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FOREWORD

Supported by UK Research and Innovation (UKRI), an international team of researchers led by the
University of Birmingham is creating a roadmap and model for in-country COVID-19 vaccination cold-
chain design using Bangladesh as a case study. The team from Birmingham and Heriot-Watt University
with their counterparts in Bangladesh at BRAC University and Bangladesh University of Engineering and
Technology are gathering the data using primary and secondary research to design novel methods and
mstruments to assess Bangladesh’s current cold-chain capacity and seize the opportunity to align
renewable energy and energy efficiency solutions with the mass vaccination of COVID-19 and potentially

future needs.

Our work specifically aims to explore the nexus among COVID-19 vaccine deployment (and future
emergency, pandemic and epidemic needs), sustainable cold-chain and clean energy infrastructure
development. To achieve the aim, we apply a bottom-up whole systems approach, which includes
collecting primary data for a robust assessment of the cold-chain capacity, identifying gaps, and providing
possible solutions for COVID-19 vaccine delivery in case study sites, which could be generalised
nationally. Our work will also include estimation of economic, environmental and social impacts of the

current deployment plans if they are to be followed to.

This project will assist policy makers in developing the most sustainable interventions to support the
medical supply chain at regional, national scale for COVID-19, but also to increase resilience against
other potential future natural disasters and epidemics. It will also support decision-making in selecting the
new cooling equipment, so that the equipment not only bridge gaps in routine immunisation programmes,
but also could be re-purposed and address the needs in other sectors after the pandemic, providing lasting

legacy.

Drawing on secondary research to date, we have published this briefing note to provide an overview of
both the potential scale of the challenge as well as recommendations for action to ensure that the potential

mass rollout of cold-chain technologies is sustainable.

Further details and data are available on request, please contact t.peters@bham.ac.uk

Professor Toby Peters
Centre for Sustainable Cooling

University of Birmingham
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EXECUTIVE SUMMARY

Despite calls for action?, existing COVID-19 activities have been mainly focused on developing, testing
and manufacturing an effective vaccine, and the clean cold-chain requirements for distributing the vaccines
fast and at scale globally have largely been ignored. Vaccination of COVID-19 will require a new fast-track

approach to assess, re-engineer and build out the cold-chain logistics assets.

Universal vaccine access 1s an existing major challenge in low-income countries, mainly due to the lack of

robust cold-chains. Key barriers faced, especially in developing countries, include insufficient cold-chain

capacity, outdated cold-chain equipment, inadequate maintenance and monitoring devices, lack of skills

and training, limited or unreliable energy access, limited outreach, and lack of financing and sustainable

business models. All these challenges result in cold-chain breaks, leading to vaccine wastage and missed

opportunities for vaccination.

The COVID-19 pandemic, however, has brought to the fore the urgent need for a vaccine cold-chain to
meet a different set of requirements - mass vaccination in a concentrated period of time. As an example,
while child vaccination campaigns typically reach about 115 million infants annually worldwide, the
COVID-19 vaccine could need to reach as many as 750 million people in Africa alone, health experts
predict. This implies a very rapid expansion/redesign of the vaccine delivery mechanism and logistics
chain, including the potential for incorporating synergistic temperature management services, and
sustainable cooling technologies as legacy benefits to this approach as well as campaign approaches.

However, such an expansion must not only recognise the potential volume uplifts, but also be mindful

about the risks of using technologies that are environmentally harmful. In particular, the additional

requirements should aim to avoid diesel-based cold-chains and refrigerants with high Global Warming
Potential (GWP), which may require financial and technological support for developing countries.
However, countries unfortunately seem to overlook the environmental impacts in their deployment plans.
They do not realise the scale of the potential impact on their sustainability targets, goals and commitments

and/or do not have the budget and skills to implement sustainable cooling technologies.

Alongside vaccines, disposable syringes, Personal Protective Equipment (PPE) and other vaccination

supplies will be the items that will actually demand more volume in transport and storage. Therefore, we

will also need to consider the waste management and disposal/recycling. Even though the deployment

plans we have reviewed to date mention waste management strategies, they often overlook the reverse

waste logistics challenge that is likely to be faced.

1 How Do We Prepare for Covid-19 Vaccine Delivery? - Birmingham Brief, 14th May
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While the quantum of expansion may be estimated considering population sizes, the actual cold-chain
demand regarding volume and equipment type will also depend on specifications of the vaccine (such as
volume per dose, dosage, temperature requirements and effectiveness) which are yet to be known.
Furthermore, the ground level conditions to sustain such expansion, especially the “last-mile” of the
vaccine chain, need to be better understood. The key supply chain challenge, especially in many
developing countries with large percentages of rural populations, will be the last-mile distribution, which
requires availability of vaccine holding systems at each vaccmation site and outreach channel. The actual

potential of the existing vaccine cold-chain infrastructure to meet demand whilst maintaining current

immunisation services, the cold-chain space the private sector can offer, potential modal shifts (such as

drones for outreach) and/or novel technologies (such as mobile cold-rooms and vaccine portable micro-
chillers); the required energy supply, or the presence and appropriateness of alternative cooling facilities
and energy sources need to be known, as well as the volume of waste so as to inform, cost and policy

decisions on vaccine cold-chain expansion.
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KEY CONCLUSIONS

The COVID-19 pandemic and the measures to halt its spread have had far-reaching impacts on
health, economies, social security and well-being; threatening the progress on Sustainable
Development Goals (SDGs). Due to the pandemic, 71 million people are likely to be forced mto
extreme poverty in 2020. 130 million additional people face acute food insecurity; remote learning
remains inaccessible to at least 500 million students; the incomes of 1.6 billion people employed in
the informal sector have dropped an estimated 60 per cent. Women have 1.8 times more job
vulnerability than men during the pandemic, despite representing 70 per cent of jobs in essential
occupations, and are likely facing a serious increase in domestic violence since stay-at-home measures
were implemented.

An effective vaccine 1s seen as the world's best bet for overcoming the pandemic. To this end,
governments, multilateral agencies and private sector have been investing heavily into research and
development of COVID-19 vaccines. However, achieving herd immunity through vaccination means
delivering the vaccine effectively and equitably to 60-70 per cent of the population. This translates
mto 4.7 to 5.5 billion people. In the likely case that the vaccine requires two doses, this equates to 9.4
to 11 billion doses to be manufactured and distributed (excluding allowances for effectiveness rates).
Achieving this successfully will critically depend on robustness of cold-chains, given that vaccines lose
their efficacy if exposed to a temperature beyond their recommended ranges for inappropriate
amounts of time. However, little attention has been given to date to the requirements of distributing
it rapidly at scale.

Equitable distribution of the COVID-19 vaccine globally would prevent 61 per cent of subsequent
deaths, but were it to be distributed to high-income countries first we would avoid only 33 per cent of
those deaths.

Planning robust outreach sessions 1s crucial to address gender barriers, such as limited access to family
mcome to pay for transportation, constraints on leaving home without a male chaperone, and lack of
time due to household chores.

Access to vaccines 1s an existing major challenge in developing countries, mainly due to the lack of
seamless, fully integrated, functioning cold-chains, which frequently result in distribution failure
points, leading to vaccine wastage, missed opportunity for vaccination, and ineffective immunisation
programmes. There 1s, thus, an immediate and urgent need to assess the specification and capacity
of vaccine cold-chains, and to put in place robust, well thought, practical plans to strengthen existing
capabilities where necessary, and to fill capacity gaps through new equipment procurements or
through private cold-chains from medical as well as other sectors that can borrow capacity. This

should also take into account the need of maintaining current immunisation services. Furthermore,
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supply chain and logistics requirements for ancillary supplies should also be considered and planned
for along with reverse logistics of waste management.

Given the fact that large proportion of the populations live in rural, remote areas in developing
countries, the key challenge for Covid-19 immunisation will likely be the last mile distribution.
Therefore, ensuring that each vaccination site, whether it 1s a health centre or an outreach service
point, 1s equipped with adequate cooling equipment to maintain efficacy of the valuable COVID-19
vaccine 1s crucial. The location of vaccination sites will need to be carefully chosen considering,
among other things, geographical barriers and transport difficulties as well as availability of energy
supply. Furthermore, in addition to traditional ground transport, cargo drones can be considered to
deliver the vaccine to remote and hard to reach areas.

The challenge does not exist in isolation. IExisting vaccine campaigns must be simultaneously
maintained. UNICEF and WHO estimate that up to 80 million children are at risk of missing out on
vaccinations against vaccine-preventable diseases due to the pandemic. Capacity expansion must
consider how to maintain existing programs in consideration of the risks posed by Vaccine
Preventable Disease (VPD).

There are currently eleven vaccines in their late stages of development, and some expecting their
mitial results before the end of 2020. Pfizer/Biontech, in fact, announced their Phase 3 trial results,
suggesting the vaccine candidate could be 95 per cent effective. Similar to Plizer/Biontech, Moderna’s
preliminary results suggest a 94.5 per cent efficacy rate. One of the drawbacks 1s that both of the
candidates require two injections for full effectiveness. However, the real catch is that the
Plizer/Biontech’s candidate requires a temperature of -70°C for transport and storage, and Moderna’s
-20°C. Both multiple dose and sub-zero temperature requirements may severely complicate vaccine
delivery especially in countries with high ambient temperatures and less developed cold-chains. The
existing vaccine cold-chains are typically designed for vaccines that require 2-8°C, and the number of
medical freezers that can handle these temperatures is extremely limited, even in the most advanced
developed countries. Cold-chain expansion required for COVID-19 vaccine would therefore demand
significantly higher levels of investment in equipment and infrastructure, especially in developing
countries. While Pfizer has designed a packaging that will keep the vaccines at -70°C for up to 10 days
using dry ice, dry ice may be short in supply, especially in developing countries. In Bangladesh, for
example, there 1s only one company making dry ice.

Fortunately, nine of the promising vaccines out of eleven require temperatures of 2-8°C. If some of
these vaccines were to be successful, then these vaccines can be directed to developing countries to
ease distribution and increase coverage, and to lower the financial and technological support required.
However, it 1s also important to recognise the possibility that the only vaccine available may demand
ultra-low temperatures, at least for a while.

One aspect of this massive challenge that 1s mostly overlooked is the opportunity it presents for

building more sustainable and resilient cooling economy. With the urgent need for building new cold-
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chains and re-engineering the existing ones, there is an opportunity to address gaps not only in medical
cold-chains but also in other sectors, with zero/low carbon technologies with natural/low-GWP
refrigerants. Overall, any deployment decision should be made considering targets related to the
reduction of GHG emissions and other pollutants as well as SDGs, providing a lasting legacy.

An msufficient supply of engineers, technicians and mechanics with the relevant skill set for cold-
chain equipment and infrastructure installation, operation, maintenance and decommissioning, along
with inadequate training to develop such skills, often result in incorrect deployment and poor
performance, long response times to malfunctions and failures leading to broken cold-chains. These
1ssues lead to unnecessary energy use and GHG emissions, environmental pollution and damage,
vaccine degradation and waste, administration of ineffective vaccines, and ultimately a wide range of
avoidable costs.

Alongside vaccines, disposable syringes, Personal Protective Equipment (PPE) and other vaccination
supplies will be the items that will actually demand more volume in transport and storage. Therefore,
we will also need to consider waste management and disposal/recycling. Even though the deployment
plans we have reviewed to date mention waste management strategies, they often overlook the reverse

waste logistics challenge that 1s likely to be faced.



Understanding the cold-chain challenge for Covid-19 vaccination

1 INTRODUCTION

1.1 OVERVIEW

Since the emergence of COVID-19 at the end of 2019, the virus has rapidly spread across the world to
result in a truly global pandemic that has been affecting over 200 countries and territories, and at the time
of this note (18 November 2020), the disease has infected more than 54.78 million people and claimed

more than 1.32 million lives [1].

The COVID-19 pandemic is not only a human health crisis, but also a social, economic and political
tragedy, affecting all populations of the world at different scales and with varying degrees of impact. In
efforts to contain the spread of the virus, many governments introduced restrictions on the movement of
people, and strict social-distancing measures that have had substantial and far reaching effects on
economies, social well-being, and potentially mental health. So called “lockdowns”, requiring populations
to “stay at home”, along with closures of businesses, educational establishments, leisure facilities, and
other limits placed on society have led to, amongst other things, to reductions in household income, loss
of employment, disruption to education, reduced production outputs and prioritised access to health
services, as well as dilliculties for consumers in sourcing supplies of food, general groceries and non-
essential goods. The economic consequences of government responses to the pandemic, should they
continue, are likely to cripple even the most resilient advanced economies of the world, and significantly
impact on future progress towards achieving the Sustainable Development Goals (SDGs), potentially even

reversing many of the hard won gains made to date.

The myriad of crises induced by the pandemic highlights the urgency in the drive to develop COVID-19
vaccine deployment strategies to distribute the vaccine effectively and equitably as soon as it 1s ready,
which will help mitigate the health and socio-economic consequences of the current response to the virus,
and provide the foundations for a lasting global recovery. There has been unprecedented effort by the
governments and industry worldwide to mstigate programmes for the development of a COVID-19
vaccine, and expectations are high for a successful outcome?. The challenge does not, however, end there.
It has been estimated that at least 50 to 60 per cent of a given population needs to have developed
mmunity against COVID-19 to effectively reduce the spread of the virus, and i areas of high
reproduction rates, this can increase to 75 per cent [3]. Therefore, after an adequate supply of an effective
vaccine has been secured by a nation, it will have to be delivered to its population at a scale and speed of
distribution not previously achieved in human history, with the additional challenge of simultaneously

maintaining existing vaccination programmes for other critical life threatening diseases. Preparation for

2 Pfizer/Biontech have announced on 18 November 2020 that their vaccine candidate could be 95 per cent effective
against COVID-19 [2]. The cold-chain requirements of the vaccine and related challenges will be discussed in
section 3.
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this unparalleled task requires countries to assess their current infrastructure and distribution resources
with at least the same degree of urgency that they are addressing the development of the vaccines
themselves. Indeed, distribution chain audits need to be rapidly undertaken; gaps i physical
Infrastructure, as well human resource capability, must be 1dentified and procurements made to fill them;
the political, financial and social investments needed to support a robust immunisation plan that will
deliver the vaccine with no one left behind, must be committed, considering the fact that different Covid-
19 vaccines under development demand different requirements (such as temperatures and volumes).
Furthermore, equitable distribution across countries will be a key driver to success. One estimation
suggests that if the mitial doses produced are distributed to high income countries first, then only 33 per
cent of death will be avoided. However, distribution to all countries proportional to their populations

could prevent 61 per cent of subsequent deaths [4].

