Designing Pull Funding

For A COVID-19 Vaccine

ABSTRACT

A widely accessible vaccine is essential to mitigate the health and economic ravages of
coronavirus disease 2019 (COVID-19). Without appropriate incentives and coordination,
however, firms may not respond at sufficient speed or scale, and competition among
countries for limited supply may drive up prices and undercut efficient allocation.
Programs relying on “push” incentives (direct cost reimbursement) can be complicated
by the funder’s inability to observe firms’ private cost information. To address these
challenges, we propose a “pull” program that incentivizes late-stage development
(Phase Il trials and manufacturing) for COVID-19 vaccines by awarding advance
purchase commitments to bidding firms. Using novel cost and demand data, we
calculate the optimal size and number of awards. In baseline simulations, the optimal
program induces the participation of virtually all ten viable vaccine candidates, spending
an average of $110 billion to generate net benefits of $2.8 trillion, nearly double that

generated by the free market.

A widely accessible vaccine is essential to mitigate the health and economic
ravages of coronavirus disease 2019 (COVID-19). Forecasts indicate that the pandemic
could claim forty million lives! and reduce global economic output by $9 trillion.? Despite
the urgent global need for a vaccine, there is a perennial concern that private markets
fail to adequately incentivize vaccine investments,? particularly at the speed or scale

required to mitigate this pandemic.



Public funds from governments, philanthropies, and partnerships such as the
Coalition for Epidemic Preparedness Innovations provide resources to reduce the cost
and risk of early-stage research and development, but optimal mechanisms to
incentivize firms to bring candidates through licensure, scale up capacity, and
manufacture vaccine doses at risk are lacking.

Absent public support for these later stages, one concern is that firms will
underinvest in manufacturing capacity to produce large quantities of vaccine rapidly
because they reap more profit if they serve demand for a longer period of time with less
capacity. Firms may also hesitate to scale up manufacturing in a timely fashion.
Typically, capacity is installed only after a candidate has proven effective in Phase Il
trials. To best respond in a pandemic, however, manufacturing capacity investments
must be made in parallel with trials, requiring companies to build facilities and purchase
supplies for a vaccine that may fail in clinical trials.

Absent global coordination, there is also concern that countries may bid against
one another, driving up the price of vaccines. In addition to depleting public resources, a
free market approach will allocate vaccines to the highest bidders, leaving the most
vulnerable unprotected and therefore failing to end the pandemic in the shortest period
possible.

Public support can come in the form of “push” funding (up-front reimbursement of
research, development, and production expenditures) or “pull” funding (payment for
successful products). The Coalition for Epidemic Preparedness Innovations, the
Biomedical Advanced Research and Development Authority, and the National Institutes

of Health, which together account for a large portion of publicly funded COVID-19



vaccine research, have largely employed push funding. Looking ahead to later stages of
COVID-19 vaccine development, exclusive reliance on push funding may have
drawbacks, requiring the funder to predict “winners” in advance (before it is known
whether they can in fact produce safe and effective vaccines), elicit accurate cost
information from these firms, and micromanage the development process.*

To overcome these challenges, we propose an advance purchase commitment
to reward the development and manufacture of vaccines that meet specifications for
safety, efficacy, and suitability. Because this pull program only pays for successful
products, it puts the onus on firms to assess their prospects for success before putting
their own capital at risk. Because the reward is a set ex-post payment, not a cost
reimbursement, it relieves the funder from having to elicit firms’ cost information.

A variety of advance purchase commitments have been used to stimulate private
sector vaccine investment. The Vaccines for Children fund, which provides a standing
federal purchase order for recommended pediatric vaccines, has functioned as a pull
incentive for new vaccine development in the United States since 1994.5 An advance
market commitment, a particular form of advance purchase commitment that ties the
award to volume supplied,*® was piloted for pneumococcal disease, the leading
vaccine-preventable killer of children younger than five in developing countries. This
advance market commitment sped the development and rollout of vaccines according to
several studies.®®

Several pull-funding programs have been proposed to stimulate investment and
coordinate the purchase and distribution of a COVID-19 vaccine globally,%*° including

the $18 billion COVAX facility launched by Gavi, the Vaccine Alliance.! Proposals differ



somewhat in the recommended mix of incentives, regional scope, and overall funding
amounts.*? In all cases, key questions remain regarding the size of the fund and the
number of candidates that should be funded to ensure wide access to an effective
vaccine.

