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Evaluating the Environmental Sustainability of the Cold-Chain Transportation and

Storage of Different COVID-19 Vaccines by Life Cycle Analysis

Abstract

Although the COVID-19 vaccines are integral in facilitating society’s return to a “new normal”

amidst the pandemic, the cold-chain transportation and storage of these vaccines may cause

irreversible damage to our environment. This is in large part due to their strict cold-chain

transportation and storage requirements. Such cold-chain requirements will invariably result in a

significant environmental footprint. We will thus be analysing and quantifying said

environmental footprint through a life cycle analysis, and further cross-referencing these

environmental impacts to the efficacy rates of the various vaccines, before evaluating which

vaccine is the most environmentally-friendly whilst still maintaining a convincing efficacy rate.

We take into account the transportation, storage as well as disposal of the vaccines and its related

products, but will make some assumptions in place of data that is not available to the public,

such as storage facilities or precise transportation details. Through an impact assessment, we are

able to quantify the total environmental impacts of such vaccine cold chains on our environment,

and conclude that the Moderna vaccine has the smallest environmental footprint. If we solely

consider the cold-chain in Singapore (i.e., excluding shipping of vaccines to and from

international production plants), however, then the AstraZeneca vaccine has the smallest

environmental footprint.

Introduction

Millions have died due to the SARS-CoV-2 virus that has spread rampantly throughout the globe

over the past year and a half. Recently, a number of biotech companies have managed to develop

and mass produce vaccines for the virus, which will indubitably aid society in returning back to

normal after this global pandemic. However, these vaccines have a variety of negative impacts

on individuals, society and the environment alike. Such vaccines have various side-effects,

ranging from mild fever to life-threatening blood clots. On top of these negative impacts on

individuals, there are also various large-scale downsides that are generated from the development

and production of these vaccines, namely the environmental impacts caused by the intensive
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cold-chain transportation and storage required by the vaccines. Such cold-chain procedures will

expend large amounts of energy and generate a large amount of environmental damage.

The vaccines have a wide range of cold-chain requirements, ranging from the Pfizer-BioNTech

vaccine requiring between -80℃ and -60℃ to the Sinovac vaccine that can be stored at 37℃ for

28 days. Thus, we will be analysing the environmental impacts brought about by the cold-chain

of the various vaccines. Of note, however, is that some vaccines have proven to be less effective

than other vaccines; for example, the Sinovac vaccine demonstrated an efficacy rate of

approximately 50.65% (when released in Brazil) compared to the Pfizer vaccine, which has

shown a 95% efficacy rate. Thus, we will also take efficacy rates into account, as well as the

various side effects of the vaccines in our research.

After considering different vaccine efficacy rates, we decided to focus mainly on the 3 vaccines

(with the highest efficacy); namely, the Pfizer vaccine, the Moderna vaccine and the AstraZeneca

vaccine. Reducing the environmental footprint of these vaccines without severely impacting their

effectiveness is a challenge, as the cold-chain is what prevents the mRNA vaccines, which are

incredibly fragile, from breaking down and thus becoming ineffective. Thus, the existing

solutions can only reduce the environmental impacts on a very minute scale. One example is that

of multiple transport companies utilising correx as lining for storage boxes instead of cardboard.

This helps to reduce the environmental footprint of the vaccine as correx is fully recyclable and

has a longer shelf life due to its Polyethylene lining. Another example is the use of Vacuum

Insulated Panels instead of Expanded Polystyrene. This helps to reduce the environmental

impacts as Vacuum Insulated Panels are more effective at reducing the amount of dry ice, which

is used as phase change material, that escapes from the box. This reduces the amount of carbon

dioxide produced by the transportation and storage procedure and reduces the impact on the

environment.
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Fig 1.1 Graph of Dry Ice Loss against Internal Volume for VIPs and EPs

However, our project aims to identify the most environmentally friendly vaccine, by quantifying

the environmental impacts generated by this vaccine, so as to increase public awareness of the

environmental impacts of said vaccines, in the hopes of encouraging them to use the more

environmentally friendly vaccine, in order to eventually reduce the amount of environmental

impact generated by the vaccines.