One poorly understood infrastructure challenge that 1s fundamental to the success of any COVID-19
vaccination programme, is the fact that vaccines need to be stored and transported in a seamless and
unbroken temperature-controlled environment throughout the distribution journey, from point of
manufacture to point of immunisation. This key requirement demands a// countries, regardless of climate
or level of economic development, to procure additional cold-chain® equipment as well as re-engineer the
existing capacity to improve cold-chains’ ability to meet the increases in volume and distribution speed
necessary to ensure an uninterrupted availability of quality COVID-19 vaccines on the ground in every
city, town, village and remote settlement or homestead across the globe. Apart from the existing
government-controlled vaccine cold-chains, countries should also consider and identify the cold-chain

space that the private cold-chain operators can offer.

In many Alfrican, South East Asian and South Asian countries, the diverse population settlements (e.g.,
urban, semi-urban, rural) present unique challenges to cold-chain capabilities and logistical responses.
Access to energy and adequate transport infrastructure, such as paved roads, 1s often a key distribution
challenge for countries in these regions and a substantial barrier to reaching out effectively to semi-urban
and rural populations. Furthermore, the need to deliver vaccines via outreach to increase immunisation
coverage, can present major challenges. Some countries in fact provide more than 50 per cent of their
vaccination services via outreach, which places burdens on health care workers (who might have to walk
long distances, often across difficult terrain) and impacts the ability of governments to deliver frequent

Immunization sessions [5].

3 Cold-chains consist of several components, typically including at least pre-cooling, cold storage, and relrigerated
transport. For the medical sector, the cold-chain is typically used for the transportation and storage of temperature-
sensitive health products which include but are not limited to vaccines, blood products, and a range of medicines
that support common health services.
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There are also significant environmental risks associated with cold-chains which need to be recognised,
assessed, and mitigated agamst. Not least amongst the environmental challenges of COVID-19 vaccine
distribution 1s the potential for substantial emissions of greenhouse gases (GHGs) and other pollutants
from cooling equipment, both from energy use (termed “indirect” emissions) and from leakage or spillage
of refrigerant (“direct” emissions), which underpins a need to ensure that new and re-engineered cold-
chains are sustainable in their procurement, operation and eventual decommissioning. For example, new
builds and retrofits need to be efficient, low or zero carbon, and designed in line with circular economy
principles that plan for reuse, remanufacture and recycling of infrastructure and equipment, as well as
facilitate safe, sustainable waste management practices for the refrigerants, vaccine product packaging,
raccination supplies, protective personal equipment (PPE) and other potential pollutants associated with
distribution through the cold-chain. The challenge for governments, industry and wider society 1is,
therefore,: how to achieve efficient, large-scale COVID-19 immunisation in the most economically,
socially and environmentally sustainable manner, whilst simultaneously providing a lasting legacy of

sustainable distribution infrastructure from the urgent investment that must be made now.
1.2 ECONOMIC IMPACTS OF THE PANDEMIC

The unparalleled nature in modern times of the COVID-19 pandemic, as well as the uncertainties
surrounding the evolving global situation, such as the rate and level of spread, duration of illness; long-
term physical and mental health effects; behavioural changes; effects on social cohesion and society at
large; and untested government policy responses, make it difficult to estimate with any degree of accuracy
the ultimate scale of the economic impact. While development and widespread distribution of an effective
vaccine could help to speed up the social and economic recovery in one area, the emergence of new
mfection hot spots i others may require the remtroduction of lockdown measures or even stricter
enforcement. Vaccine efficacy is commonly reduced in the elderly and other key communities at risk of
severe disease, hospitalisation and death. It 1s highly unlikely that vaccine-induced immunity can provide
sterilising immunity in the upper respiratory tract, resulting in vaccine immunity that may protect the

mdividual but not fully abort a limited period of viral shedding and risk of onward transmission.

The global economy has undoubtably been impacted by the effects of the pandemic and many economies
show signs of emerging recession. All economies are likely to experience significant economic losses, but
emerging and developing economies are especially vulnerable with per capita incomes expected to

decline, and an increasing risk of falling below the poverty line.

The forecasts in June 2020 predicted a 5.2 per cent contraction in global GDP in 2020 - worse than the
2007-2009 financial crisis. According to IMF’s latest World Economic Outlook, however, the forecasts
are now less severe, and the contraction is expected to be 4.4 percent [6]. This slightly less severe
projection is predicated on evidence of improvements in advanced economies in the second quarter of

2020 and an anticipation of stronger recovery in the third quarter. The latter partly compensates for the
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downgrades i emerging and developing economies, therefore thus far preventing a recurrence of the
2007-2009 financial crisis. The final outcome however is difficult to predict given the reintroduction of
partial and nationwide lockdowns in many countries in the fourth quarter of 2020 due to the second wave
of COVID-19 cases which threatens to overwhelm health services. These restrictions are expected to have
adverse implications on the growth in the fourth quarter of 2020 and the first quarter of 2021, alfecting

the services-dominated economies, including Spain, Italy and the UK, the most [7].

While the governments of mature advanced economies of the world have been able to benefit from
mternational borrowing to fund public spending on emergency stimulus packages and social protection
programmes, other less developed economies have been limited in their ability to offer similar lifelines
to their populations, due to higher debt and borrowing costs. However, given the intrinsically global nature
of the COVID-19 challenge, international cooperation and collaboration is going to be needed to tackle
the health and economic consequences of the pandemic. Low-income economies in particular, need to
be supported through debt relief, grants, and concessional financing to help them sustain their economic

activity [6].

1.3 IMPACTS OF THE PANDEMIC ON DELIVERING THE SDGS

The Sustamable Development Goals (SDGs) were adopted in 2015 as part of the UN’s 2030 Agenda for
Sustainable Development with the aim of providing a universal framework to “end poverty, protect the
planet and ensure that all people enjoy peace and prosperity” [8]. However, despite the commitment of
193 nations to the goals, progress on achieving them has been slow and uneven up to the close of 2019,
and many areas of the SDGs were already in need of accelerated interventions to achieve the targets by
2030 [9]. Emergence of the pandemic during the course of 2020 has put additional strains on the ability
of many countries, both advanced and developing, to support the goals and may not only slow progress

towards achieving them but also reverse the gains that have already been made.

As a result of COVID-19, even more aggressive strategies will likely be required to put countries back on
track for delivery of the SDGs, whilst in parallel rebuilding their economies and reducing the socio-
economic inequalities that have been exposed, and in some cases exacerbated, by the pandemic [6], [9],

[10]. Appendix A provides further details of the anticipated impact of Covid-19 on the 17 SDGs.

1.4 PANDEMIC AS AN OPPORTUNITY TO BUILD RESILIENT AND
SUSTAINABLE COOLING ECONOMY

In 2020, 1.02 billion people among the rural and urban poor are at high risk from lack of cooling access

[11]. Providing access to sustainable clean cooling for all that need it, among other things, can:

o reduce post-harvest food losses and thereby hunger, while raising the income of small farmers

and fishers;
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e increase market connectivity that would boost local economies and decrease poverty i rural
agrarian communities;

e generate employment and reduce the incentive to migrate to city slums;

e help address gender barriers and broader inclusivity issues;

e reduce vaccine preventable deaths caused each year by mnadequate refrigerated distribution.

e improving air quality and reducing the level of other pollutants in the environment;

o reduce energy costs through the provision of ofl-grid technology based on renewable energy;
natural and waste thermal energy resources, and the use of passive cooling techniques;

e and build resilience against external shocks such as the impact of extreme weather events

icluding heat and storms.

Once a vaccine 1s approved and manufactured, elfective and equitable distribution will require a
significant scale up in cold-chain related cooling capacity from infrastructure and equipment for product

storage and transport through to the human resource needed to provide the workforce for its deployment,

operation and maintenance.

AGRICULTURE,
HOR TURE & LIGHT COMMERCIAL DOMESTIC
FISHING/ ACULTURE

VACCINE &
FOOD STORAGE PHARMACEUTICAL
STORAGE

BIOLOGICAL SAMPLE
RESTAURANTS (SUCH AS BLOOD)
STORAGE

CROP STORAGE OTHER RETAIL STORES

SEED STORAGE

Semen storage for
artificial insemination

Figure 1: Examples of refrigerator use cases

Could this additional infrastructure and equipment be procured and deployed in such a way that it not
only facilitates the COVID-19 response and bridges existing gaps in routine immunisation programines,
but also offers opportunities for re-purposing to help address the needs in other sectors, such as the

agriculture, animal husbandry and/or light commercial elements of food supply systems (For example,
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see Figure 1) post-pandemic? Smart planning at this stage of the pandemic response, along with system
level thinking, could potentially help countries to achieve their long-term sustainability goals and deliver
on their SDG commitments, thereby leveraging COVID-19 mvestments that might otherwise result in

redundant infrastructure and stranded assets when this current global emergency recedes.

Given that cooling underpins so many aspects of a modern society, through a strategy ol planned
repurposing and reuse, the unprecedented logistical challenge of COVID-19 vaccine delivery presents a
real opportunity for many countries to improve their current cooling systems with sustainable and clean
technologies along with their workforce to service and maintain new cold-chains and the cooling sector as
awhole, which would also open up sustainable job opportunities and help ailing economies recover better
from the ongoing pandemic. This will not only help them deliver their SDG commitments, but also assist
them in simultaneously achieving their Paris Agreement related GHG reduction targets and meeting their
obligations under the Kigali Amendment to the Montreal Protocol. To achieve this, however, alongside
system level thinking and planning, there is also a need for novel, innovative financial models and
mcentive schemes to enable the efliciency gains and emission savings that can be achieved by new

sustainable cooling equipment to be realised.

1.5 WHAT IS THE WAY OUT?

While the question of how the COVID-19 pandemic will continue to evolve remains unanswered, there
appears to be a consensus amongst the majority of scientists and politicians as to how it might conceivably
be brought to an end. When enough of the population becomes immune to the disease, the spread will
slow down and the number of vulnerable members of the community who develop severe disease should
decline. The herd immunity threshold varies across countries depending on the reproduction number,
which indicates the number of secondary infections per infected individual. In this regard, the threshold
has been estimated to be at least 50 per cent to 60 per cent, but this can go even higher to 75 per cent in
countries with a high reproduction number [3]. However, herd immunity alone may not be enough to
protect the whole community and it 1s possible that the COVID-19 virus could become locally endemic
to particular communities, similar to other seasonal respiratory viruses, for example as is already the case

with influenza and respiratory syncytial virus.

Herd immunity can be achieved either by natural infection or through vaccination, although the immune
responses derived from each method differ. Achieving herd immunity naturally (i.e. letting infection run
through a susceptible population) would take a relatively long time, and likely lead to a widespread
presentation of the disease, with the potential to overwhelm existing healthcare systems that in most cases
have msufticient scale and resources for dealing with such an outcome. The result could be a large number
of deaths m elderly and other vulnerable groups within infected populations. The politically preferred

solution globally is therefore to achieve the required thresholds through vaccination. This, in turn,
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requires a vaccine to be developed, tested, approved, manufactured, distributed and administered in mass

quantities at a scale never before witnessed.

Currently, across the world, there are eleven vaccines in their late stages of development [12] and a
breakthrough to availability is anticipated soon. Once a broadly effective vaccine 1s approved and an

adequate supply is manufactured and secured, delivering it elliciently and equitably will critically depend

BOX 1 The Kigali Amendment and COVID-19

The Kigali Amendment to the Montreal Protocol was enacted in October 2016 by 198
governments and took effect from January 2019. The Amendment calls for the phase-
down of hydrofluorocarbons (HFCs) by cutting their production and consumption,

targeting a reduction of over 80 per cent by 2047 compared to baselines.

The Kigali Amendment has highlighted the linkages between cooling, energy demand,
and climate change. However, meeting the Kigali Amendment’s target could be very
challenging given the mcreasing cooling demand and the need for providing a cooling
for all approach to achieve SDGs. Further accelerating the uptake of energy efficient,

natural and ultra-low-GWP cooling equipment 1s therefore crucial.

