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Abstract

How can the world reach herd immunity against COVID-  procurement gap of just 350 million vaccine courses in
19 before the second anniversary of the pandemic, or March ~ low- and middle-income countries. Immediate additional
20222 A study of vaccine demand and supply answers this ~ donor funding of about $4 billion or in-kind donations of

question. A target of vaccinating 60 percent of the popu-  excess orders by high-income countries would be sufficient
lation in each country by March 2022 is likely sufficient  to close this gap. There are additional challenges along the
to achieve worldwide herd immunity under a baseline sce-  path to achieving world-wide herd immunity---including
nario with limited mutation. Achieving this target appears ~ supply chain issues, trade restrictions, vaccine delivery, and
feasible given stated production capacity of vaccine manu-  mutations. Overall however, this analysis suggests multilat-
facturers and the pace of current and historical vaccination eral action now can bring an end to the acute phase of the
campaigns. Considering existing pre-purchase contracts pandemic early next year.

for vaccines, achieving this target requires addressing a
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1 Introduction

The contribution of this paper is to: (i) show that there exists a feasible path to reach worldwide
herd immunity against COVID-19 by March 2022; (ii) quantify the gap in pre-purchases of vaccines
needed to reach herd immunity; and (iii) describe donor financing solutions to address this gap.

First, we show that standard epidemiological models combined with data on vaccine efficacy,
the reproduction rate of the virus, and prior infections suggest that vaccinating 45-60% of the
world’s population could be enough to achieve herd immunity. However, this rate of vaccination
must be achieved in every country, or else the virus may persist and mutate in populations that are
not covered. Based on this calculation, we argue that vaccinating 60% of the population in each
country by March 2022 (i.e., the upper bound of the range) could serve as a short-term feasible
target for public health authorities. Achieving such a target would correspond to vaccinating about
5% of each population each month starting now, and would end the acute phase of the pandemic
within two years after it was declared. This rate of vaccine delivery has already been achieved by
COVID-19 vaccine rollouts in some countries and in historical vaccination campaigns against other
diseases in low-income countries.

Second, using available data on existing vaccine pre-purchase contracts, we demonstrate that
only another 350 million vaccine courses are needed to achieve 60% vaccination coverage of the
populations in 91 low- and middle-income countries (LMICs) that have been identified by the
COVAX AMC, the multilateral procurement facility, as needing financial assistance to vaccinate
their populations. This group of countries is known as AMC91, with a combined population of
about 2.5 billionE The 350 million course gap in AMC91 countries corresponds to only about
25% of their need to vaccinate 60% of their populations by March 2022. Moreover, available

production capacity for vaccines does not appear to be the binding constraint in procuring these

LOverall, the LMICs have a population of 6.5 billion. Of this about 3 billion people live in China, India, and
Russia, which have domestic vaccine manufacturing capacity available to address domestic needs. The remaining
population is split between 2.5 billion people in a group of 91 countries (AMC91) that have access to the COVAX
AMC facility, which provides access to subsidized courses, and 1 billion people in other middle-income countries that
are not eligible to access subsidized vaccines, under the assumption that they have the ability to pre-purchase vaccines
at market prices. India also has access to the subsidized vaccines through the COVAX AMC, though this access is
reduced given its large population relative to the population of AMC91 countries. Owing to these considerations, it
is useful to focus on achieving sufficient minimum vaccine coverage in the AMC91 countries in pursuit of the goal of

worldwide herd immunity.



additional vaccines, as uncontracted production capacity reported by vaccine developers far exceeds
the 350 million course gap, even once allowing for potential inflated reports and production delays.
Overall, these results suggest that global vaccine procurement efforts are on the right track, and
that worldwide herd immunity could be achievable by next year.

Third, we quantify that $4 billion more in grant funding for the COVAX AMC (in addition to the
existing donor commitment of $6.3 billion) would be sufficient to close the pre-purchase gap of 350
million vaccine courses in the AMC91 countries. The near-term aspiration of the COVAX AMC is
to provide minimum vaccine coverage of 20% of the population in AMC91 countries. The additional
$4 billion would allow the COVAX AMC to raise its minimum vaccine coverage to about 30% of
the population of these countries. As per our calculation, most AMC91 countries already have
pre-purchased sufficient vaccines to achieve population coverage of 30% or more through existing
direct or regional procurement efforts like that of the African Union. Thus, providing additional
donor funding to COVAX AMC may be the most effective way to achieve 60% vaccine coverage and
worldwide herd immunity by March 2022. In this context, the United States has already offered to
provide an additional $2 billion in grant funding to the COVAX AMC, or half the funds required
for this proposal, though this will be released only when other donors have fulfilled their pledges.

While an upfront grant of $4 billion to the COVAX AMC would be the simplest way for donors
to execute this proposal, we provide two additional options to address the funding gap that rely
on the existing institutional framework. One reduces donors’ upfront commitment by relying on
the International Finance Facility for Immunisation (IFFIm) to issue Vaccine Bonds against a
long-term donor commitment. Another relies on in-kind donations to equalize the distribution of
vaccine pre-purchases across countries. The gap in LMICs exists despite high-income countries
already having pre-purchased vaccine courses exceeding 100% of their population. High-income
countries could close the 350 million course gap in AMC91 countries by donating in-kind their
pre-purchases in excess of their population, which by our estimate are 740 million coursesﬂ Grant
funding for immediate pre-purchases by the COVAX AMC to close the gap would have the added
benefit of giving producers the certainty needed to activate reported available production capacity
and place orders with input suppliers. In turn, more pre-purchases could help in the discovery and

resolution of production bottlenecks, which has been identified as the key challenge facing market

2However, high-income countries may retain strategic reserves of the vaccine over 100% of the population, in which

case grant funding would be required to substitute for in-kind donations.



participants (Chatham House, 2021)E|

We also discuss four additional challenges that could delay the path to herd immunity—under-
investment in production capacity, shortages and export restrictions on raw materials and finished
vaccines, scaling up mass rapid vaccination drives, and addressing mutation. We identify policy
priorities in each area, while emphasizing that urgent action on vaccine pre-purchases (of 350 million
courses or possibly more as buffer) will partly help resolve these challenges.