Solution Design

We will be using OpenLCA (an open source Life Cycle Analysis software) for this project. Life

Cycle Assessment (LCA) is a framework for evaluating the environmental impacts of a product

system—the processes and material or energy flows associated with a commercial product or

service—through the compilation of inputs (raw materials) and outputs (emissions) from the

relevant product’s “cradle to grave”, i.e., throughout the resource extraction, manufacturing,

storage and transportation, usage, and disposal phases of its life cycle.

The LCA framework we use has four main components: goal definition and scoping, life cycle

inventory, life cycle impact assessment and (results) interpretation. An outline of each

component is as follows:
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Goal Definition and Scoping: During the goal-definition stage of LCA, it is necessary to define

clearly and describe the product system under investigation. To do so, a functional unit must be

ascribed to the product system. The functional unit is a measure of the performance of the system

being studied, which provides a reference for inputs and outputs to be related; e.g., “1 kg of

cheese leaving the gate of the dairy farm”. As the reference point for relating (quantitatively)

inputs with outputs, a functional unit must be defined with sufficient precision: for example, a

relevant mass/volume must be specified (e.g., “1 kg of cheese” instead of “cheese”). The start

and endpoints of the product system under investigation must likewise be specified. These

would, most often, be the product’s “cradle to grave”, i.e., from resource extraction through to

the product’s disposal (or recycling), though alternative start and endpoints may be specified,

such as “cradle to gate”, which focuses solely on the resource extraction, manufacturing and

transportation involved. In this case, our functional unit is one vial of vaccine.

During the scoping stage, it is also necessary to define system boundaries for the product system

under investigation, i.e., the set of criteria specifying which unit processes are part of the product

system studied. (A unit process, as defined in section 2, is the smallest element considered in the

life cycle inventory analysis for which input and output data are quantified. Examples of unit

processes include production, washing, packaging and usage of a product.) When scoping

system boundaries, the following must be considered:

1. Boundaries between the product system and nature. Most often, the starting point for the

product system is taken to be the point at which resources (e.g., raw materials) are

extracted/acquired for production; environmental systems (e.g., conversion of dead matter into

coal) are not accounted for. For fund resources (e.g., farmland, forests and animals), the harvest

should be included, in addition to the activities needed to produce the harvest, such as ploughing,

planting, fertilizing and use of pesticides; for flowing resources (e.g., solar radiation or running

water), activities needed to bring the resources into the technological system should be included

(Tillman et al., 1993).

II. Boundaries between the product system and other product systems, such as capital goods or

technology involved in manufacturing of the product under investigation. The latter should be
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included under LCI if the technology involved has a short life-span and high rate of

breakage/spoilage.

III. Geographical boundaries. It is necessary to scope the relevant area for the product system

under study as infrastructure (e.g., electricity production and waste management) varies across

geographical regions, the various components of a product (e.g., plastic lids and paper cups) may

be manufactured anywhere in the world, and the sensitivity of an environment to pollutants may

vary across regions.

IV. Time horizon (temporal boundaries). Such boundaries include the life-spans of pollutants and

technology involved in production. The time horizon of the inventory is usually restricted to the

timespan during which the technology can be surveyed.

Life Cycle Inventory Analysis (LCI): During the LCI, inputs for all processes involved in the

product system must be compiled under the system inventory. In general, data must be collected

for the following:

1. Raw materials acquisition. Data collected under this subsystem includes all raw materials

extracted and activities involved in acquisition, including transportation of raw materials to the

manufacturing site, and all quantifiable effects of extraction, e.g., pesticide run-off and soil loss.

Additional (non-quantifiable) impacts to the ecosystem are not compiled under the inventory but

may be included under the impact assessment. In addition, it is necessary to collect data on

energy acquisition, such as energy consumption and emissions due to extraction and refining.

2. Manufacturing. Data collected under this subsystem includes all energy, water and material

inputs and outputs of the manufacturing and fabrication process required to convert extracted

raw materials into intermediate or end products. Co-products (products which are not inputs or

outputs elsewhere in the system) may be generated during this process, and should be analysed

under LCI until separated from the primary product under investigation. Differences in

technology throughout the industry may require assumptions to be made at this stage of the LCA,

e.g., with regards to facilities sizes or age of equipment involved.
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The manufacturing and fabrication process is defined as the process by which extracted raw

materials are converted into finished products ready for consumer purchase; therefore, it is also

necessary to collect data on the inputs and outputs required for packaging of the product.