The rapid rise in refrigeration demand that will be required to deliver COVID-19
vaccines will add further to this challenge. Due to the need to vaccinate a large
percentage of populations to achieve herd immunity, and with the pressure of
reopening economies as quick as possible, Governments may have to lean towards
unsustainable, inefficient and high GWP cooling technologies with lower capital cost.
The COVID-19 deployment plans reviewed in this work to date do not consider the
environmental impact of the cold-chain equipment required for the vaccination
programme, and the focus is generally limited to building storage capacity due to
urgency. However, the equipment deployed as part of the immunisation programme
will be i place or in circulation for many years to come, potentially becoming a barrier
for achieving the Kigali Amendment’s targets. Additionally, such equipment 1s likely
to be unnecessarily expensive to operate and maintain, and thus uneconomical in the
long-term. Due to the relatively high upfront costs of new, cleaner, sustaimable
technologies, the associated lack of deployment and operational expertise and the
perceived risks of new technologies, financial and technological support is needed for

developing countries to accelerate and incentivise the uptake.
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on the readiness of a fit-for-purpose cold-chain network. All the vaccine candidates require temperature
management as well as close integrity monitoring throughout the supply chain journey. To achieve the
necessary herd immunity thresholds, governments worldwide therefore need to develop robust
immunisation plans that are supported by adequate fail-safe cooling technologies and temperature-
controlled logistics. Given the service life of cooling equipment, any procurement actions or re-
engineering/repurposing of existing cold-chain infrastructure undertaken to meet this challenge will have
long-term effects potentially lasting well beyond the period of the pandemic itself. Therefore, now is the
time for informed planning and decision making to improve the current vaccine cold-chains with
sustainable technology choices, and likewise to establish new sustainable distribution infrastructure to
deliver immunisation programmes. In fact, the scale of the COVID-19 response provides a unique
opportunity to consider the cold economy as a whole, and to achieve long-term efficiency and
sustainability gains by 1dentifying synergies between sectors and areas where cooling demand can be
aggregated and/or capacity shared, which would i turn build resilience against future external shocks,
emergencies and/or disasters, such as those associated with climate change induced extreme weather

events including heat waves and storm events.
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CURRENT STATE OF THE VACCINE COLD-CHAIN

2.1 VACCINE FLOW AND THE COLD-CHAIN
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Figure 2: General structure of vaccine cold-chain in routine immunisation programmes4

The success of global, national and local immunisation programmes critically depends on robustness of
vaccine cold-chains. Vaccines are biological substances that may lose their efficacy if exposed to a
temperature beyond their recommended ranges for mappropriate amounts of time (both higher and
lower temperature excursions, even for very short periods of time, can render a vaccine obsolete and

freezing can be highly damaging for vaccines to be stored above 0°C?>). The purpose of a vaccine cold-

4 Manufacturer, National Vaccine Store, Provincial Vaccine Store, District Vaccine Store, Outreach, Cold box,
Vaccine carrier, Van, Motorcycle : Icons made by Freepik from www.{laticon.com, Airport: Icon made by Creaticca
Creative Agency from www.flaticon.com, Aeroplane: Icon made by Pixel perfect from www.flaticon.com, Cold
room: Icon made by Good Ware from www.llaticon.com, Fridge/freezer: Icon made by xnimrodx from
www.llaticon.com, Vaccination: Icon by Adioma

% Examples to freeze-sensitive vaccines include diphtheria, tetanus, hepatitis B and Haemophilus influenza type b
[13].
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chain 1s to maintain the quality of vaccines by ensuring they are handled, stored and transported within
an appropriate temperature range, which is typically between 2°C and 8°C, from the time of manufacture

to the moment of administration.

Figure 2 illustrates the typical vaccine flow for a routine immunisation programme, including the
mfrastructure and cooling equipment generally used for distribution from the point of manufacturer

through to the health centre and/or outreach service point where it is administered.

2.2 COLD-CHAIN EQUIPMENT

According to the ‘Efficiency for Access’ coalition’s forthcoming ‘2020 Off-Grid Market Survey’® (See
Figure 3), vaccine and blood bank refrigerators are currently ranked as the most important devices for
health care delivery. To elliciently and effectively deliver the COVID-19 vaccine to adequate percentages
of the world’s population, many more of these devices along with substantial amounts of other cold-chain

related equipment will be required.

VACCINE AND BLOOD BANK REFRIGERATORS

PATIENT MONITORS FOR VITAL SIGNS MEASUREMENTS
(e.g. NiBP, Sp0O2, HR, RR, EtCO2, blood glucose and ECG)

OXYGEN CONCENTRATORS

VIRAL LOAD TESTING EQUIPMENT FOR HIV, HCV, HBV, & HPV
PORTABLE ULTRASOUND MACHINES

VENTILATORS
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PULSE OXIMETERS

X-RAY MACHINES

BRIGHTFIELD WHITE LIGHT MICROSCOPES
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ANESTHESIA MACHINES

SUCTION MACHINES

B
&

Figure 3: Importance of Medical Devices for Health Service Delivery (Source: CLASP [14])

‘Walk-in cold rooms (WICs) and freezer rooms (WIFs) are often used for bulk storage

% E

at national, provincial and district vaccine stores. They require a continuous supply of
I | '

electricity and standby generators in case of a power outage. Vaccines are stored in

specialised areas in the rooms before being shipped to lower-level storage facilities.

6 “The 2020 edition of the Off-Grid Appliance Market Survey uses data collected from 183 industry, policy and
development stakeholders to offer unique insights into the dynamic needs of consumers and the potential positive
socioeconomic impacts of off-grid apphances.”[14]
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Ice-lined refrigerators (ILRs) run on mains electricity or generators. Many new ILR

models can provide safe storage for vaccines at required temperature range between

2°C to 8°C longer periods of time with only 8 hours of power supply in 24 hours [15].
In case of a power outage, the ice lining maintains the required temperatures for
vaccines. Some fridges can maintain temperature for up to 10 days, depending on the
ambient temperature, frequency of lid opening, quantity of vaccines in the refrigerator

and condition of the ice lining.

In current immunisation programmes, on-grid freezers are generally used for long term
storage of vaccines that require sub-zero temperatures (such as OPV) at district level,
and for preparation of ice and coolant packs at health centre level. As ILRs, on-grid
freezers also run on mains electricity or generators, and they provide better temperature

monitoring and safer storage than standard domestic freezers [15].

Solar powered refrigerators and freezers are designed to maintain vaccines at their
appropriate temperature, without the need of electricity from the grid. Even though
mitial cost of solar powered systems is higher than electric refrigerators/freezers, they
offer significant energy cost savings as well as reduce emissions. Solar powered
refrigerators and freezers are especially recommended for areas with no access to the
national power grid or with imited/intermittent power supply. They use solar energy to
directly freeze water or other phase-change material (PCM). This stored energy is then
used to provide continuous cooling, even when energy 1s unavailable or limited (such

as during the night and cloudy days).

Panel support

Solararray [
structure

Solar array [

Panel support
structure

Control wiring

hardware: R Battery
Batttery charge/ (variable capacity)

discharge control

Refrigerator { Refrigerator |:

(fixed capacity)

} Cold storage

solar refrigerator Solar direct-drive refrigerator

Figure 4: Difference between battery-powered and SDD equipment [16]

There are two types of solar powered refrigerators and freezers: solar direct drive
(SDD) and battery solar powered systems. While SDDs are generally more expensive
to buy and install than battery powered systems, SDDs require less maimtenance as they

do not need batteries to operate (See Figure 4). However, among other things, lack of
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technical expertise, solar module theft and ongoing solar array maintenance may limit

the efhiciency and relability of the solar equipment [16].

See Appendix B on selecting the right energy source for vaccine refrigeration.

Cold boxes are insulated storage boxes that are used to keep vaccines cold during
transportation and/or short-term storage, such as in case ol energy supply and
equipment failure. Vaccine carriers have smaller volumes than cold boxes, and they are
generally used by health workers during outreach immunisation sessions. Both cold
boxes and vaccine carriers are passive systems’ that require ice or coolant packs, and
therefore freezers, to keep vaccines at required temperature ranges. With cold boxes
and vaccine carriers, there 1s far less ability to ensure correct temperatures and usage,
as they generally lack integrated temperature monitoring and data collection systems.
The mtegrity of vaccines may be compromised 1f the boxes and carriers left open too
long and/or wrong number of ice packs are used. We understand companies such as
Sure Chill are developing active cooling equipment (micro-chillers with thermo-electric
refrigeration) with extended hold-over capabiliies (3 days+) i high ambient
temperatures and data capabilities, that can be used as mobile vaccine fridges. Also, the
World Health Organisation (WHO) is writing a new set of PQS standards for active

cold boxes.

Temperature monitoring devices are used to measure and record temperature readings
periodically from cold-chain equipment to ensure the vaccines are kept in the

recommended temperature ranges along the entire cold-chain.

Voltage stabilizers are used to protect on-grid cold-chain equipment to protect
refrigerators and freezers powered from damage caused by fluctuations in the energy

supply.

Refrigerated vans are used for bulk transportation ol vaccines between storage points.
Refrigerated vans are equipped with a refrigeration unit and an insulated cargo

compartment.

2.3 ENVIRONMENTAL IMPACTS

While a cold-chain is an integral part of delivering a successful immunisation programme, it results in an

environmental cost. For example, considering both energy emissions (i.e. indirect emissions) and leakage

of refrigerant gases (..e. direct emissions), one estimate suggests that the world’s cold-chains are

7 Passive cooling systems are the ones that use no energy, as opposed to active cooling systems that use energy for

cooling.

8 Icon made by Freepik from wyww.{laticon.com
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responsible for approximately 1 per cent of global GHG emissions and can represent as much as 3-3.5
per cent of GHG emissions in developing economies [17]. Recent estimates also indicate that the health

care sector 1s responsible for approximately 5 per cent of global emissions, including refrigerants [18].

Grid powered (on-grid) refrigerators and freezers indirectly contribute to emissions from cooling through
the consumption of electricity that is generated using a mix ol energy resources that often include fossil
fuels, particularly in the case of developing economies where the burning of coal, gas and oil in power
stations 1s widespread. Replacing existing old legacy equipment with modern energy efficient technologies
reduces electricity costs and emission contributions, especially if the on-grid supply 1s generated from non-

renewable resources.

Moreover, many health faciliies and communities in developing countries, particularly those in rural
areas, suffer from inadequate power grid infrastructure, which results in unreliable and intermittent
electricity supply, or indeed have no grid connection available (off-grid). Consequently, these facilities
often rely on collocated, highly polluting diesel fuelled electricity generators either for back-up or
continuous use. Likewise, the refrigerated vans, trucks and lorries used in the mobile stages of the cold-
chain are often diesel fuelled thereby contributing to GHG emissions; sub-optimised delivery routes,

journey delays due to congestion or poor road mfrastructure further worsen the impact.

Service point 84%

Lowest distribution 85%

Sub-national 88%

Cold-chain level

86%

Primary

0% 20% 40% 60% 80% 100%

% of refrigeration units that are CFC-free

Figure 5: % of CFC-free equipment across cold-chain levels (The data was collected between 2009 and 2017 in 81 countries
across all 6 WHO regions) (Adapted from Effective Vaccine Management (EVM) Global Data Analysis 2009)

In addition to the indirect emissions from energy use, direct emissions resulting from refrigerant leakages
can be substantial (typically 70 per cent of cold-chain GHG emissions are associated with direct energy
use and 30 per cent from refrigerant leakage, spillage or inappropriate disposal). Older, legacy cold-chain
cooling equipment that utilises environmentally damaging high-GWP fluoriated refrigerants should be

replaced with new modern equipment operating through the use of natural or synthetic refrigerants that
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have minimal GWP/climate impact. However it is worth noting that in its PQS catalogue of approved
equipment for vaccine cold-chain, WHO still lists equipment using R404A, which has a GWP of 3922,
the highest of all the commonly used refrigerants and has been banned i Europe (recovered or reclaimed
R4040A can be used until 2030) [19]. The WHO’s recent effective vaccine management (EVM)
assessment revealed that Chlorofluorocarbon (CFC) relrigerants are still in use in 81 countries across all
WHO regions (Figure 5) [20]. Further data available from India’s National Cold-chain Assessment
conducted in 2014 revealed that the country has 18,267 CFC units operating across vaccine cold-chains,

which accounts for 25 per cent of the total stock of equipment [21].

BOX 2 Status of cold-chain equipment in GAVI-eligible countries
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Figure 6: Estimations on the status of cold-chain equipment in several Gavi-eligible countries (Source:
GAVI [15])

In 2014, GAVT’ estimated that up to 90 per cent of health facilities were not equipped
with adequate cold-chain equipment in several Gavi-eligible countries”, 50 per cent
being equipped with older devices that might compromise the integrity of vaccines, 20
per cent being equipped with no cold-chain equipment, and 20 per cent equipped with
broken devices (See Figure 6). While there has been progress, still significant shortfalls

remain.

9 Gavi, The Vaccine Alliance (GAVI) is an international organisation, created in 2010, that brings together “public
and private sectors with the shared goal of creating equal access to new and underused vaccines for children living
in the world's poorest countries” [22].

10 See Link for list of GAVI-eligible countries.
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2.4 WEAKNESSES OF THE CURRENT COLD-CHAIN

The current provision of cold-chains globally for vaccine distribution exhibits significant weaknesses that,
when combined, substantially hinder worldwide efforts to deliver efficient, effective mmmunisation

programmes at large scale.

2.4.1 INSUFFICIENT COLD-CHAIN CAPACITY

At the core of achieving targets for effective and equitable immunisation is the timely availability of
efficient and rehable cold-chain capacity of sufficient scale. However, due to high populations and growth
rates as well as needs to mmprove immunisation coverages, developing countries often struggle with
msufficient capacity, both in terms of absolute equipment numbers and availability issues related to poor

reliability and/or inadequate maintenance. This translates into:

delays in new vaccine introductions to Immunization programmes;

e increased supply intervals overwhelming the available cold-chain, consequently increasing the
transportation cost per vaccine dose;

e high levels of vaccine wastage due to lack of alternative storage equipment (often due to
equipment malfunction and/or energy supply failure);

e and disruptions in the vaccination services that threaten the integrity of immunization

programimes.

2.4.2 OUTDATED COLD-CHAIN EQUIPMENT

Old, outdated legacy equipment used n distribution cold-chains can significantly affect the performance
and efficiency of immunisation efforts through poor temperature control and inadequate data collection
capabilities (recording and/or transfer), insufficient holdover times and a lack of freeze protection, putting
the integrity of vaccines at risk. As shown in Figure 6 in Box 2, only 10 per cent of GAVI-eligible countries
worldwide are equipped with the latest, modern equipment. As will be discussed in section 2.4.7 below,
the relatively high capital costs of modern, highly efficient equipment is one of the major barriers to uptake
of these new technologies, even though they generally provide cost savings on energy bills and reduced

emissions.

2.4.3 INADEQUATE MAINTENANCE AND MONITORING

An ellective cold-chain maintenance regime and operating system, that includes devices for real time
monitoring, alarms for temperature excursions and equipment malfunction, and voltage stabilisers, as well
as an adequate stock management system, is vital for ensuring the availability and quality of vaccines.