Our analysis can answer these questions for a range of parameters. Using novel
demand and cost data, we calculate the number of candidates that should receive
purchase commitments and the size of commitments required to induce optimal firm
participation. These calculations depend on the value of the health and economic
benefits that derive from accelerating vaccine development, the number of firms
competing for the award, the distribution of their costs, and the probability that they
succeed.

Study Data And Methods

We provide design principles for an optimal pull mechanism under general
demand and cost conditions in the presence of “frictions” (including the funder’s inability
to observe firms’ private cost information) that preclude efficient push funding.
Operations research has produced a rich literature on procurement under demand risk*3
and supply risk.2* Our article draws on a relevant article characterizing optimal
procurement from multiple suppliers facing a risk of performance failure,® translating
this abstract characterization into a concrete mechanism, which we use to determine
the number of investing suppliers and their award.

We also collect and analyze data from several sources to estimate demand and
costs in the market for a COVID-19 vaccine. These estimates are put into Monte Carlo

simulations of the performance of our proposed funding mechanism. We gauge



baseline performance against benchmarks ranging from an idealized mechanism
operating in a frictionless environment at one extreme to a free market in the absence of
coordinated funding at the other. We analyze the sensitivity of the simulation results to
variations in the baseline parameters.

Model

We adopt the same time frame as the International Monetary Fund forecasts
behind our demand estimates, spanning two years from January 2020, the start of the
pandemic, to December 2021, the end of the forecast horizon. As of July 6, 2020, eight
vaccine candidates have progressed into Phase Il trials and two into Phase Il trials.®
The baseline scenario thus assumes ten promising vaccine candidates. Completing
Phase Il trials and scaling up manufacturing will require, optimistically, an additional six
months, leaving months 13—-24 as the potential time frame for a vaccine to become
available.

We assume that funding from agencies and foundations is available in the form
of grants to defray all costs of bringing candidates through Phase Il trials. However, no
widely supported mechanism has been proposed to fund the remaining costs—the
costs of Phase Il trials and manufacturing.

Under the model, a funder representing international interests designs a program
to incentivize firms to take vaccine candidates through these later stages. The funder
seeks to maximize net benefits—global harm avoided with a vaccine- minus program
expenditures—on average across uncertain states of the world. For simplicity, suppose
that all countries participate in the program and all commit to obtaining the vaccine

solely through the program rather than through side deals with firms.



When push funding (funding with up-front grant payments) is provided, firms’
incentives to follow through with a successful product are diminished. Firms with
unrealistic chances at success, knowing their costs are covered, may also be drawn into
the program. These challenges are magnified in later stages because the associated
costs are typically larger.l” We assume that these challenges are severe enough that
push funding would be less efficient to fund late-stage investment and production than
pull funding (that is, payment for successful delivery of product). To have a realistic
prospect of having a vaccine ready for months 13-24, we assume that the firm must
install manufacturing capacity “at risk,” in parallel with clinical trials, as opposed to after
efficacy had been established, as is typical. Thus, although the firm must self-fund late-
stage development, the relevant probability of success that the firm should use to
determine whether to undertake this investment is the cumulative probability over the
whole development pipeline.

Data
Global Demand:

We estimate global demand for a COVID-19 vaccine by combining estimates of
economic output losses and mortality losses. Our estimate of economic output losses is
based on International Monetary Fund projections of growth decline in twenty-six global
subregions during 2020-21 caused by COVID-19.2 Translating these growth projections
into levels using World Bank data on per capita gross domestic product in every
country!® and dividing by the twenty-four months in 2020-21 provides an estimate of

monthly economic harm per capita from COVID-19 in each country.