3. Transportation (distribution) of product. Data collected under this subsystem includes all

transportation activities of the product, both from production facilities to intermediate storage

(e.g., warehouses) and from storage facilities to consumers. Environmental controls (e.g.,

refrigeration at intermediate storage facilities) are also included as components of the distribution

process.

4. Consumer use. Data collected under this subsystem includes all outputs generated through

usage of the product under investigation. Additional considerations include life-span of product

and frequency of repair. Maintenance and related inputs must also be included under LCI.

5. Disposal/recycling. Data collected under this subsystem includes inputs into waste

management and outputs generated through disposal (e.g., landfill emissions).

Data quality (specificity and accuracy) is an important consideration under LCI. As per

ISO14040 (2006), all materials and energy flows as well as associated environmental releases

must be allocated to the different products according to clearly stated procedures, which must be

documented and justified. The calculation of energy flow should also take into account different

fuels and electricity sources used, the efficiency of conversion and distribution of energy flow, as

well as the inputs and outputs associated with the generation and use of that energy flow. Data on

resource acquisition may be collected from public databases; in general, data under the

manufacturing and distribution subsystems should be collected from the production site, to

ensure greater accuracy.

Life Cycle Impact Assessment (LCIA): During the LCIA, results of the LCI are evaluated, in

order for the significance of the product system’s environmental impacts to be assessed. Several

impact categories (i.e., environmental issues of concern, such as ozone depletion potential) may
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be formulated to assess the significance of LCI results, and characterisation factors or indicators

may be ascribed to each category as quantitative units for assessment (e.g., disability adjusted

life years (DALY) with respect to damage to human health per unit emission). Characterisation

factors may also be classified as midpoint or endpoint indicators, where, broadly, midpoints are

considered links in a cause-effect chain (environmental mechanism) and endpoints are broader

categories at which characterization factors (indicators) can be derived to reflect the larger

relative importance of emissions or extractions (Bare et al., 2000). Common impact categories

modelled at the midpoint level include abiotic and biotic resources, land use, global warming

(climate change), stratospheric ozone depletion, ecotoxicological impacts, human toxicological

impacts, photochemical oxidant formation, acidification and eutrophication (Jensen et al., 1998).

These may be further combined into endpoint categories, e.g., ecological impacts. Endpoint

modeling may facilitate more structured and informed weighting, due to broader impact

categories and aggregation of common parameters (for example, human health impacts

associated with climate change can be compared with those of ozone depletion using a common

basis such as DALYs). The use of endpoint modelling may involve additional assumptions,

however, due to uncertainty in conversion of characterisation factors (e.g., carbon dioxide

emission/kg to DALYs), and this should be accurately reflected in reporting to stakeholders.

It should further be noted that several outputs may contribute to different impact categories and

therefore may be accounted for twice in LCIA. The resulting double counting is acceptable if the

effects are independent of each other (e.g., eutrophication and ozone depletion potentials),

whereas double counting of different effects in the same effect chain is not; double counting

should also be reported to stakeholders as part of the LCIA.

Interpretation: During the interpretation stage of the LCA, identification of significant

environmental issues, evaluation, and conclusions and recommendations should be carried out.

The aim of interpretation is to facilitate a decision making process based on the LCA study and

to ensure that results are consistent with the goals of the LCA, as well as to evaluate

methodology (e.g., data quality and sourcing) and conclusions derived.
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As far as possible in our LCA, we have sourced input data regarding vaccine safety and

manufacturing from the relevant pharmaceutical companies themselves, or federal/international

public health agencies (e.g., WHO, CDC). For generic processes, however, such as plane travel

or refrigeration, values built into the OpenLCA software’s EcoInvent database was used.

Results and Discussion

Basic Findings: Through our OpenLCA, we have found that the cold-chain of the vaccines had

the most impact on the impact category “Global warming, Terrestrial ecosystems”, measured in

species.yr (species disappearing during one year), “Global warming, Human health”, measured

in Disability-Adjusted Life Years (DALY; years of life lost due to premature mortality, years of

life lost due to time lived in states of less than full health, or years of life lost due to disability),

and “Global Warming (GWP100a)”, measured in kg CO2 equivalent. These impact categories

accounted for almost 97% of the total impacts generated, thus we will be mostly considering

these few impact categories when evaluating the environmental impacts of the different vaccines.

We have done our Life Cycle Analysis on the following processes.

