.

Global Innovation Index, 2011-2019 editions. Cornell University, INSEAD (Institut
Européen d’Administration des Affaires), and WIPO (World Intellectual Property
Organization. (2019).

Global Observatory of Science, Technology and Innovation Policy Instruments (GO-
SPIN). United Nations Educational, Scientific and Cultural Organization. (2016).

Global Status of Commercialized Biotech/GM Crops: 2018. International Service for the
Acquisition of Agri-Biotech Applications. (2018).

Index of Economic Freedom. The Heritage Foundation. (2020)

International Clinical Trials Registry Platform (ICTRP). World Health Organization.
Online Database.
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International Genetically Engineered Machine. Primary data. (2019).

Is China Catching Up to the United States in Innovation? Information Technology &
Innovation Foundation (ITIF), R. Atkinson, C. Foote. (2019).

IUCN Red List. International Union for Conservation of Nature. Online database.
Legatum Prosperity Index. Legatum Institute. (2079).

Monthly Biodiesel Production Report. U.S. Energy Information Administration. Online
database.

National Science Foundation Science & Engineering Indicators. National Science Board.
(2018).

OECD Data. Organisation for Economic Co-operation and Development. Online
database.

PATENTSCOPE - WIPO patent database. World Intellectual Property Organization.
Online database.

Report on statistics and indicators of biotechnology. OECD Science, Technology and
Industry Working Papers - Organisation for Economic Co-operation and Development.
(2018).

SBX.0 Conferences. BioBricks Foundation. Primary data. (2019).

Science, Technology, and Innovation Policy (STIP) Compass. European Commission,
Organisation for Economic Co-operation and Development. Online database.

Science, Technology, and Innovation Outlook. OECD Science, Technology and Industry
Working Papers - Organisation for Economic Co-operation and Development. (2018).

Scientific American Worldview: A Global Biotechnology Perspective. Scientific American.
(2016)

SCImago Journal and Country Rank. Elsevier. Online database.
SynBioBeta. Primary data. (2019).
The Global Competitiveness Report. World Economic Forum. (2018-2019).

The Venture Capital and Private Equity Country Attractiveness Index, 9th Edition. IESE
Business School. (2018).

The World Factbook. Central Intelligence Agency. Online database.

The World in 2050: The Long View. How will the global economic order change by 2050?
PricewaterhouseCoopers. (2017).

THE World University Rankings. Times Higher Education. Online Database.
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Trend-Analysis of Science, Technology and Innovation Policies for Biotechnology,
Nanotechnology and Converging Technologies (BNCT). OECD Science, Technology and
Industry Working Papers - Organisation for Economic Co-operation and Development.
(2018).

U.S. Chamber International IP Index, 7th Edition. U.S. Chamber of Commerce’s Global
Innovation Policy Center, Pugatch Consilium. (2019).

UNESCO Science Report, Towards 2030. United Nations Educational, Scientific and
Cultural Organization. (2015)

Web of Science. Clarivate. Online database.
Wellcome Global Monitor - Trust in Science. Wellcome, Gallup. (2018).

Wittgenstein Centre Human Capital Data Explorer. Wittgenstein Centre for Demography
and Global Human Capital. Online database.

World Bank Open Data. The World Bank. Online database World Justice Project Rule of
Law Index 2019. World Justice Project. (2019).

World Values Survey Wave 6. World Values Survey Association. (2011-2014).
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