Thus far, research and development of vaccines for COVID-19 has been an unprecedented
success, with active government subsidies allowing clinical trials to far exceed what would be
expected based on market size (Agarwal and Gaulé, 2021). Many LMICs have weathered the
first phase of the pandemic relatively better than high income countries (Goldberg and Reed, [2020;
Deaton, 2021), but the second phase of the pandemic could impose an unequal burden on them
if inequality in vaccine access persists. Multilateral action could avoid that outcome. In addition,
given spillover risks, it is in the interest of high-income countries to have worldwide herd immunity as
fast as possible (Cakmakl et al.,2021). The benefit of achieving herd immunity one month earlier is
valued at approximately 1% of world GDP (Castillo et al., 2021, which is tremendous compared to
the relatively low cost of the $4 billion grant proposed. From this perspective, additional investment
in pre-purchases to activate existing production capacity today is likely one of the highest-return
investments countries can make.

While the world will eventually need enough vaccines for all adults (and possibly children), our
paper focuses on the more urgent challenge of ensuring vaccine coverage of at least 60% of the pop-
ulation in all countries by March 2022—which could end the acute phase of the pandemic, allowing
potentially for a return to normal life worldwide. Even if the emergence of more contagious variants
or other factors pushes the vaccination threshold required for herd immunity higher, a target of
vaccinating 60% of every population worldwide lays the foundation to achieve herd immunity faster
in those adverse scenarios.

Beyond the near-term, the world will eventually need enough vaccines for all adults (and possibly
children), and also prepare for future pandemics. Further, it is also possible that unexpected
problems with the supply chain may arise, safety concerns about some vaccines may emerge, or

that an escape variant means some capacity needs to be re-purposed. To insure against such

3This effect may be non-negligible as 350 million courses represents about 8% of the total vaccines needed to

achieve the target of vaccinating 60% of the population in each country.



scenarios and to prepare for future pandemics, further coordinated global action will be needed.
In this context, the demand-side action of additional donor financing for vaccine pre-purchases to
activate existing capacity is complementary to supply-side actions to reduce fragility in the vaccine

supply chain and expand overall manufacturing capacity.

2 The Vaccination Path to Herd Immunity

In this section, we calculate the vaccination needs to reach herd immunity and then compare that
to the potential aggregate vaccine supply. First, we first provide a calculation showing 45-60% of
every population needs to be vaccinated in order to achieve herd immunity by March 2022. The
upper-range of this calculation informs our proposed target of 60% vaccination in each country by
March 2022, which translates to 4.75 billion courses needed by March 2022. Second, we compare the
vaccine needs to stated production capacity of vaccine developers, which is indicative of available
aggregate supply.

Note that the 60% of the population vaccination target derived in this section should be seen as
a short-term target, as the world may eventually need to vaccinate everyone. LMICs will need more
help achieving that goal. Even once the herd immunity threshold is reached in each country, it is
still possible to have large outbreaks if vaccination rates are uneven within countries. Nonetheless,
achieving 60% vaccination coverage in each country would likely bring an end the acute phase of the
global pandemic, allowing authorities to turn their attention to suppressing outbreaks in specific

populations.



2.1 The Vaccination Threshold for Herd Immunity

We follow the standard approach to model herd immunityﬁ Consider a simple model of the popu-

lation such that:
Ny=(1—f)-Infected;

Vi = E - Vaccinated; (1)
By = Ny +Vy

where

e V; is the fraction of population that has natural immunity due to previous infection with

SARS-CoV-2. This equals the percent of non-vaccinated population already infected (Infected;)

times 1 minus the average susceptibility rate of re-infection (f )E|

o V; refers to the fraction of population that has vaccine-induced immunity, which depends on

the percent of population already vaccinated (Vaccinated,), the average effectiveness of the

vaccines (E).

e B, is base immunity in month ¢, which refers to the fraction of individuals immune to the virus

at a given moment in time, either from acquired infection or vaccination. Then, By = Ny + V;.

The base immunity needed to achieve herd immunity (Bj}) is given by:

1
B; = HerdImmunity =1 — — (2)
Ry

4Our approach is in line with the public health and epidemiology literature (Fine et al., 2011} Delamater et al.|
2019), which differentiates between two concepts of disease transmissibility. The basic reproduction number, Ry,
represents the transmission potential of a disease, and measures the average number of secondary infections produced
by a typical case of an infection when everyone in the population is susceptible. By contrast, R: represents the
effective reproduction number, and can be estimated as the product of the basic reproductive number, Ry, and the
fraction of the host population that is susceptible at that time, 1 — B;. That is, Ry = (1 — B:)- Ro. Here B; represents
the base prevalence of immunity at a given time, given by the fraction of individuals immune to the virus, either from
acquired infection or vaccination. Herd immunity occurs when a significant proportion of the population have been
vaccinated or have gained natural immunity by prior infections. When this occurs, the effective reproduction number
reaches one: R; = 1. Thus, the threshold for herd immunity, B;, can be found by plugging R; = 1 and re-rearranging

the equation such that Bf =1 — 1/Rg. This is the approach we follow below to quantify the vaccination threshold.
5Note that in some adverse mutation scenarios the re-infection rate could increase. Mutations can also lead to

more infectious variants that would correspond to a higher Ry, or be associated with reduced vaccine efficacy. We

discuss these considerations in more detail in Section 4.4.



where Ry is the basic reproduction number, or the average number of susceptible individuals that
are infected by a single infected individual. For example, an Ry of 3 means one individual infected
with SARS-CoV-2 is likely to infect three other people. This is best measured in the early phase of
the outbreak, before control measures have had time to take effect, and when most of the population
is susceptible.