- 6 months cold chain

- Disposal of syringe and vial

- Transport of Vial from production to administration site
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Fig 2.1 Comparison of the environmental impacts on terrestrial ecosystems generated by the

different vaccines, Overseas Inclusion

“Global Warming, Terrestrial Ecosystems”: After running the processes of transportation,

storage, and waste disposal through the OpenLCA software, we found that it terms of ‘Global

Warming, Terrestrial Ecosystems”, the Moderna vaccine generated the least impacts out of the

three vaccines. Based on Fig 2.1 we can observe the large disparity between the environmental

impacts generated by the Moderna vaccine compared to the other two vaccines. Moderna’s

impacts on terrestrial ecosystems was quantified as 1.03e-4 species.yr, whilst that of AstraZeneca

and Pfizer were extremely similar at approximately 9.84e-2 species.yr. The impacts generated by

the Moderna vaccine was almost equal to the environmental impacts generated by a palm oil

plantation, whilst that of Pfizer and AstraZeneca are almost 1000 times that of a palm oil

plantation (Obaideen et al., 2019). Compared to 1 Pet Bottle being produced, the impacts
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generated by the Moderna vaccine are 5 times larger in magnitude, while impacts of Pfizer and

AstraZeneca are 7 times larger in magnitude These results are interesting, as Moderna and Pfizer

have extremely similar cold-chains, whilst AstraZeneca’s cold-chain is in general less intensive

than that of the mRNA vaccines. However, the likely cause of this result is the presence of a

Moderna vaccine manufacturing facility in Singapore, the Lonza Biologics facility at Tuas. This

removes the need for vaccines to be transported via plane and thus reduces a lot of carbon

emissions generated. However, these results might not be completely accurate as the Singapore

facility might not be able to keep up with Singapore’s vaccine demands and vaccines will likely

still have to be imported from overseas. Thus, we have done another impact assessment that

assesses that case.

Fig 2.2 Comparison of the environmental impacts on terrestrial ecosystems generated by the

different vaccines, Singapore only

Without considering the plane journey in our LCA, the 3 vaccines all display similar results.

Thus, we can see that the plane journey contributes massively to the environmental impacts of

the vaccines. However, the AstraZeneca vaccine has the smallest impact with 9.95e-5 species.yr,

11



and both Moderna and Pfizer have the same impacts with 1.03e-4 species.yr. This is due to the

AstraZeneca vaccine’s different cold chain requirements, with it only needing 2-8 degrees celsius

of long term storage, while since both Moderna and Pfizer have similar cold-chain requirements,

they have the same environmental impacts.

Fig 3.1 Comparison of the environmental impacts on human health generated by the different

vaccines, Overseas Inclusion
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Fig 3.2 Comparison of the environmental impacts on human health generated by the different

vaccines, Singapore only

“Global Warming, Human Health”: Fig 3.1 and Fig 3.2 show similar trends to that of the

environmental impacts generated by the environmental vaccines. Before plane travel is taken

into account, the Moderna and Pfizer vaccines generate similar impacts on human health,

quantified at 5.15e-2 DALY, whilst that of AstraZeneca is slightly lower, at 4.98e-2 DALY.

However, when plane travel is taken into account, the impacts of human health generated by the

Pfizer and AstraZeneca vaccines skyrocket to approximately 4.92e+1 DALY, whilst that of

Moderna remains at 5.15e-2 DALY. This means that the transport of just one vial of vaccine will

cause one person to live 49 years with a disability or die 49 years prematurely just because of the

vaccines, more than 3000 times of the impacts generated by palm oil plantation (Obaideen et al.,

2019). Such vaccines work to protect people from the coronavirus, but also causes knock-on

effects that could damage another's life. The causes of these observations are once again similar

to that of the impacts on terrestrial ecosystems, with the less intensive cold-chain of AstraZeneca

and the presence of a Moderna manufacturing facility in Singapore removing the need for

long-distance plane transport.
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Fig 4.1 Comparison of the environmental impacts on human health generated by the different

vaccines, Overseas Inclusion

Fig 4.2 Comparison of the environmental impacts on human health generated by the different

vaccines, Singapore Only
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“Global warming (GWP100a)” This impact assessment quantifies the emissions, over 100

years. It is measured in kg CO2 equivalent, which is the weight of the CO2 equivalent in terms

of carbon emissions. With the inclusion of the Plane journey, Pfizer has 4.05e+5, AstraZeneca