Our mortality loss estimates are based on projections by the Imperial College
COVID-19 Response Team of deaths by country.! The online appendix details the steps
undertaken to express these losses in monetary terms.*®

Descriptive statistics for harm from economic output losses, mortality losses, and
their sum are provided in exhibit Al in the appendix.'® On average, mortality losses
constitute about a quarter of a country’s total losses

Health and economic harm from COVID-19 can be translated into a global
demand curve for a vaccine that would allow this harm to be avoided. The appendix
provides a series of exhibits graphing the resulting global demand curve.® Appendix
exhibit A2 provides a static picture of global demand for a month of avoided harm,
assuming constant harm during the pandemic.'® Appendix exhibit A3 provides an
enhanced demand diagram illustrating demand dynamics as pandemic intensity varies
over the time frame considered.!® The baseline scenario assumes that the arrival of
mitigating factors (that is, herd immunity, an effective treatment, or improved
transmission mitigation measures) generate a 5 percent chance that the pandemic ends
each month. The resulting dynamic demand curve in appendix exhibit A3 shrinks over
time because the demand for avoiding expected future harm (harm x the probability that
it is experienced) declines.*®
Cost Distribution:

To determine market supply, we need to determine the number of firms that the
program induces to participate. We compute the number of participants via simulation,
checking whether the firm’s return from the program exceeds its draw from the cost

distribution, implying participation is profitable. To conduct these simulations requires



information not just on the average value of costs but also on the shape of the cost
distribution (mean and variance).

Previous estimates of cost distributions for various stages of pharmaceutical
research and development do not directly apply to our context.1”29-22 We are not aware
of any published estimates of the cost of manufacturing capacity or production. Existing
cost estimates for Phase I trials, with few exceptions,'®2! apply to drugs rather than
vaccines. Some estimates cover only clinical trial management,?2 not the cost of
manufacturing the doses used in the trials. Other estimates adjust for the risk for project
failure.®20 Because we directly account for failure in our simulations, risk adjusting
firms’ costs in our context would amount to double counting.

We provide new estimates of the cost distribution using proprietary data from a
Coalition for Epidemic Preparedness Innovations survey of more than four hundred
firms identified from clinical trial registries of vaccine firms. The first wave of this survey
was analyzed by Dimitrios Gouglas and colleagues.?! Their analysis focused on the cost
of early-stage vaccine development (preclinical, Phase |, and Phase Il trials). Here, we
analyze survey responses for later stages (Phase Il trials, capacity installation, and
variable manufacturing costs, referred to in the industry as cost of goods sold or COGS)
and include the most recent wave of data surveying potential COVID-19 vaccine
manufacturers. The appendix provides details on the survey methods and descriptive
statistics for the final sample (see appendix exhibit A4).1°

We assume that the distribution of a firm’s costs in each of the three relevant
stages is lognormal. Lognormality is a standard assumption for investment costs,

applied in contexts ranging from new drug entry?® to manufacturing research and



development,?* and has been empirically tested in a study of seven industrial sectors
across six countries.?® We estimate the best-fitting lognormal distribution for the three
relevant stages by applying the maximum likelihood method to the Coalition for
Epidemic Preparedness Innovations survey data. Details on this method and parameter
estimates are provided in the appendix.*®

Exhibit 1 shows the estimated cost distributions. The colored curved lines are the
distributions for separate stages. Although Phase Il costs do not depend on the scale of
production, both capacity and COGS do. In the exhibit, they are drawn for the baseline
scenario in which a firm is assumed to produce 750 million doses annually. The cost
distributions for Phase lll trials and capacity installation are concentrated at relatively
low values, with medians of $30 million and $60 million, respectively. In contrast, the
distribution for COGS spreads over much higher values, with a median value of $5.1
billion.