The vaccination threshold for herd immunity (Vaccinated)), is the fraction of population that
needs to be vaccinated to reach herd immunity on a given date t. This is given by setting B; = B}

in (1), substituting the value of B} from (2) in (1), and solving for Vaccinated;, such that:

1— R%) — (1= f)-Infected;
Z )

Using (3), the vaccination threshold for herd immunity, Vaccinated;, can be found by plug-

3)

Vaccinated; =

ging values of Ry, Infected;, f, and E. To end the pandemic by March 2022, we are interested
achieving Vaccinated; by t = March 2022. Below we discuss the parameter choices for equation
(3) corresponding to this choice of ¢.

Rp: While initial reviews found relatively higher values of Ry, recent studies have estimates
appear to be stabilizing between 2 and 3 (Omer et al) 2020; Hilton and Keeling, 2020). We
evaluate Vaccinated; in the middle of this range of outcomes Ry € [2.25,2.75]. That is, we exclude
the bottom end of the 2 — 3 range to be conservative, while at the same time exclude the top
end of the range to take into account that even with full re-opening of the economy there are
likely to be some persistent socio-behavioral changes (e.g., masking, border screening) making a
post-herd-immunity environment somewhat different from that of early-2020.

Infected;: The next parameter of interest is Infected;. This parameter is already difficult
to measure presently without representative population surveys, and to evaluate it at t = March
2022 further requires taking a view of how infection will evolve. Today, SARS-CoV-2 seropreva-
lence surveys (see serotracker.com) provide the best estimates of the prior infection rate across
countries. India is one of the few LMIC countries to have conducted a recent national serosurvey,

with an estimated seroprevalence of 21.5% in a sample of 28,000 individuals across 700 villagesﬁ

5The full report has not been published yet. According to the official press release for the third national serosurvey
conducted by the Indian Council of Medical Research, about 21.5 percent of India’s total population showed presence
of antibodies for COVID-19. The results are based on a survey of 28,000 individuals across 700 villages in 21 states
between Dec. 17, 2020 and Jan. 8, 2021.


serotracker.com

Urban serosurveys in India and various LMICs often find higher seroprevalence. Outside of In-
dia, some estimates suggest that in November 2020 cumulative COVID-19 prevalence was 20%
or higher in several LMICs, much more than reported in official case statistics (Loucal [2020).
Projected seroprevalence at the end of 2021 is likely to be significantly higher than current es-
timates based on past data, given continued transmission. To be conservative, we evaluate the
range Infected; € [15%,20%] reflecting high uncertainty and possible cross-country variation in
this estimatem This range of values implies that 15-20% of the non-vaccinated population will have
prior infection by March 2022.

E and f: For the vaccine efficacy parameter, we set £ = 82.5%, reflecting the average of 10
vaccine candidates for which developers have reported Phase 3 trial results in environments with
the dominant strain of the virus (prior to the global spread of the UK variant). Since re-infection
rates with respect to the dominant strain of COVID-19 are estimated to be low with prior infection
providing about 83% protection against new infections (Mahase, 2021)), we set f = 17%.

With values (i.e., Rg, Infected;, f, and E) in these ranges, we find Vaccinatedy, or the vacci-
nation threshold for herd immunity to be approximately between 45-60%.

In alternative scenarios a faster pace of vaccination may be needed to reach the goal of herd
immunity by end-2021. Even in worse scenarios that push the vaccination threshold higher (e.g.,
due to mutations), reaching this vaccination target of 60% of the population in every country by
March 2022 (i.e., the upper bound of our vaccination threshold) will provide the world with a strong
foundation from which it can mitigate the adverse impact of those scenarios. Appendix A discusses
how the vaccination threshold calculation could vary if being undertaken for a specific country, and
the implications for the vaccination threshold under different scenarios (such as mutations).

Overall, based on this analysis we focus on the target of vaccinating 60% of the world by March
2022—i.e., by the second anniversary of the pandemic. The 60% target by March 2022 is of course
an ambitious goal, and in sections 3, 4, and 5 we examine the key obstacles in the way of this

goal. But before turning to those complications, Section 2.2 compares the vaccine needs computed

"To arrive at this number, we start with a range [12%,20%)] of seroprevalence at end-2020 when no vaccinations
had occurred. Then we assume that infections grow by about 1% per week (which is significantly lower than the
weekly growth reported infections in 2021 as per the WHO tracker (covid19.who.int)). Finally, we assume that
about 40% of those with prior infections will be vaccinated by March 2022 (which is a conservative estimate given
that a non-negligible fraction of infected are children who will not be vaccinated). These assumptions together give

us a range of approximately [15%, 20%)] for the share of non-vaccinated population that is infected at ¢ = March 2022.


covid19.who.int

in this sub-section to the aggregate manufacturing capacity for vaccines as stated by the vaccine

developers.

2.2 Comparing Vaccine Needs To Aggregate Manufacturing Capacity

Vaccinating 60% of the world by March 2022 requires about 4.75 billion vaccine courses. How does
that compare to stated manufacturing capacity of effective vaccines?