Timely fault diagnosis and repairs, along with routine maintenance that follows equipment manufacturer



Understanding the cold-chain challenge for Covid-19 vaccination

recommendations, avold unnecessary and more expensive repairs, premature replacement costs, and

vaccine product waste that could result in excessive immunisation cost burdens.

Indeed, the global cost of vaccine wastage due to products being exposed to temperatures outside of their
recommended range is, in fact, estimated to be $34.1 billion annually, not including the substantial
physical burden and financial cost of illnesses that could be avoided by ensuring on-time delivery of
effective and potent vaccines [23]. An estimate published in 2019 suggests that 25 per cent of vaccines are
still degraded by the time they reach their final destination, due to a lack of comphance, standardization,

accountability and transparency across the air transport supply chain [24].

2.4.4 LACK OF RELEVANT SKILLS AND ADEQUATEL TRAINING

An insufficient supply of engineers, technicians and mechanics with the relevant skill set for cold-chain
equipment and infrastructure stallation, operation, mamtenance and decommissioning, along with
madequate training to develop such sKkills, often result in incorrect deployment and poor performance,
long response times to malfunctions and failures leading to high cold-chain sickness rates (i.e. proportion
of broken cold-chain equipment at any point in time, as defined by Government of India guidelines,
which recommend that this should always be less than 2 per cent at any given point of time [25]), and
mappropriate disposal. These issues not only reduce the availability of cold-chain capacity, but also lead
to unnecessary energy use and GHG emissions, environmental pollution and damage, vaccine
degradation and waste, administration of ineffective vaccines, and ultimately a wide range of avoidable

CcOsts.

BOX 3 Electronic Vaccine Intelligence Network in India

India launched the electronic Vaccine Intelligence Network (eVIN) in 2015, in
partnership with GAVI. The eVIN is an electronic logistics management information
system that provides real-time data on vaccine stock status and temperature across the
entire vaccine cold-chamn, which helps requirement estimation, emergency

management, tracking of consumption patterns, and efficient stock reallocation [26].

The system has been implemented in more than 521 districts, across 21 states and
union territories. ¢ VIN achieved a reduction in the utilization of vaccines from a pre-
eVIN level of 305.3 million doses to 214.9 million doses across the 12 states in which

it was mitially adopted, mostly on account of wastage and mismanagement [27].
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2.4.5 LIMITED OR UNRELIABLE ENERGY ACCESS

Reliable and resilient energy access is critical for maintaining a cold-chain, and thus central to preserving

vaccine efficacy. Infrequent energy supply can also damage cooling equipment and shorten its operational

life.
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Figure 7: Flectricity access rates in health facilities for the few developing countries with available data (Source: Practical
Action, 2013)
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Figure 8: % of facilities with voltage fluctuations greater than +/- 15% (The data was collected between 2009 and 2017 in 81
countries across all 6 WHO regions) (Adapted from Effective Vaccine Management (EVM) Global Data Analysis 2009-2018)

Estimates made by the Practical Action charity in 2013 suggested that 46 per cent of health facilities in
India, and more than 30 per cent of those in sub-Saharan Alfrica, did not have access to electricity (See
Figure 7) [28]. Furthermore, recently published data available from the WHO's Effective Vaccine

Management (EEVM) assessment, revealed that many facilities across the vaccine cold-chains in developing
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countries, especially the service points, suffer from unreliable energy supply (See Figure 8) [20], which is

n line with the Practical Action estimates from 2013 presented in Figure 7.

2.4.6 LIMITED OUTREACH

In developing countries, a large proportion of the population typically live in rural, remote areas [29] with
geographical barriers, nadequate infrastructure (such as a lack of transportation and poor road
conditions), where access to health and immunisation services 1s generally severely limited. To increase
Immunisation coverage, the majority of immunisation services in these countries are delivered via
outreach (in some cases, more than 50 per cent), which places delivery burdens on health care workers

and reduces the ability to realise programmes that require frequent immunization sessions [5].

Furthermore, these countries may also have nomadic and/or seasonally mobile populations, or
marginalised or disadvantaged groups, that are typically not registered at the place where they are
temporarily residing, and have little or no contact with routine immunisation services, thereby creating
1ssues in ensuring timely, inclusive, equitable and complete immunisation of populations, as well as proper

recording and reporting of programme information and success factors [30].

2.4.7 LACK OF FINANCING AND SUSTAINABLE BUSINESS MODELS

The cost of fully vaccinating a child has been estimated to be in the range US$25-$45, but this does not
mclude the non-vaccine costs involved in immunisation such as cold-chain equipment, staff, training,
operation and maintenance [31]. However, despite these costs, in addition to saving an estimated 2 to 3
million lives each year, vaccination 1s considered to be a cost effective approach to disease control if the
savings on the medical cost that would otherwise be incurred, as well as the productivity gains from
ensuring a healthy population, are accounted for. Indeed, UNICEF estimates that every dollar spent on
child immunisation provides US$44 worth of economic benelits [32]. Realising these benefits, however,
requires that the weakest links in existing distribution cold-chains are strengthened, and new cold-chain
mfrastructure 1s provided in cases where it is needed but does not currently exist, so as to improve access
to safe and quality vaccines. Achieving this sustainably, with minimal environmental footprint, demands
significant investment in clean and energy efficient cold-chain solutions both for new builds and retrofits.
In the case of developing countries, where the requirement for equipment and infrastructure is largest,
and government monies are in short supply, international development assistance alone 1s not be enough
to meet such investment needs. Much of the finance must therefore be mobilised from private sources,
including corporate business, patient investing and the philanthropic sector, often locally. Innovations in
financing mechanisms, incentives, business models, and financial supporting instruments can drive these

new mvestments n energy efficient and sustainable cold-chain deployments.
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For most cooling technologies, the main components in the life cycle cost of equipment ownership are
energy consumption and maintenance. The initial capital investment required is in fact only a small

fraction. In other words, the total cost of ownership of cooling systems is most effectively reduced by:

e installing equipment with the highest level of energy efficiency available;

e optimising preventive maintenance;

e applying systemic thinking to minimise the active cooling needs and therefore energy costs, such
as through passive and behavioural solutions;

e and to further optimise the energy utilisation and/or efficiency, such as through deployment of

thermal energy storage systems.

Furthermore, the higher upfront capital investment cost typically associated with a sustainable cooling
equipment choice, when compared to procuring conventional cooling options, often acts as a major
barrier to making the switch to such systems either for a new build or retrofit deployment. Underpinning
the relatively high retail price 1s the current low level of volume demand for sustanable cooling
technologies, which 1s partly due to a lack of awareness of the need for their adoption and an absence of
government commitments to support the mass deployments that would lead to reduce costs, and the high
costs incurred for shipping of equipment from manufacturers to locations that need them the most. With
regard to the latter, many sustainable cooling technologies are developed and manufactured in the mature
advanced economies of the ‘Global North’ but needed most acutely in the developing and least developed
nations of the ‘Global South’, where vaccine cold-chain infrastructure deficits are most severe, power grid
availability, reliability and connectivity are major issues, and lower operating costs would be extremely
beneficial. For example, rural and remote, difficult to access regions in many developing countries often
struggle with unreliable, severely constrained or non-existent power grids and would benefit significantly
from sustainable off-grid efficient cooling equipment as an alternative to the current default option of

adopting expensive to run diesel-fuelled generators.

The key challenge for many potential adopters of sustainable cooling equipment 1s that the cost savings
that result from the higher levels of energy efficiency are realised over a relatively long time period, so
they do not typically deliver the financial benefits associated with their use either immediately or in the
near-term. This can discourage traditional mvestment, particularly in less developed economies where
quick returns are expected to drive growth, and countries which have a high cost of capital. Other adoption

barriers include:

e alack of clearly defined and accepted performance measures;
e the additional training required to implement and maintain unfamiliar equipment;
e alack of trust in new, novative technology that has low market penetration;

e and competing investment priorities.
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High capital and operational costs as well as other barriers can be addressed through procurement
approaches tailored to individual countries, financial levers for manufacturers, increased price

transparency, adequate installation and maintenance procedures, and innovative business models.

BOX 4 Cooling-as-a-Service

An example of a successful business model for vaccine distribution may be Cooling-as-
a-Service (CaaS), which 1s an approach gaining momentum in the food supply cold-
chain sector. CaaS 1s a pay-per-use model based on a servitization strategy, in which the
service of cooling 1s provided without selling the equipment. In the context of vaccine
distribution, Caa$ could take away the burden of large upfront investment, operation
and maintenance costs from governments, making access to sustainable cooling more
attainable, consequently reducing the cold-chain faillure. CaaS could also allow
repurposing of technology to address a multitude of cooling needs. This characteristic
of the model to enable asset utilisation optimisation is highly relevant due to the sudden
but temporary need for a substantial and unprecedented deployment of cooling
systems for COVID-19 vaccine distribution, and the long lifespan of the equipment

versus the potential timeline for vaccine needs.

Innovative business models like CaaS are also effective vehicles to mvolve the private
sector to complement the supply chain and leverage private capital towards sustainable
cold-chain solutions. Innovative recapitalisation mechanisms based on commercial or
blended finance through project finance, asset-backed finance or securitisation, can

help create portfolios of green projects for private and institutional investors.
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COVID-19 AND THE VACCINE COLD-CHAIN

3.1 LEADING COVID-19 VACCINE CANDIDATES

As of 16 November 2020, there are a total of 260 COVID-19 vaccine candidates in development, with
56 now being tried on humans in clinical trials around the world [33]. Previous experience suggests that

around 7 per cent of vaccines in preclinical studies and 20 per cent in clinical trials succeed [34].

Fleven vaccine candidates are in the final stage of testing (Phase 3), and it will be clear whether these
vaccines are successful or not before the end of 2020. Table 1 summarises the leading vaccine candidates

that are in their late development stages, and their specifications [12].

Fach Phase 3 clinical trial can involve several tens of thousands of participants, which commonly results
m adverse events which require a pause to the trial to allow for proper investigation of any potential
relationship to vaccination or regulatory body oversight. University of Oxford/AstraZeneca and Johnson

& Johnson/Janssen, vaccine developers in late-stage clinical trials, have followed these events through their

studies.
Anticipated .
Anticipated
Timi temperature duration of
. Tming uration o
Vaccine developer/ Vaccine Number Route of requirement
of Phase o . storage
manufacturer platform of doses administration  for shipment .
doses possible at
and long-
2-8°C
term storage
. 0, 28 Intra-muscular
BioNTech/Fosun mRNA" ) 3 . -70°C 5 days [35]
Pharma/Pfizer days injection (IM)
0, 28
Moderna/NTIAID mRNA 2 q 3 ™M -20 °C 30 days [36]
ays
. . Non-
University of 0, 28
replicating 2 3 IM 2-8 °C N/A
Oxford/AstraZeneca i days
viral vector
CanSino Biological Non-
Inc./Beijing Institute of replicating 1 - 3 IM 2-8 °C N/A
Biotechnology viral vector
Non-
Gamaleya Research o 0, 21
. replicating 2 3 M 2-8 °C N/A
Institute ) days
viral vector
Non-
o 0, 56
Johnson & Johnson/Janssen  replicating 2 | 3 IM 2-8°C N/A
days

viral vector

1 T6 date no mRNA vaccine has ever been approved for use (November 2020).



Understanding the cold-chain challenge for Covid-19 vaccination

0, 28

Bharat Biotech Inactivated 2 3 IM 2-8°C N/A
days

Beijing Institute of 0 91

Biological Inactivated 2 1’ 3 IM 2-8 °C N/A
days

Products/Sinopharm
0, 14

Sinovac Inactivated 2 3 IM 2-8 °C N/A
days

‘Wuhan Institute of 0,91

Biological Inactivated 2 1’ 3 IM 2-8°C N/A
days

Products/Sinopharm ’

Novavax Pjrotelr} 0, 21

Subunit 9 3 IM 9.8°C N/A

days

Table 1: Leading vaccine candidates and their specifications as of 16 November 2020 [N/A: Anticipated temperature
requirement for shipment and long-term storage is already 2-8 °C]

Phizer/BioNTech collaboration has already announced their Phase 3 trial results on 18 November 2020.
Their primary efficacy analysis suggests that the vaccine candidate could be 95 per cent effective, with
consistent results across age, gender, race and ethnicity demographics [2]. They said that they could apply
for emergency use authorization by the end of November and the vaccine could be ready for distribution
early 2021 [37]. Furthermore, Moderna’s vaccine candidate showed an efficacy of 94.5 per cent, according
to early data released on 16 November 2020 by the company. Like Phzer/BioNTech, Moderna also
mtends to submit for an emergency use authorization in the coming weeks [38]. Furthermore, according
to peer-reviewed results of a Phase 2 trial published on 18 November 2020, University of
Oxford/AstraZeneca’s candidate provokes a strong immune response in older adults [39]. University of

Oxford/AstraZeneca expect to release their late-stage trial results by the end of 2020 [40].

All late-stage vaccine products have been reported as safe and immunogenic in phase 1/2 evaluation, and
although no 1Immune correlate of protection i1s known for COVID-19, the immunogenicity following
vaccination has been robust and comparable to the immunity derived from natural infection. It is not yet
known whether, or to what extent, natural or vaccine-induced immunity can provide durable protection
to re-exposure to the virus and the subsequent risk of developing disease and/or onward viral

transmission.

3.2 ACHIEVING HERD IMMUNITY AND VACCINE EFFECTIVENESS

For any vaccine, efficacy and duration of protection are key parameters to success. While duration of
protection may remain uncertain for several years after the vaccine is distributed, WHO has developed a

Target Product Profile (TPT) for the COVID-19 vaccines, stating that while the vaccines preferably
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should have at least 70 per cent efficacy on a population basis, with consistent results in the elderly, around

50 per cent eflicacy on a population basis may be acceptable [41].