The distribution of combined costs sums the three component distributions.
Details behind the method used to aggregate lognormals (the Felton-Wilkinson
approximation) are provided in the appendix.*®

The distribution of combined costs reflects one other adjustment, expressing all
costs in terms of ex-ante expectations. This is the relevant number firms would use to
compare against expected program rewards to decide whether to participate in the
program. In contrast to at-risk investments, which are undertaken with certainty by an
investing firm, COGS are only expended if the firm has a successful vaccine, and
therefore need to be weighted by the probability of success when added into the

combined distribution. This explains why the peak of the combined distribution is below



that for the COGS component. We construe a firm’s survey response as building in
enough of a profit margin that if these combined costs were covered, the firm would
participate in the overall program.

In the baseline scenario underlying the exhibit, with firms assumed to produce
750 million doses in a year, the combined cost distribution has a mean of $3.1 billion
and a standard deviation of $3.1 billion. Combined costs for this scale of production are
thus high and widely variable.

Other Parameters:

We set the probability that a vaccine candidate succeeds to 30 percent in the
baseline scenario, an estimate from a recent, comprehensive study of the probability
that a vaccine successfully moves from Phase | trials through approval.?® This is the
relevant probability for our application because the modal COVID-19 vaccine candidate
has yet to complete Phase I trials and because investment in our model is undertaken
at risk, when the results from these early trials are still in doubt.

The value for a firm’s capacity assumed in the baseline scenario is based on the
most recent Coalition for Epidemic Preparedness Innovations survey data, which asked
potential COVID-19 manufacturers about production schedules; 750 million doses is the
closest round number to the mean of firms’ forecasted production (data not shown).
Limitations

Our analysis has several limitations. Although the model allows firms to have
different costs, firms are assumed to have the same capacities and probabilities of
success and success draws are assumed to be independent. This turns out to be a

minor limitation in our baseline scenario, as we determine that virtually all firms

10



participate in the optimal mechanism. Future research may consider a mechanism that
would allow more nuanced candidate selection within the portfolio.

Another limitation is that we rule out push funding of the later investment stages,
assuming it is prohibitively inefficient. Solving for the optimal balance between push and
pull when both are possible would require more detailed modeling of the moral hazard
and adverse selection problems that pull funding helps solve. Even so, we find that our
mechanism delivers 96 percent of the net benefit of an idealized mechanism in a
frictionless world (given baseline parameters), leaving little conceivable scope for a
mechanism optimally balancing push and pull to improve on our mechanism.

Study Results
Optimal Funding Mechanism

This section presents the derivation of the optimal funding mechanism. Certain
features of the mechanism involve complex formulas (provided in the appendix),'® but
the qualitative structure of the mechanism can be described here, using textbook
concepts of demand and supply.

The funder’'s demand reflects the funder’s value for the marginal firm’s
participation (exhibit 2). If no other participants have successful vaccines, then the
marginal firm’s capacity is used to vaccinate the highest-harm countries in month
twelve, erasing the harm they would have experienced in that and following months.
Once these countries are protected, the firm’s capacity is devoted to protecting the next
highest-harm countries, and so on. The sum of erased harms over time, weighted by
the intensity of the pandemic during those months, constitutes the funder’s benefit from

the marginal firm’s capacity.
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This benefit is probabilistic because it is conditional on the success of the firm’s
vaccine and dependent on the number of other successful vaccines. The more other
successful vaccines there are, the lower the value of the marginal one because the
highest-harm countries remaining each month can be protected by other vaccines.
Demand falls as the number of participating firms increases, shifting the distribution
toward more rival successes.

In a textbook competitive market, the intersection between supply and demand
determines equilibrium. Here, because the funder controls market design, it can retain
more surplus by setting a “reserve price.” In the present setting of a procurement
auction, the reserve price is a ceiling set by the funder above which firms’ bids are
excluded as nonviable, thus capping the funder's maximum payout. The "Reserve price”
curve graphs the optimal reserve price in the baseline scenario according to the formula
derived in the appendix (see equation 16).%° This formula achieves the optimal balance
between saving money and expanding firm participation.