Overall, vaccine research and development efforts have been highly successful, thanks to a
large market and government subsidies and incentives (Agarwal and Gaulé, 2021)). There are at
least 10 vaccines with some publicly available data supporting an efficacy of greater than 50%
against COVID-19 (Figure 1)E| At this level of overall efficacy, vaccines are near fully effective
against hospitalization and death, and as a result are already being adopted by many countries.
For example, though the AstraZeneca and Janssen (J&J) vaccines are relatively less effective,
at 76% and 66%, both have been authorized for emergency use by the European Union. The
recent temporary pause in delivery of these vaccines by some authorities reflected a concern about
potential side-effects (i.e., blood clots) rather than efficacy. Taking available data at face value,
these 10 vaccines appear sufficiently effective to suppress the virus if deployed globallyﬂ In addition,
each of the 10 vaccines have already been approved for use in multiple countries/jurisdiction (see
https://covidl9.trackvaccines.org/vaccines/), highlighting the growing global reach of
these vaccines.

Developers of these 10 vaccines (or ‘companies’) report potential production capacity sufficient

8This 50% efficacy threshold corresponds to the guidance conveyed by the U.S. Federal Drug Administration
(FDA) on June 30, 2020. The FDA guidance expects that a COVID-19 vaccine would prevent disease or decrease its

severity in at least 50% of people who are vaccinated. See https://www.fda.gov/media/139638/download.
9The ten vaccines employ three different technologies. In the first-generation vaccines, the virus is either weakened

(attenuated) by growing it in another species, or inactivated by heat or chemicals. There are two first-generation
producers: (1) Sinovac (called Coronavac) and (2) Sinopharm. The second-generation vaccines take advantage of
molecular biology advances to include specific viral proteins or protein fragments in the vaccine instead of a whole
virus. There are five second-generation vaccine producers: (3) Novavax, (4) Oxford/AstraZeneca vaccine (called
Covidshield when produced in India), (5) Gamaleya Research Institute (called Sputnik V), (6) Janssen (J&J), and
(7) CanSino. The third-generation vaccines aim to vaccinate a patient with genetic material —RNA-—that encodes
for the desired viral protein target. In the case of SARS-CoV-2, the target that researchers have decided is the most
promising is the spike protein, a protein on the surface of the virus that enables it to invade host cells. There are three

third-generation vaccine producers: (8) Pfizer-BioNTech, (9) Moderna, and (10) Bharat Biotech (called Covaxin).


https://covid19.trackvaccines.org/vaccines/
https://www.fda.gov/media/139638/download

Figure 1: Company reported data suggest at least 10 vaccines are effective against the dominant

strain of SARS-Cov-2.
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of a reported range between 51-90%. See Appendix Table C.3 for further details.



to cover of the world’s population in 2021 (Figure 2). Realizing the production capacity will require
rapidly bringing the reported-capacity online, and also that suppliers of vaccine inputs scale their
production capacity as well. To give a sense of the scale of the challenge, producing enough
doses of COVID-19 vaccines for the entire world requires producing about three to four times
the pre-COVID-19 annual global supply for all vaccines (Chatham House, |2021). The increase in
capacity required will be challenging due to the complexity of vaccine manufacturing processes and
specificity of technical know-how and equipment. Nonetheless, just as research and development has
been completed at unprecedented speed, companies have today put in place ambitious production
targets. While this production capacity may not be immediately available, companies have targeted
being able to bring it online this year. However, purchase contracts have not been made for much
of that capacity.

The values for the potential production capacity are reported by [Wouters et al| (2021)), and
we have confirmed and updated the values using a Google search for press releases of vaccine
manufacturers. Values are reported in Appendix Table C.1. In total, companies report available
capacity to produce 8.05 billion courses—more than enough for the world’s 7.79 billion people,
including children. Those that can be deployed most rapidly are those which: (i) can be stored in
a refrigerator, rather than a freezer (or with dry ice); and (ii) have available production capacity
not already pre-purchased by high income countries.

Some have worried that high-income countries have purchased most available vaccine production
capacity. This is not true. Appendix Table C.1 shows that once accounting for pre-purchases
by high income countries, the remaining available production capacity is 6.05 billion courses for
6.53 people in LMICs, enough to immunize 93% of the population. Even allowing for potentially
inflated production targets and likely supply chain bottlenecks, trade restrictions, and cold-chain
equipment investment needed to scale up delivery (discussed in more detail in Section 4), it appears
that across these 10 vaccines there may be sufficient aggregate production capacity of vaccines to

meet the target of vaccinating 60% of the world population by March 2022@

YHowever, the supply of effective vaccines could potentially be reduced if the virus mutates. This risk is apparent
in Figure 1, which reports efficacy of COVID-19 vaccines against the dominant strain, and, where data are available,
the two main variants: the U.K. variant (B.1.1.7 or 501Y.V1) and the South Africa variant (B.1.351 or 501Y.V2).
While the vaccines appear similarly effective against the U.K. variant as against the dominant strain, they are less
effective against the South African variant. Two vaccines, Novavax and J&J, have substantially reduced efficacy

against this variant, though still greater than the 50% threshold, while the AstraZeneca vaccine is ineffective against

10



Figure 2: Unequal Distribution of Vaccine Pre-Purchases (2021)

Company-Reported Capacity vs. Pre-Purchases of COVID-19 Vaccines
(Millions of Vaccine Courses or People)
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Notes: This figure is based on data as of end-March 2021, and only includes information for 10 vaccines that have
demonstrated efficacy of greater than 50% against COVID-19 based on publicly available data. The production
capacity corresponds to stated production capacity for the year 2021. See Appendix Table C.1 for further details.
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In sum, sufficient aggregate supply may exist to cover the world’s population. However, con-
tracted pre-purchases to activate the existing capacity and efforts to mitigate systemic supply chain
risks along the way are still needed for companies to achieve their realize the production capacity.
Pre-purchases are important because manufacturing lines require lead time to prepare, and may
also facilitate in capital-raising efforts by vaccine developers. Even if high-income countries have
pre-purchased more than they need, this does not imply that manufacturing lines will already be
prepared for LMICs, since exports to these countries may have different product requirements (e.g.,
less reliance on mRNA technology) and regulatory certification requirements.