Polio-IPV [3 doses] 99%

Measles-MMR [2 doses] 97%

2019-20 Seasonal Influenza [1 dose] 45%

Moderna [2 doses]

94.50%

Pfizer/Biontech [2 doses] 95%

0% 20% 40% 60% 80% 100%

Vaccine effectiveness

Figure 9: Expected vaccine effectiveness of Plizer/Biontech and Moderna vaccine candidates compared to IPV [42] , MMR
[43] and 2019-20 influenza vaccines [44]
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Figure 10: Vaccination coverage required to achieve herd immunity for different R, numbers and vaccine effectiveness levels

Under the best-case scenario with 100 per cent efficacy, the herd immunity threshold depends on Ry, the
basic reproduction number, and calculated as [1 — 1/R;]. The Ry for COVID-19 has been estimated to
be between 2.6-3.9 [3]. The numbers imply that around 60-75 per cent of population needs to be
vaccinated to achieve herd immunity. However, if the vaccine 1s 95 per cent effective as, for example,
Phizer/Biontech’s mitial results imply, then these percentages would rise to 65-78 per cent [45] (See Figure

9 for effectiveness of different vaccines). The Figure 10 shows vaccination coverage requirements to
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achieve herd immunity for different Ry numbers and vaccine effectiveness levels. Once the herd
mmmunity threshold 1s reached, recurrent vacciation will likely to be needed to attain a persistent herd

immunity, as studies suggest that protection against coronaviruses are generally short-lived? [47].

3.3 POTENTIAL ROADBLOCKS AND STRATEGILES

3.3.1 PRODUCTION CAPACITY

Once a COVID-19 vaccine 1s approved, it must be produced quickly on a massive scale, international
cooperation will be essential to provide inclusive, equitable access. The current production capacities are
not large enough to satisfy the global demand for COVID-19 vaccines while providing the existing vaccines
under routine immunisation programmes. Estimates of global production capacity suggest that just two
billion doses could be produced in 2021 [48], corresponding to approximately 25 per cent of the world’s
nearly 8 billion population assuming that a ‘one-dose’ immunisation strategy is adopted. Given that nine
of the eleven vaccine candidates n late stages of clinical trials require two doses, this number may reduce

to ~ 12 per cent.

To cope with anticipated demand, many vaccine producers have already begun “at risk” manufacturing
of their vaccine candidates i preparation for a rapid roll-out of immunisation programmes upon
regulatory approval®®. These risks are regarded as justifiable in the context of an urgent need to safely
restart economies worldwide. However, UNICEF market assessment suggests that investments to support
this production challenge will be “highly dependent on among other things, whether clinical trials are
successful, advance purchase agreements are put in place, funding 1s confirmed, and regulatory and

registration pathways are streamlined” [50].

3.3.2 VACCINE STORAGE AND DISTRIBUTION

Today’s routine immunisation programmes typically target only new-borns, children and pregnant women
i a given population, wherecas COVID-19 vaccination will need to cover a substantial portion of the
world’s population at rapid speed to enable effective herd immunity to be established. As an example,
while GAVI vaccination campaigns have reached 760 million people since the year 2000 [51], the
COVID-19 vaccine could need to reach as many as 750 million people i Africa alone. In fact, it has
been estimated that nearly 3 billion of the world’s 7.8 billion people live in areas that lack temperature-

controlled storage to deliver the COVID-19 vaccines [52].

12 pfizer/BioNTech’s vaccine candidate is expected to provide protection “at least one year” [46).

13 Pfizer/BioNTech expect to produce up to 50 million vaccine doses in 2020 globally, and up to 1.8 billion doses
by the end of 2021 [2], and Moderna expects to produce approximately 20 million doses by the end of 2020, with
an additional 500 million to 1 billion doses globally in 2021 [49].
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India’s administrative coverage data, for example, shows that the total number of doses administered
under the Universal Immunisation Programme (UIP) was around 400 muillion (covering a total of 56
million people) in 2019 [53]. The Health Ministry of India plans to immunise 200-250 million people
(around 16 per cent of the nation’s population; significantly lower than the herd immunity threshold)
against COVID-19 by the first two quarters of 2021 [54]. This will likely require 400-500 million vaccine
doses, considering that nine of the eleven candidates in the late stages of development will require two
doses to be effective (See Table 1). This means the number of COVID-19 vaccines to be delivered mitially
1s equivalent to the amount of vaccinations currently administered under the UIP. Taking these
calculations further, assuming a packed vaccine volume per dose of 5.2ml*, the cold-chain volume
required for 400 million doses equates to around 2 million litres if it 1s to be received 1n a single supply.
If India were to achieve herd immunity, assuming a herd immunity threshold of 65 per cent of population,
then the total vaccine volume that will be distributed across the country i1s around 9.5 million litres, not
mcluding the additional safety stock required to account for the potential vaccine wastage. These are
simple estimates based on simple assumptions, but they provide insight into the scale of the storage and

distribution challenge.

COLD-CHAIN EQUIPMENT DEPLOYMENT

There 1s a large variety of cold-chain equipment available in the marketplace globally with a wide range
of specifications to meet different needs and applications. Prior to any procurement being undertaken,
potential buyers, whether national governments, aid agencies or private corporations, should assess their
existing cold-chain capability to have a better understanding of their needs and the gaps in capacity that

need addressing at each point along the chain.

Given the current urgent need for high-volume and high-speed COVID-19 immunisation programmes
to be delivered as soon as a vaccine becomes available, high levels of demand for passive and active cold
boxes, vaccine carriers, and mobile cold rooms are anticipated in the immediate short-term to enable
mobile outreach delivery challenges to be overcome. These pieces of equipment will provide an extended
outreach capability, particularly in the case of developing countries, adding flexibility to programmes and

mcreasing accessibility to the vaccine.

As the vaccine specifications are unknown, the deployment plans use different assumptions to estimate
the scale of expansion required. For example, a reviewed country’s plan assumes the vaccine volume per
dose to be 3.5ml. After assessing their cold-chain, they have calculated additional equipment to be
procured so that the cold-chain can deliver the mitial dose to 10 per cent of population, including the 10

per cent wastage rate. Furthermore, the deployment plan, including anticipated duration for different

1% Packed vaccine volume per dose of influenza vaccines in multi-dose vials (10 doses per vial). No details have yet
been provided on storage volumes of vaccines.
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target populations, implies that the mitial dose theoretically can be delivered to 20 per cent of population
(which 1s their initial target) in 5 weeks, and they can be fully immunised in 10 weeks if the vaccine requires
two doses. This implies that the herd immunity can be achieved in 40 weeks or 10 months, assuming a

vaccination threshold of 80 per cent.

However, will the additional cold-chain equipment be enough if the vaccine volume per dose happens to
be 5.2ml (or higher) instead of 3.5ml? In that case, the capacity planned seems not to be sufficient to hold
the mitial dose for 10 per cent of population, and the number of refrigerators and other cold-chain
equipment as well as number of trips to deliver the vaccines will likely need to be doubled. If the
government sticks to the mitial numbers of equipment to be procured, then the government should

receive the vaccine supply in much smaller batches from the manufacturer.

The deployment plans are also assuming there will be no transportation delays and supply will
continuously be available. The speed of the flow will depend on number and capacity of trucks used to
transport vaccines in country along with the stock management, ordering and handling practices at each
level. This 1s also important to determine the number of cold boxes which will be used to store the

vaccines 1n transport, and consequently ice or coolant packs required.

Fach vaccine store will also have to consider reliability of energy supply, which 1s a key driver for the
equipment type that will be chosen. In Bangladesh for example, 2017 estimations suggest that around 60
per cent of all health facilities are connected to the national grid, but 57 per cent of these facilities do not
have regular energy supply [55]. Reliable energy supply is critical to maintain the integrity of vaccines,
hence the facilities with unreliable energy supply will need diesel generators for back-up power, which are

polluting. For facilities with no connection to the grid, solar fridges will need to be considered.

Procurement decisions should, however, be made with a view of not only the COVID-19 vaccine
distribution needs of today, but also of the broader cooling needs of the future, and how the cold-chain
equipment and infrastructure to be put in place can help deliver against the long-term sustainability targets,
goals and commitments of the country in which it is to be deployed. If done right, the selected approach
and equipment will not only contribute to the success of the immunisation programme, but also provide
long-term economic, social and environmental benefits. With the arrival of new clean technologies for
sustainable cold-chain storage and transportation, temperature monitoring, storage and inventory

management, there 1s a high potential to improve on existing cold-chains.

WASTE MANAGEMENT

In addition to the volume of cold-chain storage required for the COVID-19 vaccines themselves, the
storage capacity needed for Personal Protective Equipment (PPE) and supporting ancillary supplies, such
as diluents, syringes, needles, alcohol prep pads, as well as for the reverse logistics of medical waste

management, should be considered and addressed in planning the immunisation programme. In this
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regard, the additional human resources required for waste management, as well as the need to continue

with existing routine immunisation programmes, must be accounted for in the estimates to be made.

WHO

Insulated Pallet Shippers

[

PATH/Doune Porter

PATH Shuom Kaven

PATH/ Thst Lorenson

Primary Packaging Secondary Packaging Tertiary Packaging

Serge Ganivet

Insulated Shipping Carton

Figure 11: Levels of vaccine packaging

The Figure 11 illustrates the packaging hierarchy of vaccine products. At the bulk shipment end of this
hierarchy, msulated shipping and insulated pallet shippers are typically used for international
transportation. While msulated pallet shippers are re-usable, disposal of insulated shipping cartons,
tertiary, secondary and primary packaging may be a challenge given the volume of vaccine requirements.
Packaging materials can be considered as municipal solid waste, except for the primary packaging, which
will need specialised treatment before disposal [56], along with other medical waste such as syringes®,
needles and Personal Protective Equipment (PPE) used during vaccination sessions. If not addressed
beforehand, in the programme planning phase, this may pose a major logistical problem (particularly in
outreach/mobile sessions) as the medical waste generated will need to be carried to proper treatment
facilities. Although the deployment plans reviewed in this work acknowledge the need for waste
management, the plans provided are generally too simplistic and the scale of the reverse waste logistics

challenge that is likely to be encountered seems to be overlooked.

An absence of sustainable waste management practices in COVID-19 immunisation programmes may
cause significant adverse effects on local ecology and wildlife, as well as impact on human health, at points
along the vaccine distribution channel (especially if recyclable and/or eco-friendly packaging materials are
not used), and potentially add further to the PPE waste that has been rapidly accumulating in the

environment since the beginning of the pandemic.

SUB-ZERO TEMPERATURLES

‘While research on vaccines is moving with unprecedented speed, some of the candidates imply significant

challenges for the cold-chain with sub-zero temperature requirements, especially for developing countries.

15 UNICEF is planning to stockpile 520 million syringes in its warehouses by the end of 2020, and eventually 1
billion syringes by 2021 [571].
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Currently most of the vaccines used in routine immunisation programmes are required to be stored at
temperatures between 2 - 8°C at all stages in the distribution cold-chain, with the exception of the oral
polio vaccine (OPV) (See Appendix C for recommended vaccine storage temperatures for vaccines used
m immunization programmes). OPV 1s stored at -15°C to -25°C in national and provincial facilities and
it 1s recommended that it should be kept in the range 2 - 8°C at the district and health facility levels.
However, although temperature-stability data studies at higher temperatures are ongoing, the Moderna
and Plizer/Biontech COVID-19 vaccine candidates require storage at -20°C and -70°C respectively, which

represents a substantial challenge for the distribution cold-chain.

Service point

Lowest distribution

0% 20% 40% 60% 80% 100%

% of vaccine stores that store vaccines at -20 centigrade

Cold-chain level

Figure 12: % of vaccine stores that store vaccines at -200C (The data was collected between 2009 and 2017 in 81 countries
across all 6 WHO regions) (Adapted from Effective Vaccine Management (EVM) Global Data Analysis 2009-2018)

Even if vaccine developers aim for a storage set-point of -20°C, many service points in both advanced and
developing countries, such as hospitals, clinics and pharmacies, will not have freezers with the temperature
specification required for storage. It is in fact evident from WHO's effective vaccine management (EVM)
assessment, that equipment for -20°C storage 1s not present at the district level and service points across
all 81 countries assessed (See Figure 12) [20], let alone at the volume required for COVID-19 vaccines.
Regarding the ultra-low -70°C storage requirement, the number of medical freezers that can handle these
temperatures 1s extremely limited, even in the most advanced developed countries. Specifying a cold-
chamn for COVID-19 vaccine distribution that can handle such ultra-low temperatures would therefore
demand significantly higher levels of investment in equipment and infrastructure than utilising, and adding
to, existing capacity. Furthermore, such freezers cannot be procured locally in many developing countries.
Delivering the freezers to these countries would not only take time, but also would be costly, as the freezers
will likely have to be shipped via air given the urgency. In addition, the freezers typically operate most

elliciently in ambient temperatures under 25°C, meaning that special temperature-controlled buildings
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may be required, especially in countries located in high temperature zones. It would also limit future
opportunities for cold-chain repurposing post-pandemic (either for the distribution of other vaccines and
medical products, or products from other sectors such as agriculture and food supply) and require
substantial levels of financial and funding support for developing countries. The latter would be needed
not only for building storage and transport capacity that can operate within the required temperature

range, but also for training staff who are not used to working with these temperatures.

These low temperature requirements will pose even greater last mile distribution challenges for
developing countries with rural hard to reach populations. As both candidates can only be stored at regular
vaccine refrigeration temperatures of 2 - 8°C for a limited length of time, doses will therefore need to be
administered rapidly upon arrival, demanding unprecedented end-to-end speed of delivery through the
distribution chain. This also increases the risk of vaccine wastage during immunisation sessions due to
prolonged temperature excursions beyond their recommended range. Fortunately, both vaccine

developers have been working on formulations to improve temperature-stability of their vaccine

BOX 5 Distribution of Ebola Vaccine

Vaccines are expected to meet WHO’s mandatory vaccine characteristics criteria to be
mcluded in national immunization schedules. One of the criteria is that the vaccine
should not require storage at less than -20°C, as the existing cold-chains are generally
not designed to handle lower temperatures. However, exceptions can be made in
certain situations, such as pandemics [59]. One example to this is the Ebola vaccine,

which requires storage -70° to -80°C [60].