First, the funder posts the reserve price schedule. Then each firm reports its cost,
drawn from the combined cost distribution in exhibit 1. The schedule of firms’ reported
costs in ascending order is shown as “Suppliers’ costs” in exhibit 2. The mechanism
selects the greatest number of firms willing to participate at the reserve price specified
for that number of firms. Geometrically, this is given by the intersection between the
reserve price schedule and cost schedule, indicated in the exhibit by the circle. In the
exhibit, the mechanism optimally selects nine firms to participate, offering an award

equal to the $11.6 billion reserve price (in the same ex-ante terms as costs).
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Although a firm’s cost is private information, the mechanism elicits truthful
reporting because the firm’s cost report only determines whether it wins; how much it
wins depends on the posted reserve price schedule. Truthful reporting ensures the firm
wins exactly when this is profitable—that is, when the award exceeds its cost.

In rare cases (3 percent of simulations), the reserve price and cost schedules
can intersect in such a way that a rejected supplier would be willing to participate at the
reserve price offered to accepted suppliers. In such cases, the optimal mechanism
reduces the award below the reserve price down to this losing firm’s cost report. The
funder saves money while preserving truthful cost reporting.

Simulation Results

Exhibit 3 reports the results from one million simulations for a variety of
scenarios. The first row reports the baseline scenario (baseline assumptions are listed
for reference in appendix exhibit A6 and summarized in the exhibit 3 notes).'® The
mechanism selects virtually all available firms to participate, an average of 9.8 across
simulations, leading to an average of 2.9 successful vaccines. Only successful firms
receive an award, averaging $37.7 billion.

Although this may seem high, its expected value from the perspective of an
investing firm, which only receives it 30 percent of the time, is $11.3 billion. This amount
is close to the simulation average of the highest of the ten cost draws, $9.0 billion, but
enough above to induce even the costliest firm’s participation 78 percent of the time
(data not shown). Average program spending is $110.4 billion, and net funder benefit

from the program is $2.8 trillion. This enormous net benefit reflects the urgent need for
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vaccine and rationalizes the considerable sums spent to secure the participation of all
but those firms with the most exorbitant cost draws.

The next series of scenarios in exhibit 3 analyzes the results from changing one
baseline assumption at a time. Program spending and net benefits both increase when
firm capacity, probability of success, and the number of candidate firms increase and
when the probability the pandemic ends each month decreases. A consistent finding
across these scenarios is that the mechanism seeks the participation of almost all
available firms. Even with twenty candidates, the mechanism induces the participation
of an average of 19.0 firms across simulations.

The next set of scenarios in exhibit 3 varies modeling assumptions related to the
manufacturing process. When immunity requires two doses, the program continues to
seek the participation of virtually all firms but now the induced capacity only immunizes
half the number of people, yielding substantially lower net program benefits. When more
expenditure must be made at risk (that is, with no guarantee that it will be recovered),
program spending increases slightly, but not enough to measurably reduce net program
benefits.

The next scenario in exhibit 3 demonstrates the impact of allocation strategies on
social benefit. If instead of efficiently allocating the vaccine to the highest-priority
populations first, the vaccine is randomly allocated across countries, most program
benefits are lost.

In our model, the funder is limited to pull funding because the nontransparency of
firms’ costs renders reimbursement of their costs—push funding—infeasible. The next

scenario in exhibit 3 analyzes how much better the funder could do in an idealized

14



setting without push-funding constraints, allowing the funder to procure the vaccine from
firms at their cost. Despite the constraints our practical proposal must contend with, it
still manages to achieve 96 percent of the net benefit of the idealized, push-funding
program ($2.8 versus $3.0 trillion). Our proposal is more than three times as expensive
as the idealized push funding model, but because it procures a similar quantity of
vaccine, the benefits still dwarf the extra spending.

Our proposal compares favorably with a free-market scenario, which we model
assuming the combined capacity of successful firms is auctioned off to countries that
remain in the market each month (following the Cournot competition model, standard in
the economics literature). A complication is that countries would reduce bids in
anticipation of price declines in later months after high bidders had been “skimmed”
from the market. Even after accounting for such price dynamics, countries spend $1,375
billion in a bidding war for vaccine.