The next section quantifies the pre-purchase vaccine gap for LMICs.

3 The COVID-19 Vaccine Pre-Purchase Gap

Though high-income countries have pre-purchased more than enough vaccines to cover their pop-
ulations, there is still a significant gap between the amount pre-purchased and the amount needed
to achieve 60% vaccination coverage in each country by March 2022H A committed pre-purchase
is an important first step in ensuring timely delivery. The gap is primarily in low- and middle-
income countries. We arrive at this gap by comparing 60% of the population to the number of
pre-purchases contracts countries have already made, based on available data. Our computation is
based on the following steps.

First, we start from the publicly-available data on vaccine procurement compiled on the Launch
and Scale Speedometer site by the Duke Global Health Innovation Center—updated as of April
2nd, 2021.

Second, for the COVAX AMC pre-purchases we use the available funding of $6.3 billionlﬂ as
of March 2021 to quantify the number of courses for the AMC92 countries, which are the AMC91
countries plus India. The COVAX AMC takes a tailored approach to India, given that India

accounts for 17% of the world population (35% of the total AMC92 countries’ population) and

the South Africa variant. As a result, South Africa has halted delivery of AstraZeneca and is pursuing more supply

of J&J. We discuss these issues further in Section 4.
" Thus far the vaccines have been authorized for use only for individuals aged 16 and above. The effective vac-

cination rate of adults achieved would differ by country, depending on the share of the population that is an adult
(i.e., 16+). In regions with a large share of the population that under 16 (e.g., Africa, at about 40%), achieving herd

immunity will require vaccinating a larger fraction of the adult population.
12Sece www.gavi.org/sites/default/files/covid/covax/COVAX-AMC-Donors-Table. pdf
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the vaccine allocation to India as a share of the population will therefore have a large effect on
the residual supply available to AMC91 countries. The Gavi Board, which oversees the COVAX
AMC, decided that India would receive 20% of AMC donor-funded dosesf';g] Using the unit price
of $12 per course we allocate $6.3 billion / $12 = 525 million courses across the AMC92 countries,
following this allocation rule, which gives 105 million vaccine courses to India, and 420 million
vaccine courses to the AMC91 countries, equivalent to a coverage of 8% of India’s population and
16% of the AMC91 population. Our assumption on vaccine prices are in line with Gavi’s own
estimates, which assumes that a vaccine course will cost them between $10-14 (i.e. $5-7 per dose
for a two-dose vaccine) with $12 per course being the mid-point of this range.

Third, we have accounted for about 43 million vaccine doses that the COVAX provided to
51 countries in its first round of allocation (between Feb to May 2021). These are self-financed
purchases (typically by higher-income countries) outside the subsidized AMC facilityrzl

Fourth, we assume that pre-purchases by regional organizations like the African Union and
the European Union are allocated in proportion to population to members that have not already
covered their population through direct procurement. Similarly, Mexico and Argentina have an
agreement with AstraZeneca to produce the vaccine for the eventual distribution of 250 million
doses to Latin America (excluding Brazil). Accordingly, we distribute these vaccine doses to the
Latin American countries in proportion of their population.

Fifth, the Duke data do not cover vaccines provided as donations. Comprehensive data on
vaccine donations is available for India, which as of April 6th, 2021, has made donations of 10 million
doses to about 44 countriesrfl We include these in our computation (which are non-negligible for
small countries like Bhutan, Maldives, etc.).

Sixth, while the Duke data are fairly comprehensive, there are several deals not recorded. The
most notable are the missing data on some Sputnik V (Gamaleya Institute) deals and some deals
in the oil exporters of the MENA region that are not available in the public domain. While
we were unable to systematically track down these missing contracts, we were able to include a

deal for Pakistan with Cansino, which allows for bulk vaccine imports by mid-April from Cansino

13For further details on the tailored approach for India see: www.gavi.org/sites/default/files/board/minutes

/2020/15-dec/10%20-%20C0VAXY20AMCY20support%20to%20India. pdf
**See https://cdn.who.int/media/docs/default-source/3rd-edl-submissions/covax-first-round-alloca

tion-of-az-and-sii-az---overview-tablev2.pdf

'°See https://www.mea.gov.in/vaccine-supply.htm
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amounting to 3 million doses disclosed in end-March. Overall, given that some deals remain private
the resulting estimate is a lower-bound for what has been pre-purchased.

Finally, we assume that uncontracted production capacity of vaccines licensed to be produced
in China, India and Russia are allocated to these countries. This accounts for the fact that though
these countries may not have pre-purchased vaccines for their populations, they nonetheless retain
the option to requisition local supply, as India for example initially waited to grant commercial
license to export the locally-manufactured AstraZeneca vaccines (by the Serum Institute of India
(SII)) after it was authorized for use. Note, however, it will still be important for these coun-
tries with large domestic manufacturing capacity to immediately execute pre-purchases to meet
their domestic needs (as it will reduce demand uncertainty and provide transparency about poten-
tial supply-chain bottlenecks), and to also consider investment in expanding their manufacturing
capacity to handle adverse scenarios (as discussed in Section 5).