During the recent Ebola outbreak in West Africa, health workers transported the
vaccine in a portable cold box known as Arktek [61]. Arktek is designed to store 5 liters
of vaccines between 0-10°C for 35 days or more using only ice packs depending on the
ambient temperatures [62]. A modified version of the Arktek that uses an alcohol based

phase-change material rather than ice, 1s able to provide safe storage for vaccines at -

80°C for up to 6 days [63], [64]. Each container costs around US$2,000 [65].

Democratic Republic Congo has managed to vaccinate over 300,000 people against
Ebola [60]. Although this gives hope for COVID-19 mass vaccination that might
require similar cold-chain temperatures, unlike COVID-19, Ebola was able to be
contained to small regions. The scale of vacciation that needs to be achieved therefore

1s much bigger in the case of COVID-19.
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candidates. While Pfizer/Biontech is working on a powder formulation of its COVID-19 vaccine that
could eliminate ultra-low temperature cold-chain requirements [58], Moderna has announced that the
vaccine candidate 1s now expected to remain stable at temperatures between 2 - 8° for 30 days, as opposed

to previous estimate of 7 days [36].

TEMPERATURE REQUIREMENTS AND EQUITABLE ACCESS

A recent study by DHL highlights the issue of equitable access and its relationship to vaccine storage
temperature. According to their estimations, at freezing temperatures the current vaccine cold-chain can
only bring the vaccine to 2.5 billion people in around 25 developed countries. Due to an absence of
suitably specified equipment capacity, Africa, South America and Asia cannot be readily supplied at scale.

If the vaccine requires the conventional temperature range of 2 - 8°C, the number of potential

BOX 6 COVAX Initiative

Given that a vaccine based immunisation programmes are the most politically
acceptable of the potential exit strategies out of the COVID-19 pandemic, funding
support should be available at a global scale, not only for making advance purchase
commitments to vaccines, but also to create ncentives for capacity building in
manufacturing and distribution as well as to put in place mechanisms that will ensure

equitable access.

One such mechanism 1s the COVAX Initiative, which is directed by the Coalition for
Epidemic Preparedness Innovations (CEPI), GAVI, and the WHO. The COVAX
Facility aims to purchase 2 billion COVID-19 doses by the end of 2021 through
collaboration with vaccine developers. In this regard, it acts as an insurance mechanism
for produces by reducing the risk of production, though securing demand, and for high-
mcome countries, by securing access to a portfolio of potential vaccines, without them
having to commit to a specific candidate. As a result, lower income countries receive
financial support and access to a vaccine once it is available [67]. The vaccines will be
provided to all participating countries in an equitable manner based on their
populations, prioritising healthcare workers first, then expanding to cover the
vulnerable. Additional vaccines will then be offered based on “country need,
vulnerability and assessed COVID-19 threat” [68]. Furthermore, under COVAX,
GAVI has approved US$150 million in initial funding to help 92 low- and middle-

income countries to prepare for the delivery of COVID-19 vaccines [69].
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immunisations doubles to 5 billion. However, even 1n that case, the

Most vaccines,

vaccine 1s unlikely to reach the majority of Africa due to high ambient o
00

temperatures and a lack of cold-chain infrastructure [66].

Fortunately, eight of the vaccine candidates in their late stages of

development require conventional temperatures. If some of these

vaccines were to be successful, then these vaccines could be directed

to countries with less developed cold-chains, which would icrease

. . - Moderna
equitable access to vaccines as well as lower the financial and

technological support required by reducing the need for special cold-

chain equipment and additional training requirements.

ALTERNATIVE SOLUTIONS FOR CAPACITY
BUILDING

Delivering COVID-19 vaccines to people in some of the most
remote places of human habitation on Earth will require substantial
mvestments and technological inovation. These concerns can be
mitigated through support of NGOs and international organisations,
and collaboration between private sector and public resources.
Current government-controlled vaccine cold-chains used under

Pfizer

routine immunisation programmes (See Figure 1), particularly in

developing countries, will not cope with the demand, even if the
Dryice

vaccine requires a conventional temperature range of 2 - 8°C. To
ensure the availability of quality COVID-19 vaccines in every

v 1 . il Figure 13: Cold-chain temperature
community, village and settlement, it 1s clear that existing vaccine

requirements (°C)
distribution cold-chain capacity needs to be substantially increased in

terms of the equipment for storage and transportation, the skilled workforce for monitoring, maintenance
and support, and the capability for rigorous temperature control, waste management and recycling.

Disposable syringes, PPE equipment and other supplies will in fact demand more volume in storage and

transport than the vaccine itself, but these should be manageable alongside the cold-chain.

If incentivised appropriately or driven by either shareholder or Corporate Social Responsibility (CSR)
sensibilities, private cold-chain operators may allocate specific resources in their network to help meet the
challenge. Governments therefore should explore the capacity as well as capabilities of the private cold-
chains. As private sector often makes aggressive investments in technology and mnovation, their capacity

to achieve cold-chain success often exceeds what 1s possible within the public sector.

Another solution may be sharing capacity with the agriculture and food supply cold-chains where

geographical reach overlaps, and utilisation levels and product flow logistics allow. This approach would
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save time and decrease vaccine distribution cost, as it would reduce the additional cold storage and
transportation requirements. For instance, in India, approximately 98.58 million metric tons of fruit [70]
and 202 million litres of ice cream [71] were produced in 2019, both requiring storage and transportation
in the temperature controlled environment of a cold-chain (See Figure 13%). There are many food cold-
chains that, in fact, may offer existing capacity to vaccines if they happen to require the conventional
temperature range, and for the Moderna vaccine, for example, an ice cream cold-chain may be
considered. Furthermore, especially in agriculture-dominated developing countries where substantial
amount of food flows from rural to urban communities, the counter flow of empty capacity from urban
to rural could be utilised for vaccines if available. The key, however, would be ensuring that the vaccines
are handled according to the requirements of WHO good storage practice (GSP) and good distribution
practice (GDP) [72] to make sure the integrity of vaccines in maintained and cross-contamination 1s
avolded. Additional training may therefore need to be provided to the operators of the food cold-chain.
Another consideration 1s that, as discussed further in the next section, the entire cold-chain should be
supported by adequate monitoring equipment to maintain the integrity of vaccines, and tracking systems

for stock management and vaccination records to ensure all vaccine doses are delivered to their intended

recipients.
DRY ICE
PRIMARY PACKAGING SECONDARY PACKAGING PAYLOAD CARTON THERMAL SHIPPER
) ] Maximum 5 trays per Payload carton submerged
5 dose per vial 195 vials per tray carton in 23 kg of dry ice

Figure 14: Pfizer/Biontech vaccine packaging overview (Adapted from [73])

16 Ice cream: Icon made by Freepik from www.flaticon.com, Apple: Icon made by Vectors Market from
www.{laticon.com, Meat: Icon made by DinosoftLabs from www.{laticon.com, Milk: Icon made by Good Ware
from www.flaticon.com
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In anticipation of the COVID-19 vaccine requiring sub-zero temperatures, UPS 1s constructing two
substantial  facilities for safe storage of millions of doses of COVID-19 vaccines at -70°C [74].
Additionally, to ease distribution, Pfizer has announced that it will provide a “dry ice pack” container (See
Figure 14) for its vaccines that 1s able to maintain the required temperature of -70°C up to 10 days before
requiring re-icing [75]. This has additional supply chain challenges in the developing world in terms of re-
icing. As an example, Bangladesh only has one company making a limited quantity of dry ice. Following
the removal of vaccine vials, however, they can be kept refrigerated at 2-8°C only for 5 days, posing a

massive challenge to health centres and outreach sessions [35].

3.3.3 DATA MANAGEMENT AND MONITORING

Data management and monitoring technologies will play a vital role in ensuring the timely delivery of
quality COVID-19 vaccines to their intended recipients, particularly in reducing vaccine wastage and
associated costs. Vaccine wastage and/or administering ineffective vaccines due to cold-chain failures and
lack of monitoring would result in loss of opportunities to vaccinate, as well as loss of time and resources.

Such outcomes may reduce public confidence n the vaccine due to the need to re-vaccinate people who

BOX 7 The Project Last Mile

As model that has been able to make use of existing structures and networks to deliver
vaccines in Africa’s most remote areas 1s the Project Last Mile. The Project Last Mile
1s a public-private partnership that makes use of Coca-Cola’s supply chain management
and expertise to support African governments in reaching the “last mile” to deliver
vaccines. Coca-Cola has penetrated the African market to the most remote areas, and
it would take years for governments to achieve such a robust cold-chain structure. As
distribution 1s not the end of the problem for successtully delivering vaccines, in some
countries, Coca-Cola has trained the procurers of the refrigerators on how to use them,

distribute them and maintain them.

To date, the Project Last Mile has supported public health systems across eight African
countries. Examples to ongoing projects include, redesigning last mile distribution of
medicines following the Ebola epidemic in Sierra Leone; improving delivery of
medicines by optimizing route-to-market and logistics practices in Mozambique;
icreasing demand and utilization of HIV services by sharing strategic marketing skills
in the Kingdom of eSwatini; and improving the uptime and management of vaccine

cold-chain equipment in Nigeria [76].




Understanding the cold-chain challenge for Covid-19 vaccination

received an ineffective vaccine. Furthermore, robust stock management systems will be particularly
mmportant to ensure availability of the vaccine for everyone in the target population when needed,
mcluding the service pomts. WHO's EVM global data analysis reveals that, in fact, only 17 per cent of
service points use computerised stock management systems, which will need to be improved [20]. It 1s
therefore essential to put all major stakeholders under a common information system that provides real-

time information and visibility along the entire cold-chain

e to ensure vaccine quality from the point of manufacture through to the point of delvery

e to minimise vaccine wastage due to exposure to heat or freezing temperatures during storage,
transport and immunisation sessions

e to ensure people receive the vital second dose, and to avoid administering the vaccine to those
already exposed to the virus and double vaccination (which would require antibody testing)

e to detect and address the cold-chain equipment malfunction

e (o ensure availability of vaccines as well as vaccination supplies and PPE at the service points

e to identify and manage risks in real time, such as power outages, weather conditions, transport
delays and disruptions

e to detect counterfeit vaccines

e to ensure security and prevent thefts

e to provide records for auditing waste management

3.4 THE LAST MILE

3.4.1 WHY IS IT DIFFERENT FOR COVID-19 THAN THE ROUTINE
IMMUNISATION PROGRAMMES?

In many countries, current vaccine based routine immunisations programmes are delivered through fixed
sites (health centres), outreach sessions, and in some cases, mobile activities. Outreach strategies are
typically followed to increase immunisation rates in rural and remote areas where there 1s no direct access
to health centres. The WHO recommends planning outreach sessions for communities that are 5-10 km

from a given health centre, and for communities with settlements more than 10 km away from the health
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centre mobile activities can be planned to reach these more 1solated populations from the district level

(See Figure 1)) [77].
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Figure 15: WHO service distance requirements for fixed, outreach and mobile strategy (Source: WHO)

Even though the methodology varies from country to country, for outreach sessions, the vaccine givers
are typically sent ‘out’ from existing fixed sites (health centres) to administer vaccines to populations with
limited access to health centres. One of the key differences to the immunisation programme that will be
needed to tackle COVID-19, 1s the fact that outreach sessions in routine immunisation programmes are
not mass vaccination attempts. Indeed, they are typically repeated periodically throughout the year to
vaccinate a small percentage of the population, normally infants. Hence, due to time and capacity
limitations, such as storage, transportation and human resources, the ‘standard’ outreach strategy used for

routine immunisation programmes cannot be applied to the COVID-19 case.

Given that globally more than 44 per cent of the world’s population lives in rural settings (for example,
the figure is 65 per cent in India, 83 per cent in Rwanda and 63 per cent in Bangladesh) [29], upon
availability of a COVID-19 vaccine to reach everyone equitably and to achieve a herd immunity threshold
the need for outreach sessions will increase significantly. New, mnovative outreach strategies will need to

be developed for use in COVID-19 immunisation programmes.

3.4.2 PLANNING THE LAST MILLE

Above all else, the key challenge for COVID-19 immunisation programmes will be the last mile of
distribution and ensuring that each vaccination site 1s equipped with adequate cooling equipment, both
fixed at site and mobile for outreach, to meet the local needs (such as target population, terrain, road

conditions, electricity access) to maintain efficacy of each valuable dose. The success of immunisation will



Understanding the cold-chain challenge for Covid-19 vaccination

critically depend on delivering quality vaccines to every community, village and settlement, many of which

will be in remote and difficult to reach locations.

The COVID-19 vaccmation programmes will need to be designed and planned around outreach sessions,
especially in developing countries with large percentages of rural population that need to be reached in
order to establish the required herd immunity threshold. Given the need to vaccinate a large percentage
of populations efficiently and equitably in a short period of time, taking a campaign-style approach, which
mcludes fixed designated ‘hub’ vaccination sites that are easily accessible and supported by effective public
transportation services, as well as door-to-door immunisation, could be a viable and effective option.
Spatial planning may be needed to choose the optimal locations for vaccination sites and ‘hubs’  to
aggregate distribution and efficiently reach as many people as possible, this can, in turn, optimise the use
of limited availability of appropriately skilled staff and reduce costs related to storage, transportation and
human resources. Even in urban settings, the utilisation of hospitals and other health facilities may not be
feasible as they could already be overwhelmed by increased patient numbers due to the pandemic, and
the difficulty of maintaining appropriate social distancing measures in busy, space constraied
environments. Alternative facilities with cold storage, potentially including those in other sectors such as
supermarkets, restaurants, pharmaceutical stores, hotels or conference/exhibition centres, could be

designated as service points in order to cope with distribution needs.