has 4.05e+5, and Moderna has 4.28e+3 of kg CO2 equivalent, with AstraZeneca having slightly

less emissions at its 6th decimal place compared to Pfizer. Without the plane journey, Moderna

and Pfizer both have 4.28e+3, while AstraZeneca has 4.13e+3. As such, we can see that the

cold-chain generates quite a lot of carbon emissions. As a comparison, a typical passenger car

releases 4.6 kg of carbon dioxide a year, and when put against the emissions caused by the

vaccine cold-chain and storage, the emissions caused by the vaccine cold-chain and storage are

tantamount to 30 years of carbon dioxide emissions by the passenger car.

Evaluation/interpretation: Through our Life Cycle Analysis, we have found that throughout

the life cycle the Moderna vaccine has the smallest environmental impact when considering

cross-country transport via plane. However, when we remove this process, we find that

AstraZeneca is the most environmentally friendly vaccine. When we cross-refer these

environmental impacts to the efficacy rates and various side-effects uncovered by various

researchers and vaccine test runs, we can see that the Moderna vaccine has a slightly higher

efficacy rate at 94.5% (Moderna, 2020), compared to AstraZeneca’s 90% (AstraZeneca, 2020).

Furthermore, it has been found that, though rare, one of the side effects of the AstraZeneca

vaccine is life-threatening blood clots that can occur in around one in every 50,000 people and

often affects young and healthy adults and has an extremely high mortality rate (Pavord, 2021).

The blood clots killed 23% of cases analysed, with risk of death increasing to about 73% for

patients with low platelet counts and brain bleeds after blood clots in the brain (Hunt, 2021).

Thus, the AstraZeneca vaccine does have extremely severe side-effects to the unlucky number of

people to be affected by it. The Moderna vaccine does not have side-effects with such a high

mortality rate and is relatively safer. Thus, when considering our Life Cycle Analysis, along with

the side-effects and efficacy rates, it can be seen that the Moderna vaccine is the most
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environmentally friendly vaccine that includes little tradeoffs regarding the patient’s health and

safety.

Pfizer Moderna AstraZeneca

Efficacy 95% 94.5% 90%

Maximum storage
length

Before mixing,
vaccine may be
stored between
-80℃ and -60℃,
between -25℃ and
-15℃ for up to 2
weeks, or between
2℃ and 8℃ for up
to 5 days.Once
mixed, vaccine
may be stored
between 2℃ and
25℃ for up to 6
hours.

Vaccine may be
stored between
-25℃ and -15℃,
and at between
2℃ and 8℃ for up
to 30 days before
vials are
punctured.

Vaccine may be
stored between
2℃ and 8℃ for up
to 6 months.

Place of Manufacture Belgium Singapore Belgium

Terrestrial
Ecosystems (With
Plane)/species.yr

1.03e-4 9.84e-2 9.84e-2

Human Health (With
Plane)/DALY

5.15e-2 4.92e+1 4.92e+1

Global Warming
(With Plane)/kg CO2
eq

4.28e+3 4.05e+5 4.05e+5

Terrestrial
Ecosystems (No
Plane)/species.yr

1.03e-4 1.03e-4 9.95e-5

Human Health (No
Plane)/DALY

5.15e-2 5.15e-2 4.98e-2

Global Warming (No
Plane)/kg CO2 eq

4.28e+3 4.28e+3 4.13e+3
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Future Recommendations

An additional avenue for research is how different energy mixes (e.g., involving renewable

energy) would affect the sustainability of the COVID-19 vaccine cold chain. It has been

suggested, for example, that use of solar technology could assist in vaccine roll-outs in

developing countries, on account of the higher efficiency and reliability of solar-powered

refrigerators (The Conversation, 2021). This would also affect the net emissions produced in the

course of transportation and storage of the vaccines.

Another avenue for research would be to consider the ingredients used in the vaccines and the

biological impacts on the environment. Since several of the COVID-19 vaccines (e.g., Moderna;

Pfizer) are made using mRNA, along with a mixture of other substances, a possible avenue for

research would be to try to quantify the environmental impacts of the ingredients used to make

the different vaccines (for the purposes of this LCA, we have not considered this segment of the

manufacturing process).