Figure 3 reports the results of this exercise in a map. A conclusion from inspecting this map is
that the gap to achieve 60% coverage is not large in most countries, assuming companies delivery on
existing purchase orders in a timely fashion. For instance, most countries in Africa have already pre-
purchased enough to cover at least 50% of their population once accounting for orders through the
COVAX and the African Union. This is cause for optimism, suggesting that closing the remaining
gap to achieve 60% vaccination by March 2022 is not insurmountable.

Appendix Table B reports the gap for the 92 countries eligible for subsidized vaccine purchases
under the COVAX AMC. In the AMC91 countries, which do not include India, the gap to achieve
60% coverage is about 350 million courses. Once accounting for existing coverage of 8% of its
population by the COVAX and other pre-purchases, India faces a gap of about 500 million courses
to achieve 60% coverage. This calculation illustrates how once separating India from the calculation,
the gap in the AMC91 countries is not especially large. While India will also need to fill its pre-

purchase gap, there is uncontracted domestic capacity available to meet its needs.

4 Challenges on the Vaccination Path to Herd Immunity

As previously discussed, the research and development for vaccines against the dominant strand
of COVID-19 has been an unprecedented success. Though stringent regulatory authorities take

time to provide formal emergency use authorization (EUA) based on review of Phase 3 trial data,
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Figure 3: Global Vaccine Coverage

Percentage of Population Covered with Vaccines Pre-purchased or Domestic Supply
(based on Publicly-Known Contracts)

Nodata 0 10 20 30 40 50 60 70 80 90 100+

Sources: The COVAX, Duke Global Health Innovation Center, World Population Prospects, news sources.

Notes: Includes only known pre-purchases of vaccines with reported efficacy greater than 50% in Phase 3 trials.
Some deals for which the number of courses is not available in the public domain may not have been recorded.
Orders by multilateral organizations (e.g., the COVAX AMC, European Union, African Union) are distributed to
eligible members in proportion to their population. China is allocated all uncontracted production capacity of Sinovac,
Sinopharm, and CanSino. Russia is allocated all uncontracted production capacity of Gamaleya, and India is allocated
all uncontracted production capacity of Bharat Biologics, and the uncontracted doses of the domestically-licensed
AstraZeneca/Oxford and Novavax, which are under license for production in the country by the Serum Institute of

India (SII).
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vaccine developers today report successful trials and enough available production capacity to cover
the world’s adult population in 2021. This section identifies four challenges in addition to research
and development that could delay vaccine production and delivery, thereby pushing back when the
world achieves herd immunity. We also discuss some actions that can be taken ahead of time to

mitigate the risk of delay.

4.1 Demand Uncertainty & Under-Investment to Activate Production Capacity

A major challenge in bringing production capacity online is demand uncertainty. Without certainty
that they will sell their output for at least marginal cost, manufacturers may delay investments in
production lines, and placing orders for key inputs. Further, financing for the purpose of bringing
capacity online may be hindered without the availability of sufficient purchase orders as collateral.

At present, significant demand uncertainty exists—both short-term (i.e., the quantity of courses
demanded in 2021) and over the medium-term (e.g., if and how much demand will there be for
annual booster shots in the future). As a result, input suppliers are dissuaded from making the
necessary investments required to scale their own manufacturing capacity now. Immediate pre-
purchases (e.g., through the COVAX AMC as we propose in Section 5) can help partly resolve this
uncertainty, allowing for the discovery and resolution of supply chain bottlenecks. In this case, the
price mechanism enables greater visibility and higher quality information at an aggregate level to
help managers anticipate potential capacity constraints.

An immediate execution of pre-purchases helps in two regards simultaneously. First it ensures
that sufficient quantities of vaccine courses are secured to reach herd immunity world-wide, in the
event that high-income countries delay donating their excess purchases, or hold strategic reserves in
excess of their populations. From this perspective a committed pre-purchase order is an important
first step in ensuring timely delivery of vaccines in LMICs. Second, it helps to reduce demand
uncertainty, provides transparency about potential supply-chain bottlenecks, and creates incentives
to further scale up the production capacity along the entire supply chain in the short-term. These
effects may not be small in magnitude, as 350 million vaccine courses (or equivalently about 700
million doses for 2-dose courses) represents about 8% of global needs to reach a target of 60%
vaccine coverage—and constitute sizeable orders from the perspective of some companies that are
likely to serve the LMICs (i.e., those that need not be stored in freezers).

In addition, the government can also play a significant role in reducing demand uncertainty and
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expanding investment in manufacturing capacity through state intervention to ramp up production
capacity (Cherif and Hasanov, 2020)). A relevant example is the use of the Defense Production Act
(DPA) by the United States to bolster vaccine production (in addition to boosting the availability of
virus tests, and addressing the shortages in personnel protective equipment such as masks, shields
and gloves). For instance, an Executive Order issued on January 2021 directs immediate actions to
secure supplies necessary for responding to the pandemicE] Among other actions, the Order calls
for an immediately review the availability of critical materials, treatments, and supplies needed to
combat COVID-19, and taking appropriate action using all available legal authorities, including
the Defense Production Act, to fill those shortfalls as soon as practicable by acquiring additional
stockpiles, improving distribution systems, building market capacity, or expanding the industrial
base. In addition, the Order directs the relevant agencies to provide a strategy to design, build
and sustain a long-term capability to manufacture supplies for future pandemics and biological
threats within 180 daysE] Government action can also help encourage more voluntary licensing
of the vaccines in LMICs (e.g. AstraZeneca and Novavax agreements with the Serum Institute
of India), and can facilitate partnerships between companies to increase manufacturing capacity
(such as the U.S. International Development Finance Corp. action to fund Indian manufacturer
Biological E Ltd.’s efforts to manufacture at least one billion doses of J&J and other COVID-
19 vaccines, or the brokered manufacturing collaboration between Merck and J&J). Overall, such
concerted government action may significantly help the expansion of vaccine production capacity
and addressing supply chain constraints going forward.