The last set of scenarios in exhibit 3 changes the baseline model by introducing
heterogeneity within countries, assuming that some subpopulations are more vulnerable
(more exposed, suffer more severe effects, or spread the disease more widely) than
others. To quantify this heterogeneity, assume two thirds of each country’s total harm
from the pandemic is concentrated in its vulnerable subpopulation, which constitutes
one third of its population. Our proposal becomes even more valuable in this scenario,
providing net benefits of $3.2 trillion, because scarce capacity can be allocated to
relieve more concentrated harm.

The penultimate row allocates vaccine to vulnerable subpopulations first even if

vaccinating vulnerable subpopulations in some low-harm countries provides less benefit

15



than vaccinating some less-vulnerable subpopulations in high-harm countries. This
departure from the efficient allocation causes program benefits to fall by 12 percent, a
measurable loss, but one much smaller than from the move to random allocation.

In the last scenario in exhibit 3, the free market performs no better in the within-
country heterogeneity model: Each country bids for the vaccine as a unit, so the
country’s per capita harm determines its bid regardless of how this harm is distributed
within the country. The free market fails to obtain an efficient allocation because
vulnerable people in lower-income countries lack an agent to voice their value for a
vaccine.

Discussion

In baseline simulations, the optimal pull program spends an average of $50 per
dose to obtain an average of 2.2 billion doses—$110.4 billion in total. The size of our
pull program is driven by the enormous estimated benefit from COVID-19 vaccination,
leading the optimal program to induce nearly all firms to participate (average of 9.8 out
of 10), installing nearly all available capacity, and allowing more people to be vaccinated
with less delay. To secure this level of participation requires the award to cover all but
the most exorbitant cost draws. On average, 2.9 participating firms develop a successful
vaccine, generating a social benefit (net of program costs) of $2.8 trillion.

This recommendation exceeds funding levels proposed for international and
national procurement programs. Gavi proposed $18 billion to procure 2 billion doses to
vaccinate priority populations via the COVAX facility.'* Operation Warp Speed, which
seeks to expand and coordinate existing US-based efforts to procure three hundred

million doses, has not announced the details of its procurement program, but the $19.5
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billion directed to the effort?” suggests an upper limit on funds. The proportion of push
and pull incentives, dose amounts, timelines, and regions served vary among specific
proposals, so our results cannot be directly compared with these programs. Rather, we
seek to provide quantitative insights that can inform these initiatives and a simulation
tool that can readjust parameters to fit these programs as they develop.

In simulations, our proposed mechanism can generate more than 1.8 times the
net benefit of the free market in which countries bid for vaccines after they are
produced. Our mechanism offers two advantages over the free market. First, it
dramatically lowers cost—by a factor of thirteen—by averting a bidding war. Given our
program’s larger size compared with other policy proposals, it is ironic that its
advantage would be to lower costs compared with the private market. Second, it allows
for more efficient allocation, moving some vulnerable people in lower-income countries
up in the queue ahead of some from richer countries experiencing lower harm. A
conjectured third benefit of our mechanism—enhancing investment in more candidates
and more capacity—did not materialize in baseline simulations. Demand for a COVID-
19 vaccine is so high that every firm in every simulation finds investing profitable under
a free market scenario. This third benefit does materialize in scenarios with substantially
more per firm capacity than in the baseline.

Our analysis omits several other possible advantages of a collaborative
international agreement relative to the free market. We assume the free market self-
organizes without delay and country leaders are perfect agents of their citizens. If these
ideals are not met, the free market would perform worse than we estimate. An

international agreement could also reduce the risk for supply chain disruptions. Vaccine
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production is highly globalized, and any protectionist measures on the part of any one
country could hamper all producers.?®

Questions of how to implement this award mechanism must be addressed in a
wider forum to give scope to a broad set of political and practical considerations: What
is the best way to mobilize resources, who should administer the fund, and who should
coordinate development? Potential candidates include the World Bank, Gavi, the
Coalition for Epidemic Preparedness Innovations, or another international body.?° This
designated coordinator will have to negotiate policies for candidate selection, liability

protection, intellectual property, access, and allocation.
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EXHIBIT 1
- __________________________________________________________|