Conclusion

Through this project, we have managed to quantify the environmental impacts of the different

covid vaccines. As seen in our results, though it only shows the impacts of one vial of vaccine,

when magnified by the large vaccination effort in Singapore with its 5.7 million populace, the

environmental impacts of cold-chain storage and transportation of the COVID-19 vaccines are

tremendous. We also are able to construct an environmental damage to efficacy graph, with each

vaccine having different trade-offs. Thus, when considering which vaccine to use, considerations

must be undertaken to consider vaccine efficacy compared to its environmental impact. A better

choice might be to opt for a vaccine with slightly less efficacy, but with less environmental

impacts. However, one limitation of our study that we did not consider was the efficacy of the

vaccines against different variants of COVID-19, another major impact factor in selecting

vaccines. Based on an overall consideration of the vaccines, we would recommend the Moderna

vaccine, since it is the most environmentally friendly vaccine that includes little tradeoffs

regarding the patient’s health and safety.

17



Reference List

1. AstraZeneca. (2020). AZD1222 vaccine met primary efficacy endpoint in preventing
COVID-19 | AstraZeneca [Press release]
https://www.astrazeneca.com/media-centre/press-releases/2020/azd1222hlr.html

2. Bare, J. C., Hofstetter, P., Pennington, D. W., & de Haes, H. A. U. (2000). Midpoints
versus endpoints: The sacrifices and benefits. The International Journal of Life Cycle
Assessment, 5(6). https://doi.org/10.1007/bf02978665

3. Bloomberg. (2021). India Faces Cold Chain Logistics Challenge for Virus
Vaccination.
https://www.bloomberg.com/news/articles/2020-11-23/india-faces-cold-chain-logistics-cha
llenge-for-virus-vaccination

4. Centre for Disease Control and Prevention. (2021). Information about Johnson &
Johnson’s Janssen Covid-19 Vaccine. Centre for Disease Control and Prevention.
https://www.cdc.gov/coronavirus/2019-ncov/vaccines/different-vaccines/janssen.html

5. Centre for Disease Control and Prevention. (2020). Moderna COVID-19 Vaccine
Storage and Handling Summary. Centre for Disease Control and Prevention.
https://www.cdc.gov/vaccines/covid-19/info-by-product/moderna/downloads/storage-summa
ry.pdf

6. Centre for Disease Control and Prevention. (2021). Pfizer-BioNTech COVID-19
Vaccine Storage and Handling Summary. Centre for Disease Control and Prevention.
https://www.cdc.gov/vaccines/covid-19/info-by-product/pfizer/downloads/storage-summary.
pdf

7. Coulomb, D. (2008). Refrigeration and cold chain serving the global food industry
and creating a better future: two key IIR challenges for improved health and environment.
Trends in Food Science & Technology, 19(8), 413–417.
https://doi.org/10.1016/j.tifs.2008.03.006

18

https://www.astrazeneca.com/media-centre/press-releases/2020/azd1222hlr.html
https://doi.org/10.1007/bf02978665
https://www.bloomberg.com/news/articles/2020-11-23/india-faces-cold-chain-logistics-challenge-for-virus-vaccination
https://www.bloomberg.com/news/articles/2020-11-23/india-faces-cold-chain-logistics-challenge-for-virus-vaccination
https://www.cdc.gov/coronavirus/2019-ncov/vaccines/different-vaccines/janssen.html
https://www.cdc.gov/vaccines/covid-19/info-by-product/moderna/downloads/storage-summary.pdf
https://www.cdc.gov/vaccines/covid-19/info-by-product/moderna/downloads/storage-summary.pdf
https://www.cdc.gov/vaccines/covid-19/info-by-product/pfizer/downloads/storage-summary.pdf
https://www.cdc.gov/vaccines/covid-19/info-by-product/pfizer/downloads/storage-summary.pdf
https://doi.org/10.1016/j.tifs.2008.03.006


8. Crommelin, D. J. A., Anchordoquy, T. J., Volkin, D. B., Jiskoot, W., & Mastrobattista,
E. (2021). Addressing the Cold Reality of mRNA Vaccine Stability. Journal of
Pharmaceutical Sciences, 110(3), 997–1001. https://doi.org/10.1016/j.xphs.2020.12.006

9. Dumpa, N., Goel, K., Guo, Y., McFall, H., Pillai, A. R., Shukla, A., Repka, M. A., &
Murthy, S. N. (2019). Stability of Vaccines. AAPS PharmSciTech, 20(2), 1–11.
https://doi.org/10.1208/s12249-018-1254-2