Investment in additional vaccine manufacturing capacity should also be considered to insure
against adverse mutation scenarios of the current pandemic, and against future pandemics. In
particular, at present the LMICs are relying heavily on a few vaccines such as the AstraZeneca
and J&J, which have faced some concerns about safety and in the case of AstraZeneca has been
shown to have low efficacy against the South Africa variant. If adverse scenarios were to materialize
in which some of the existing vaccines are not effective or turn out to have non-negligible safety
concerns (e.g. concerns about some adenovirus-based vaccines), then that could lead to a significant

setback in the global path to herd immunity. Therefore, additional investment in manufacturing

1oyww.federalregister.gov/documents/2021/01/26/2021-01865/a-sustainable-public-health-supply-cha

in
For further discussion see https://www.lawfareblog.com/understanding-bidens-invocation-defense-prod

uction-act
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capacity in line with proposals of |Castillo et al.| (2021) should be considered.

4.2 Shortages of Raw Materials & Export Restrictions

In the short-term, many COVID-19 vaccine inputs such as ingredients, packaging materials, and
equipment are in short supply, and constraints appear to exist in the fill and finish stage of man-
ufacturing. Such shortages and constraints may result in several COVID-19 vaccine manufactures
not being able to meet their short-term vaccine manufacturing commitments, and may also impact
the industry’s ability to manufacture other lifesaving vaccines.

There is a further concentration risk in terms of the locations where manufacturers of vac-
cines and raw materials are located. Vaccine manufacturing facilities are concentrated in a few
countries/regions, especially the United States, EU, China, and India (see Appendix Figure C.1).
Similarly, raw material suppliers are concentrated in the same countries. For instance, during
2017-19, vaccine producing nations sourced 88% of their key vaccine ingredients from other vac-
cine producing trading partners (Evenett et al. 2021). From this perspective, meeting production
targets will be challenging if vaccine nationalism gives rise to export restrictions of certain raw
materials or even the finished vaccines (Bown and Bollykyl 2021)).

A recent example of the challenges posed by export restrictions and shortages of raw materials
comes from the recent U.S. move to secure raw materials and supplies for Pfizer’s COVID-19 vaccine,
which could hinder manufacturers working on other shots around the globe. In March 2021, the
world’s largest vaccine maker by volume, Serum Institute of India, warned about bottlenecks due
to a U.S. law blocking exports of certain materials needed to produce COVID-19 shots. During a
World Bank panel discussion, Serum Institute of India CEO Adar Poonawalla suggested that the
U.S. has obstructed exports of certain materials like bags and filters, and supply shortfalls could
hinder work on Novavax’s vaccine which it is licensed to manufacture in India. Similarly, WHO’s
chief scientist, Soumya Swaminathan, warned of shortfalls of vials, glass, plastic and stopperslzg]
The impact of such delays could significantly push back the date of worldwide herd immunity since
vaccines such as Novavax are expected to be a major source of vaccine supply for the low- and

middle- income countries/™]

'8See https://www.livemint.com/companies/news/sii-ceo-adar-poonawalla-warns-of-delays-in-vaccine

-production-as-us-prioritizes-pfizer-11614923450787.html
*Notably, on March 25th, 2021, the COVAX Facility notified participating economies that deliveries of doses from

the Serum Institute of India (SII) will be delayed in March and April. They noted that delays in securing supplies of
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Further, as of mid-April 2021, Novavax had not filed for an emergency use authorization (EUA)
in the U.K. or elsewhere despite releasing strong efficacy and safety data in early-March—possibly
due to ongoing short-term constraints in the fill and finish stage of manufacturing. While Novavax
has reached an agreement with GSK to get rapid support for fill and finish manufacturing capacity
of up to 60 million doses as early as May 2021 (in the UK)@ going forward concerted global action
can help avoid such obstacles from recurring for any of the COVID-19 vaccines. In particular, such
systemic supply chain risks in different stages of the vaccine manufacturing may materialize in the
future threatening the speed of vaccine supplies. To mitigate or eliminate such risks, governments,
multilateral agencies, and industry participants should step up global surveillance of systemic supply
chain risks.

In addition, ensuring no export restrictions on raw materials and vaccines will facilitate a more
efficient allocation and faster delivery of vaccines in the acute phase of the pandemic. So far many of
the reported trade restrictions (or supply chain disruptions) have turned out to be relatively short-
lived without fundamentally altering the critical path to herd immunity. But this could change.
Going forward, the critical path can be insured against future delays by multilateral cooperation

and coordination to ensure free cross-border trade of raw materials and finished vaccines ]

4.3 Challenges in Scaling Vaccine Delivery

Even with sufficient quantities of vaccines available, reaching herd immunity will require a rapid
scaling up of vaccine delivery. Delivery of COVID-19 vaccines poses unique challenges due to the
urgency of achieving population immunity—including vaccine hesitancy, storage and transportation
hurdles, and coordinating a large immunization programFE]

Deploying vaccines to cover 60% of the world’s population by March 2022 will not be easy, but

is achievable based on past experience. For instance, in a meningitis vaccine campaign Burkina

SII-produced COVID-19 vaccine doses were due to the increased demand for COVID-19 vaccines in India—given the
constrained production schedules. Thus, we can expect that if such production constraints endure into the future, it is
likely to have a direct adverse impact on the availability of vaccines for LMICs and COVAX. See https://reliefweb.

int/report/world/covax-updates-participants-delivery-delays-vaccines-serum-institute-india-sii-and
“Oyww.gsk.com/en-gb/media/press-releases/gsk-to-support-manufacture-of-novavax-covid-19-vaccine/

21See the March 2021 World Trade Organization (WTO) webinar on ‘Vaccines and critical goods: production,

distribution and trade policies’ at |/www.wto.org/english/res_e/reser_e/economic_resilience_180321_e.htm.