Estimated cost distributions in modeling of push-funding mechanisms for COVID-19 vaccine
development

Phase Il trials
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Cost (billions of dollars)

source Authors' analysis of Coalition for Epidemic Preparedness Innovations survey data. NOTES
Lognormal distributions of investment costs for separate stages (Phase lll trials, capacity installa-
tion, and cost of goods sold [COGS]| curves) are estimated via maximum likelihood from survey
samples for each stage. Lognormal distribution of combined costs was obtained by aggregating
the separate lognormals via the Fenton-Wilkinson approximation. The lognormal distribution of com-
bined costs is expressed in terms of ex ante expected costs. Because COGS are not expended at risk
but are expended only if the firm has a successful vaccine, they must be weighted by the probability
that costs will be expended (that is, probability of success) when added into the distribution of com-
bined costs. All curves were drawn for the baseline scenario in which a firm produces 750 million
vaccine doses in a year.
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EXHIBIT 2

An example illustrating the inner workings of a pull-funding mechanism for COVID-19 vaccine development

5100 — — $700
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source Authors' calculations. NoTes Funder demand reflects the social value of incremental supplier capacity. The downward steps
capture the declining value of using incremental capacity to serve lower-harm countries. The optimal funding mechanism sets a reserve
price below funder demand. The intersection between the reserve price and the ascending schedule of suppliers' investment costs
(relating to the left-hand y axis) determines the optimal number of candidates and supplier award, indicated by the circle. The steps of
“suppliers’ costs" are drawn accurately for a simulated draw of costs in the baseline scenario. Funder demand is so relatively high that it
requires a scale an order of magnitude larger (right-hand y axis) to preserve the other curves' legibility.
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EXHIBIT 3

Simulated outcomes in COVID-19 vaccine development scenarios

Mean of outcome variable across simulations

Selected Completed Award for Net program
firms projects success Spending benefit

Scenario (count) (count) (billions) (billions) (trillions)
Baseline 98 29 377 $1104 $28
Firm capacity

Reduced to 375 million doses 99 30 225 66.6 20

Increased to 1.5 billion doses 96 29 60.6 1737 36
Probability of firm success

Reduced to 10% 99 1.0 486 48.0 1.3

Increased to 50% 96 48 31.0 148.7 36
Number of candidate firms

Reduced to five 49 1.5 445 65.7 1.8

Increased to twenty 190 57 291 166.3 38
Probability pandemic ends each month

Reduced to 0% 98 29 410 1206 39

Increased to 10% 9.7 29 348 101.2 20
Alternative modeling assumptions

Two doses for immunity 97 29 365 106.4 19

10% of COGS invested at risk 97 29 434 1263 28

50% of capacity invested at risk 98 29 374 109.5 28
Alternative mechanisms

Pull funding, random allocation 97 29 335 97.0 0.7

|dealized push funding 100 30 —* 31.1 30

Free market without mechanism 100 30 — 1,375.0 18
Add within-country heterogeneity in vulnerability

Pull funding, efficient allocation 9.7 29 37.1 108.4 3.2

Pull funding, vulnerable first 97 29 348 101.1 28

Free market without mechanism 100 30 — 1,375.0 1.8

source Authors' calculations based on one million simulations. NoTEs In the baseline scenario, ten firms each have a yearly capacity of
750 million doses, a 30 percent chance of success, all capacity invested at risk, and no cost of goods sold (COGS) expended at risk; a
single dose provides full immunity; the pandemic ends each month with probability 5 percent; and populations are homogeneous within
countries. In the baseline scenario, a pull-funding mechanism involving efficient allocation (doses allocated in order of consumer value)
is offered. Appendix exhibit A7 provides histograms for outcome variables in the baseline scenario (see note 19 in text). *Award entry
omitted because scenario does not involve pull funding.
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