To ensure uninterrupted delivery of quality vaccines and minimise the vaccine wastage due to lack of
reliable electricity, the vaccination programmes should be supported by sustainable off-grid cooling

equipment along with temperature monitoring systems. After the immunisation session 1s over in one

BOX 8 The Location-Allocation

Robust quantitative analysis will benefit equitable and efticient last mile delivery of
vaccines, as without such evidence for informed decision making, distribution choices
could be subject to political considerations and potential biases. For example, to
identify the optimal locations for vaccination sites, ‘Location-allocation models’ can be
used (examples can be found in [78]-[80]). Location-allocation models are
optimisation models that are used to locate the optimal point for service providers
across a region given the distribution of demand for that service. In this case, the service
provider 1s the COVID-19 vaccmation sites, and demand is the population to be

mmunised i the defined region for achieving herd immunity.

See Appendix D for an illustrative example.
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location, the off-grid equipment can then be moved and redeployed in other locations, adding flexibility

and accessibility to the vacciation programmes.

3.5 DESIGN FOR COVID-19 COLD-CHAIN

3.5.1 WORK BACKWARDS

Planning for COVID-19 vaccination programmes should start from the last mile considering many

location specific factors such as population densities, population characteristics, travel time, terrain and

distance to the vaccination sites, availability and allocation of resources and weather patterns in order to

deliver quality vaccines to their intended recipients and achieve herd immunity. Geographic information

systems (GIS) can provide a useful planning tool in that they offer geographic data, through interactive

maps or other infographics, to assist in obtaining data on travel time, geographic features, poor road

conditions, traffic patterns, etc. T'o summarise, the following aspects should be considered when planning

for last mile delivery and putting in place a programme risk register along with risk mitigation strategies.

1. Determine the amount of vaccine required and location at which it will be administered in order

to cover every person and community. Target individuals may need to be identified via house-to-

house screening, especially in developing countries. Particular attention should be given to:

e Communities in remote, hard to reach areas as well as nomadic and seasonal migrant
populations.
e People who have migrated from urban to rural areas due to pandemic.
e  Populations carrying a disproportionate share of the disease burden.
e  Marginalised and disadvantaged groups.
e  Age-wise population distribution.
e Mobility of elderly.
e Border populations.
e Communities in areas of civil conflict or insecurity.
1n.  Determine the extra dry storage required for vaccination supplies.
nm.  Develop a robust waste management plan.
wv.  Choose the location of vaccination sites, taking into account:
e Travel ime and distance.
e Geographical terrain and features such as mountains, rivers, valleys etc.
e Adequacy of infrastructure to support delivery.
e Availability of appropriate transportation facilities.
e Anticipated traffic conditions en-route.
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v.  Ensure the vaccination sites have adequate energy supply and storage capacity for waste materials
(particularly those that are contaminated) as well as vaccines. Energy supply may not be available
or reliable, especially in rural areas of developing economies. It i1s good practice to identify
alternate storage points in advance to mitigate equipment failure and/or energy supply failure.

vi.  Ensure the vaccination sites have an adequate appropriately skilled worklorce for vaccine delivery
and administration.

vil.  Assess and plan for the extra time required to maintain social distancing during vaccination
sessions, and unanticipated social and cultural 1ssues that might arise.

VIIL. Investigate setting up an electronic immunization registry system to avoid administering the
vaccine to those already exposed to the virus, to avoid double vaccination, and to ensure people
receive the vital second dose 1f the vaccine requires two dose administration to be effective.

ix.  Explore opportunities for modal shifts in transportation. In addition to traditional ground
transport, 1t might be possible to use cargo drones to deliver the vaccine to remote and hard to
reach areas in the country, particularly where the terrain is difficult to traverse.

X.  Consider potential natural barriers that might jeopardise the success, such as extreme weather
events including excessive heat/cold, floods, blizzards etc. As an example, every year 10-30 per
cent of Bangladesh 1s impacted by flood waters (the 2020 flood event was particularly bad with

areas experiencing repeated mundation over a period of more than 3 months).

3.5.2 IMMUNISATION STRATLEGILS

The true specifications of the vaccines will only be known once they are approved and produced,
mcluding the packed vaccine volume per dose, the number of doses required to be effective, the route of
administration, the duration of protection, efficacy on different age groups as well as the temperature
requirements. The required cold-chain volume to equipment, deployment strategies, target groups, even
the level of training required for medical staft (See Section 4.4) will critically depend on these
specifications that are yet to be known. All vaccine deployment plans to-date, therefore, will be revised as
more information become available. However, much can be done today. For each uncertainty driver,
most likely outcomes can be identified, and potential deployment plans can be developed along with
contingency plans and regulatory pathways that would enable governments to adapt and respond quickly
to changing circumstances during the immunisation programme, such as unforeseen side effects of the

vaccine and outbreaks.

The COVID-19 vaccination programmes should ensure an even coverage across all local areas in the
urban and rural regions to be successful, and achieve herd immunity across countries. Having reviewed
the current deployment plans, however, as the mitial vaccine supply 1s likely to be limited, many
governments are considering some form of a prioritisation strategy along with mitial population coverage

targets. It seems pragmatic to set the most vulnerable in populations to be the first in line to receive the
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vaccine along with healthcare workers and carers who sit on the likely lines of transmission to vulnerable
groups. Once a vaccine 1s approved, prioritising those at higher risk, such as older mdividuals and those
with existing health conditions, as well as health care workers can be justified. However, at this point, it 1s
not possible to come to a firm decision on prioritisation strategy as the vaccines are still under
development and full information on their effectiveness across different age groups is not available.
Furthermore, studies in older adults lag behind those performed in younger cohorts, meaning there will
be a delay in understanding the response to vaccination in these important members of the community.
In any case however, the prioritisation plans need to be communicated with the public clearly and openly,
including the justification of prioritisation and an anticipated timeline for groups who are not prioritised
to receive the vaccine, to prevent impatience among public which will adversely affect the programme's

flow.

In its report published in October 2020 [81], The National Academy of Medicine suggests distributing
the vaccine i four phases once it 1s ready. First population group includes health workers, first
responders, people with underlying conditions, and older adults living in congregate or overcrowded
settings. The prioritisation strategy suggested m the report 1s in Iine with the one under the COVAX
Initiative, which is prioritising healthcare workers first, then expanding to cover the vulnerable. The report
further suggests that people with high Social Vulnerability Index should be prioritised within each group
to account for the COVID-19’s disproportionate burden on minorities, women, the poor, and other

vulnerable groups.

However, the prioritisation approach may cause virus to mutate against the vaccine. Instead, countries
may use a campaign approach - immunise 60-70 per cent of one geographical location and temporarily
segregate from the non-immunised regions, and move to another location, eventually achieving the herd
immunity threshold across the country. This approach could also allow the last-mile equipment (a cold

store and cold-boxes/vaccine carriers) to be migrated to other locations as this vaccination progresses.
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ADDITIONAL CHALLENGES

4.1 ROUTINE IMMUNISATION PROGRAMMES

The routine Immunisation programmes have inevitably been disrupted by the pandemic in many
countries, due to lockdowns, social distancing regulations, and delays on vaccine supplies. UNICEF and
WHO estimate that up to 80 million children are at risk of missing out on vaccinations against vaccine-
preventable diseases due to the pandemic [82]. Prolonged delay on vaccination programmes may result

in outbreaks of Vaccine Preventable Disease (VPD) and high impact diseases (HIDs) [83], [84].

Recommended actions
(All scenarios: strengthen routine immunization)

Implement outbreak response vaccination with
standard IPC precaution measures

Re-assess weekly, implement VPD/HID outbreak
control measures, consider preventive vaccination
campaign,

Re-assess weekly and implement VPD/HID outbreak
control measures

Both implementation or postponement of the
campaign could have a negative impact. Decision
should be made on a case by case basis

Low risk: sporadic cases in a geographically localized area where herd immunity is present

Moderate risk: cluster of cases in a geographically localized area with no/low herd immunity
High risk: risk of rapid increase in cases, two or more districts affected, fragile-conflict settings and vulnerable populations

Figure 16: Recommended interventions according to VPD/HID outbreak epidemiological risk and COVID-19 scenario
(Source: WHO [84])

It 1s therefore important to allocate resources by considering potential outbreaks, making sure routine
immunisation programmes continue along side with the COVID-19 vaccination. Figure 16 demonstrates
recommended interventions by WHO according to VPD/HID outbreak epidemiological risk and
COVID-19 scenario. However, WHO also recommends carefully reconsidering, and postponing if
necessary, the planned new vaccine introductions (other than COVID-19) into the routine immunisation
programmes due to the likely shift of healthcare capacity towards COVID-19, and the anticipated demand

reduction that would reduce the success of the new vaccine introduction [85].

Note that, clinical trials looking at the co-administration of experimental COVID-19 vaccine candidate
with a licenced influenza vaccine have started, and it remains unknown until further trials are conducted
as to whether new COVID-19 vaccines can be co-administered with other vaccines as part of an expanded
programme of immunisation (EPI) schedule without compromising the immunogenicity to one or more
of the antigens. Given the lack of excess disease burden in children and pregnant women, the priority

non-COVID-19 vaccines to focus on are mfluenza and pneumococcal vaccines.
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4.2 SOCIAL RESISTANCE

People might show reluctance or refuse to be vaccinated all together despite the availability of the vaccine,
which may make achieving herd immunity difficult. Potential social resistance to vaccines therefore need
to be addressed before the deployment through a Risk Communication and Community Engagement
(RCCE) plan, to ensure participation and engagement of target groups and general population, to increase
vaccine acceptance and demand, and to reduce rumours and misinformation about the vaccine.
Resistance 1s especially expected from older adults and people with co-morbidity, which may easily hinder
the success from the start, as they are identified among the priority groups in many current deployment
plans. Furthermore, certain communities may exhibit higher resistance than others. It is important to
identify these communities and make targeted plans to address the resistance issue in advance.
Influencers, people who have experienced COVID-19, religious and community leaders can be involved
to overcome the resistance, and educational programmes may be set out to address misinformation about

vaccines, theological concerns, cultural tides, and other resistance issues.

4.3 ADDITIONAL MEDICAL STAFF

As a substantial portion of the population 1s needed to be vaccinated, additional staft will likely to be
required. If the vaccine 1s delivered at a rate of 84 dose/day by each medical stafl (assuming 7 working
hours a day, and delivering each dose takes 5 minutes), then a single health worker could deliver 1,680
per month (assuming 20 working days per month). Following the India example, to deliver the initial
target of 400 million doses by June 2021, suppose in 6 months, around 39,683 medical stafl will be
needed. On the other hand, if India aims to achieve herd immunity in one year, then around 90,278

medical staff should be available to deliver the vaccine®’.

Furthermore, in order to deliver the vaccine efficiently and effectively, training should be provided not
only to newly recruited stafl’ but also the current ones, as the unfamilarity of the current staff with the
COVID-19 vaccine, combined with the time pressure, can lead to an increase in immunisation errors.
Level of training required will also depend on the route of administration. Currently, all leading vaccine
candidates require mntra-muscular injection (See Table 1), which must be performed by healthcare
professionals. On the other hand, oral vaccines can be delivered without any medical training and can
even be self-administred, which not only increases the patient compliance but also limits the contact
between vaccine givers and recipients. Furher advantage 1s the reduced waste due to lack of syringe
requirements. However, there 1s currently only one oral COVID-19 vaccine cadidate, Vaxart, which 1s in

its early chnical trials (Phase 1) [12]. On top of that, as the target population of COVID-19 vaccine 1s

17 Assuming the vaccine will require two doses to be effective.
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vastly different than one in routine immunisation programmes in many countries, staff may have difficulty

addressing the potential adverse effects of the COVID-19 vaccine [86].
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5 THE NEED FOR DATA

The objective of our work is to undertake an in-country assessment of current cold-chain capacity (both
vaccine specific and more broadly), and its potential to meet anticipated COVID-19 vaccine distribution
needs. The work has particular focus on the last mile of delivery, and point of vaccine use as an nitial
scoping study has shown these to be the critical areas for maintaining integrity. Our aim i1s to present
practical, scalable and achievable strategies for fast-track expansion of the vaccine cold-cham
environmentally, economically, and socially sustainable ways that will deliver a positive legacy for helping
meet the goals and targets of the Paris Agreement, UN SDGs and Kigali Amendment to the Montreal

Protocol.

Application of the methodology to be developed in the project will enable formulation of effective
strategies, facilitate informed decision making on sustainable technology choices, and establish
recommendations for policy-makers and other stakeholders that not only address the immediate need for
mass vaccination against COVID-19, but also deliver national preparedness for future emergencies or
disasters requiring cold-chain capacity as well as meeting wider, long-term cold-chain infrastructure needs
sustainably. This could include using existing infrastructures (e.g. food) and sustainable cooling networks
synergistically to meet the country’s vaccination needs rather than building new cold-chains as well as
considering and evaluating decentralised cooling hubs as "lifeboats" close to demand and drones/electric

cargo bikes and off-grid solar fridges for last-mile remote outreach.

The combination of top-down policy options available and bottom-up approach proposed in this project
1s particularly important for designing effective and elficient vaccine cold-chains and administration

strategies that are in line with local needs and circumstances.

5.1 THE AREAS OF DATA/DATASETS WE PROPOSE TO CAPTURE AND
WHY?

Building on the first of a kind Cooling for All Needs-based Assessment & Country-Scale Cooling Action
Plan Methodology and using the Contextual Analysis which provides an overview of the context related
to cooling of the selected country including analysis of climatic, demographic, socio-economic statistics,

mfrastructure, we propose countries carry out the following tasks:

o  Gaining a detailed in-depth understanding of vaccine cold-chain logistics (storage and mobile)
from central storage/ warehouses to the last-mile/outreach; documenting experiences of previous
vaccination programs, in routine and mission modes.

e  Gathering evidence on the condition of the last mile and point of use elements of existing cold-

chain infrastructure used for vaccine distribution, identifying gaps, and highlighting opportunities

related to potentially complementary alternatives through primary and secondary research.
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o Working with:

e Vaccine and immunization sector experts (especially the COVID-19 vaccine developers)
to define the specification of the cold-chain parameters the vaccine candidates require
(such as the required temperatures and doses to be delivered) and using site studies to
quantify existing gaps;

e LEnergy sector experts to understand the availability of current and near to market state-
of-the-art energy technology suites, technology maturity/ adoption, and in-country
decarbonization targets, as well as modelling the environmental and economic impacts
of using fossil-fuel solutions and the benefits and barriers of using clean/ renewable
energy alternatives;

e to assess the financial implications, exploring current and potential financing channels,
and considering new value chains and funding mechanisms;

e synthesize findings to 1dentify sustainable options and assess the economic,
environmental, and social impacts.

e Identifying the gaps in the current COVID-19 vaccine deployment plans, and their economic,

environmental and social implications if they are to be followed.