22For more details on vaccine delivery costs see https://www.who.int/docs/default-source/coronaviruse/act

-accelerator/covax/costs-of-covid-19-vaccine-delivery-in-92amc_08.02.21.pdf
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Faso covered its target population of 11 million individuals aged 1-29 years in just 10 days. Random
surveys conducted after the vaccination campaigns show that 95.9% of eligible individuals had been
vaccinated [Trotter et al. (2017). Other examples of rapid vaccination efforts include the meningitis
vaccine campaign in Brazil in 1974 and 1975 (Baylac-Paouly, [2019) and the 1947 smallpox vaccina-
tion campaign in New York City (Sepkowitz, 2004)). Today, Colombia plans to vaccinate over 5% of
its population against COVID-19 each month, reaching vaccine coverage of over 50% by end-2021
(Demombynes et al., 2021)). In addition, over 10 days starting in end-March 2021, Bhutan managed
to administer the first dose of the COVID-19 vaccine to about 60% of the population.

Vaccine hesitancy may be another hurdle for achieving the 60% target. |Wang et al.| (2020)
find that even after taking into account vaccine hesitancy, age distribution, and other country-
specific factors there are about 3.7 billion adults (or about 50% of total world population) who are
willing to be vaccinated. While this is encouraging and not too far from the 60% target, additional
vaccination campaign effort may be needed to ensure sufficient number of eligible adults are willing
to be vaccinated by March 2022 in order to reach the 60% target.

The goal of vaccinating 60% of the population may be particularly challenging for several
countries in Africa, where the share of youth population is about 40%. Currently, though Pfizer
and Moderna are testing their vaccines for children ages 12 and above, most COVID-19 vaccines are
authorized for emergency use only for individuals age 16+, which implies that the share of adults
that need to be vaccinated to reach herd immunity is likely much higher in Africa than rest of
the world. One policy consideration in this context would be for regulatory authorities to evaluate
the costs and benefits of lowering the minimum age of vaccines (from 16 years) by a few years to
address this demographic challenge.

In terms of speed, vaccinating 60% of the world’s population by March 2022 will require vac-
cinating approximately 5% of the population each month from April 2021 onwards. This monthly
rate could serve as an indicative target for countries aspiring to achieve a minimum 60% coverage
by March 2022.

As Figure 4 shows, among the group of countries with access to ample supply of vaccine doses,
the 5% rate of monthly vaccination rate has been easily surpassed. However, the monthly vaccina-
tion rate so far remains relatively low in middle-income countries such as India and China.

Still, India, China, and Russia have supported the global fight to end the pandemic, by con-

tinuing exports of finished vaccines despite the relatively low vaccination rates domestically. For
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Figure 4: Current Speed of SARS-Cov-2 Vaccination

Effective Rate of Full Vaccination Per Month
(% of Population, Based on March 2021 Data)
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Note: In addition Bhutan administered the first dose of vaccines to about 60% of its population within 10 days in end-March, 2021.
Bhutan's vaccination campaign would correspond to a monthly vaccination speed of about 90% in this figure.

Sources: Authors’ calculations and Our World in Data.

Notes: The red line shows the indicative target rate of vaccination needed to achieve 60% population coverage by
March 2022. Note that since steady state of vaccinations have not been reached yet (due to the 3-4 week gap in
administering two vaccine doses to the same individual) in a number of countries, this calculation divides total
doses by two to compute the number of courses delivered per month. This may under-state the actual vaccination
speed in the steady state due to the usage of one-dose vaccines (e.g., J&J) and increased speed later after the initial

phase of the vaccination campaign.
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instance, as of end-March 2021, India had exported over half of its domestic production—either in
the form of in-kind donations, deliveries on behalf of the COVAX through the SII, or commercial
exports. From this perspective, the current slow speed of uptake of vaccines in India and China
(given their large populations) may provide an ancillary benefit to other countries, as it allows for
much-needed vaccine exports to other low- and middle-income countries. However, one challenge
going forward will be to maintain continued exports of vaccines from India and China as their
domestic vaccination rates pick up. Thus, ensuring that vaccine developers in these countries have
continued access to key raw materials (as discussed above) will be critical.

In terms of policy actions to speed of vaccine delivery, countries waiting to receive vaccine deliv-
eries could begin investing in information campaigns, setting up technology platforms, regulatory
approvals, and training personnel for an efficient deployment of the vaccines. For instance, cus-
tomizing the vaccine deployment based on local conditions (e.g., availability of vaccines in dense
urban areas where risk of spread is high) is likely to be beneficial (Ives and Bozzuto, |2021)). The
logistics of deployment, especially in remote areas, will be important, and the WHO has already
issued guidance on this issue@ High-income countries can also help with vaccine deployment by
providing technical and financial assistance bases on lessons learned from their own COVID-19 vac-
cine campaigns, building on the experience that low-income countries already have with vaccinating

against other diseases.

4.4 Addressing Mutation

Our estima