5.2 THE KEY PEOPLE TO BE INTERVIEWED

The sector experts and stakeholders to be interviewed include:

e International level: GAVI, WHO, UNICEF

e National level: Ministry of Health, Ministry of Energy, Electricity Utility Company, Ministry of
Infrastructure / Rural Development, National Vaccine Storage Centre, Medical Technology
Institute, Worker Development Agency, Blood Transfusion Centre, cold storage warechouses

e  Sub-national level: Provincial hospital, district hospital

o Local level: Community health centre/worker, private medical stores, local shops,

community/village leaders, NGOs
N.B., We have developed questionnaires lor each group - please contact us for further information.

5.3 HOW THE DATA CAN BE USED

The data should be collated according to the key sectors and elements for forming a sustainable cold-

chain for mass COVID-19 vaccination from first mile to last mile.

Our research and assessment require both the qualitative and quantitative data for modelling and scenario
development and analysis, in order to identify the needs from technology, infrastructure, finance, policy

and skills perspectives. We separate quantitative data (to be used for calculation to quantify the problem,
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capacity and needs) and qualitative data (to be used as quotes evidencing the current situation, problems

and needs).

We are developing scenarios for the cold-chain including static and mobile segments, on how and what
are needed to deliver the cold-chain capacity required for mass vaccination of COVID-19. In particular,
the scenarios will include how other non-vaccine cooling capacity could potentially be harnessed for
COVID-19 mass vaccination, and what technologies, finance, policy and mstitutional support need to be

m place for delivering the cooling and cold-chain capacity required.

We are developing a multicriterial integrated vaccine cold-chain methodology with the objective to
mvestigate the implication of demand for COVID-19 vaccines on the supply, logistics, energy, as well as
associated costs and emissions. The initial methodology of the multicriterial integrated vaccine cold-chain

for the mass scale COVID-19 vaccination 1s as follows:
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Figure 17: The initial methodology of the multicriterial integrated vaccine cold-chain for the mass scale COVID-19 vaccination
(Created by Dr Kumar Biswajit Debnath, Heriot-Watt University)
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APPENDIX A THE ANTICIPATED IMPACT OF THE COVID-19 PANDEMIC ON

DELIVERY OF THE 17 SDGS

Ho NO POVERTY

POVERTY

M‘*@w e Lven before the pandemic, projections suggested that 6 per cent of the world’s

population would still be suffering from extreme poverty in 2030 [87]. With
mcreased job losses and lockdowns due to pandemic, as many as 71 million people
are expected to be pushed back mto extreme poverty in 2020 (with majority coming
from countries that are already struggling with high poverty rates and numbers of
poor), the first increase since 1998 and having the effect of negating gains since 2017
[88].

e Sectors are unevenly hit by the pandemic. While jobs that are suitable for remote
working are relatively safe, workers that are in accommodation and food services,
transportation, retail, and wholesale are allected [6]. However, looking at the
situation holistically, all sectors are likely to be affected one way or another. Adverse
effects of the pandemic on some sectors will inevitably spill over to other sectors,
even 1l they are not directly affected by the pandemic, as the demand for goods and
services will decline due to income reductions.

e Incomes of 1.6 billion people employed in the informal sector have dropped an

estimated 60 per cent [89].

iiko ZERO HUNGER

HUNGER

(¢ .

Before the pandemic, there were almost 690 million undernourished people in

the world, and 135 million were suffering from acute hunger. It is estimated that
the pandemic could put an additional 130 million people at risk by the end of
2020 [90].

e Disruptions in food production and distribution reduce food availability and
resilience.

o Loss of employment and income impact people's ability to buy food.

o Food loss is expected to increase due to transportation challenges and reduced
labour availability [91].

o School closures may result in higher food insecurity and risk of malnutrition for
children from low-income households, as children’s access to free or subsidized

school meals are disrupted [6].
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GOOD HEALTH
AND WELL-BEIKG

e

GOOD HEALTH AND WELL-BEING

Disruptions to immunization programs may reverse decades of progress against
vaccine-preventable diseases [92]. Global inequities in terms of vaccine access were
already prevalent prior to the pandemic. In 2019, coverage for the vaccine
protecting against diphtheria, tetanus, and pertussis (D' TP3), which requires storage
between 2°C and 8°C, was at 85 per cent globally, down slightly from 86 per cent in
2018. A total of 85 countries have yet to achieve the targeted vaccination rate of 90
per cent for DPT3 [93]. UNICEF and WHO estimate that up to 80 million children
are at risk of missing out on vaccinations against vaccine-preventable diseases due
to the pandemic [82].

The healthcare systems are overwhelmed because of the pandemic, causing delays
n treatments for other illnesses and services such as cancer screening and check-
ups.

Many people fear to visit health centres, which may increase the death rate due to

other illnesses.

QUALITY
EDUCATION

QUALITY EDUCATION

School closures around the world to contain the spread have decreased the access
to quality education. UN estimates that more than 1.5 billion students are out of
school due to the pandemic. Remote learning may be less effective and 1s estimated
to be maccessible to at least 500 million students [94].

Early marriages, children forced mto militias, sexual exploitation, teen pregnancies

and child labour are expected to increase due to school closures [95].

GENDER
EQUALITY

¢

GENDER EQUALITY

The pandemic has been disproportionately affecting women i many ways:

Increased demand for women to undertake unpaid care work have forced women
to leave their jobs or move from stable and protected jobs to more informal jobs
[96].

It is estimated that women have 1.8 times more job vulnerability than men during
the pandemic [97].

Globally, women make up the 70 per cent of the health workforce, putting them at
a greater risk [96].

Domestic violence has increased by 30 per cent in some countries [9].
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o A significant rise in unintended pregnancies are expected due to interrupted access
to family planning supplies. Women may be forced mto early marriages, causing

them to leave their education and careers [9].

CLERN iATER CLEAN WATER AND SANITATION

AND SANITATION

E e Two out of five people in the world do not have a basic hand-washing facility with

soap and water. With sanitation being fundamental for fighting the virus and
preserving the health and well-being, importance of providing access to safe water

for vulnerable people is now even more profound [98].

AFFORDABLE AND CLEAN ENERGY

o The drop m oll prices may negatively impact the development and use of sustainable
energy technologies, and increase the global o1l demand, unless strong government

policies to support sustainable energy are put in place [99].

i DECENT WORK AND ECONOMIC GROWTH

ECOHOMIC GROWTH

ﬁ/i o Job losses resulting from the crisis threatens mass unemployment.

o All economies are likely to experience significant economic losses, but emerging
and developing economies are especially vulnerable with per capita incomes

expected to decline, increasing their risk of slipping back to poverty.

Ly INDUSTRY, INNOVATION AND INFRASTRUCTURE

AHD INFRASTRUCTURE

& e More and more businesses and services have been relying on information and

communication technologies since the beginning of the pandemic. It is now even
more important to close the gaps in access to these technologies to enable remote
working if possible, to provide online education as well as to offer health and
sanitation advice for everyone [100].

e Businesses may cut down their R&D budgets due to adverse economic impacts of

the pandemic.

10 feuen REDUCED INEQUALITIES

INEQUALITIES:

s

4d=) e The pandemic has brought existing inequalities to the fore, affecting the poorest
v

and most vulnerable communities (including refugees and migrants) the most
[101].

e People that are in the lower parts of the wage distribution face a greater chance of
losing their jobs than the ones at the upper [6].

o Women have been disproportionately alfected by the pandemic in many areas:

health, economy, security and social protection [10].
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[l SUSTAINABLE CITIES AND COMMUNITIES

AHDCOMMUITIES

e  Populations living in informal settlements and slums face greater risks due to high
population densities that make self-isolation and social distancing more difficult,

hence contagion more likely [102].

12 Bmsit RESPONSIBLE CONSUMPTION AND PRODUCTION

CORSUMPTION
AHD PRODLIGTION

( N ) e  Safety measures have led to an increase in production and use of plastic products,

such as plastic packaging, bags and gloves.

i) e CLIMATE ACTION

ACTION

% o  Greenhouse gas emissions are expected to drop about 6 per cent in 2020 due to

travel bans and reduced production. This improvement however is temporary
[103]. Climate change mitigation measures may be deprioritized by governments,
decreasing the chances of meeting targets and commitments to tackle the climate

change.

14 LIFE BELOW WATER, LIFE ON LAND

BELOW WATER

e Increased number of PPE and other unrecyclable waste found in nature have been

threating lives both in water and on land [104].

15 i

16 Fos e PEACE, JUSTICE AND STRONG INSTITUTIONS

AND STRONG

IHSTITUTIONS

o  Governments have been relying on digital technologies and advanced analytics to
tack, trace and contain the spread, which may potentially raise human rights issues
regarding collection and sharing of personal data, mass surveillance, limiting

mdividual freedoms [105].

(Rl PARTNERSHIPS FOR GOALS

FOR THE GOALS

@ e The pandemic has sparked a backlash against globalization
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APPENDIX B SELECTING
REFRIGERATION

THE RIGHT ENERGY

SOURCE

FOR VACCINE

" Onaverage,
. how many hours a day is X
e . grid/generator electricity _.-*"
available?

Oto3 B1to 20 21t024

se ice-lined refrigerator Do power cuts Do power cuts
rated 4 hours electricity a “Yes—  ofmorethan20 ~<Yes—  ofmorethan4
day*t or consider solar hoursoccur?__,.--" "'-.,__hoursoccur?l_,.--"

T T

X Mo No

s a“‘n“
_.--"'sular sarvice ..

. ' provider available

Use standard ice-lined

fo P ) . . Use electric compressor
. orcamonebe o ¢ BT T T refrigerator/freszer*s
-, established? .- freezing compartment®
Yes l
s s ) s )
- solar direct-drive \\.-‘—ND"'.-_.. battery-powered '\..__‘_ Nop-'.'_" passive refrigeration -,
_ technology ~-... solar technology .- .. ~ technology
... suitable? .. suitable? .~ .. suitable? -
Yes Yes Yes No
_ Use battery-powered - . —
Use solar direct-drive solar refri — Use long-term passive Consider liquid petroleum
refrigerator rigerat refrigeration device gas solutions

refrigerator-freezer

* With voltage regulator

1 With adequate holdover time (the time in hours during which all points in the vaccine compartment remain between +2°C
and +10°C, at the maximum ambient temperature of the climate zone for which the appliance is rated, after the fuel supply has
been disconnected). Refer ta the POS Catalogue for holdover times of ice-lined refrigerators

1 Do not use domestic refrigerators unless lab tested to POS standards

Figure 18: Selecting the most appropriate energy source for vaccine refrigeration [16]

WHO provides guidance on selecting the right energy source for vaccine refrigeration (See Figure 18).
Following the Figure 4 provided by WHO, if a location only has access to 0-7 hours of energy supply per
day (mains or generator), then solar, long-term passive or liquid petroleum gas (which can be expensive)
refrigeration equipment should be considered. ILRs may also be suitable for locations with 4-7 hours
energy supply. While the WHO guidelines help identifying locations that require off-grid equipment
considering the energy supply reliability, they do not consider all situations where off-grid equipment
provide benefits. One study suggests that the cost per dose of vaccine may be lower for solar off-grid than
on-grid equipment even in locations with higher energy supply reliability [106]. Furthermore, as the cost
of solar equipment decreases, uptake of solar off-grid refrigerators will consequently become profitable
for locations even with higher energy supply reliability, and cost savings may become more predominant

along with reduced environmental footprint.
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APPENDIX C RECOMMENDED VACCINE STORAGE TEMPERATURES FOR
VACCINES USED IN IMMUNIZATION PROGRAMMES

e
‘ -15°C to -25°C

o

18 Stores that receive vaccines directly from the manufacturers.
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APPENDIX D THE LOCATION-ALLOCATION: AN ILLUSTRATIVE EXAMPLE

The following example aims to illustrate the basic concept of employing Location-Allocation models,

along with additional barriers such as geographic features and poor road conditions.

Proposal 1 Proposal 2

Proposal 3 Proposal 4

Figure 19: Selecting the vaccination sites™®

The Figure 19 above shows a hypothetical district with four villages a, b, ¢ and d, along with their locations
and populations. Circles demonstrate the coverage area of corresponding villages in case they are selected
as vaccination sites. Village ‘a’ is located on hilly terram, and village ‘¢’ suffers from poor road
mfrastructure. Assuming that the programme budget only allows for one vaccination site to be put in
place, 1if Village ‘a’ 1s selected as the vaccination site, then 140 people can be vaccinated. Similarly, 110
people can be vaccinated in the case of village ‘b’ being selected, 120 people for village ‘c’, and 60 people
for village ‘d’. If the site location decision is based purely on population reached, then village ‘a’ would be
the designated vaccination site. However, due to the geographical barriers to accessing village ‘a’, this
action would be sub-optimal. The same reasoning applies to village ‘c’, which has the second-largest
coverage. As village ‘d’ has the lowest coverage area, village ‘b’ would likely be the optimal location for
the vaccination site. For the other villages outside the coverage area, more targeted strategies can be
considered, such as door-to-door immunisation possibly supported by alternative distribution methods,

such as drones.

¥ House, Mountain: Icons made by Freepik from www.llaticon.com. Road block: Icon made by surang from
www.flaticon.com
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