10. Gallo, A., Accorsi, R., Baruffaldi, G., & Manzini, R. (2017). Designing Sustainable
Cold Chains for Long-Range Food Distribution: Energy-Effective Corridors on the Silk Road
Belt. Sustainability, 9(11), 2044. https://doi.org/10.3390/su9112044

11. Gumapas, L. A. M., & Simons, G. (2013). Factors affecting the performance,
energy consumption, and carbon footprint for ultra low temperature freezers: case study at
the National Institutes of Health. World Review of Science, Technology and Sustainable
Development, 10(1/2/3), 129. https://doi.org/10.1504/wrstsd.2013.050786

12. Holm, M. R., & Poland, G. A. (2021). Critical aspects of packaging, storage,
preparation, and administration of mRNA and adenovirus-vectored COVID-19 vaccines
for optimal efficacy. Vaccine, 39(3), 457–459.
https://doi.org/10.1016/j.vaccine.2020.12.017

13. ISO 14040 International Standard. (2006). Environmental management - Life cycle
assessment - Principles and framework. International Organization for Standardization.

14. ISO 14044 International Standard. (2006). Environmental Management - Life cycle
assessment - Requirements and guidelines. International Organization for
Standardization.

15. James, S. J., & James, C. (2010). The food cold-chain and climate change. Food
Research International, 43(7), 1944–1956. https://doi.org/10.1016/j.foodres.2010.02.001

19

https://doi.org/10.1016/j.xphs.2020.12.006
https://doi.org/10.1208/s12249-018-1254-2
https://doi.org/10.3390/su9112044
https://doi.org/10.1504/wrstsd.2013.050786
https://doi.org/10.1016/j.vaccine.2020.12.017
https://doi.org/10.1016/j.foodres.2010.02.001


16. Kartoglu, U., & Milstien, J. (2014). Tools and approaches to ensure quality of
vaccines throughout the cold chain. Expert Review of Vaccines, 13(7), 843–854.
https://doi.org/10.1586/14760584.2014.923761

17. Martínez-Sobrido, L., Peersen, O., & Nogales, A. (2018). Temperature Sensitive
Mutations in Influenza A Viral Ribonucleoprotein Complex Responsible for the Attenuation
of the Live Attenuated Influenza Vaccine. Viruses, 10(10), 560.
https://doi.org/10.3390/v10100560

18. Moderna Inc. (2020). Moderna’s COVID-19 Vaccine Candidate Meets its Primary
Efficacy Endpoint in the First Interim Analysis of the Phase 3 COVE Study | Moderna
[Press-release].
https://investors.modernatx.com/news-releases/news-release-details/modernas-covid-19-vacc
ine-candidate-meets-its-primary-efficacy

19. Pfizer. (2020). Pfizer and BioNTech Conclude Phase 3 Study of COVID-19 Vaccine
Candidate, Meeting All Primary Efficacy Endpoints | Pfizer [Press release]. Pfizer and
BioNTech Conclude Phase 3 Study of COVID-19 Vaccine Candidate, Meeting All Primary
Efficacy Endpoints

20. Shin, W.-J., Hara, D., Gbormittah, F., Chang, H., Chang, B. S., & Jung, J. U. (2018).
Development of Thermostable Lyophilized Sabin Inactivated Poliovirus Vaccine. MBio, 9(6),
1–13. https://doi.org/10.1128/mbio.02287-18

21. Thompson, R. C., Moore, C. J., vom Saal, F. S., & Swan, S. H. (2009). Plastics, the
environment and human health: current consensus and future trends. Philosophical
Transactions of the Royal Society B: Biological Sciences, 364(1526), 2153–2166.
https://doi.org/10.1098/rstb.2009.0053

22. Tripathi, A., Tyagi, V. K., Vivekanand, V., Bose, P., & Suthar, S. (2020).
Challenges, opportunities and progress in solid waste management during COVID-19
pandemic. Case Studies in Chemical and Environmental Engineering, 2, 100060.
https://doi.org/10.1016/j.cscee.2020.100060

20

https://doi.org/10.1586/14760584.2014.923761
https://doi.org/10.3390/v10100560
https://investors.modernatx.com/news-releases/news-release-details/modernas-covid-19-vaccine-candidate-meets-its-primary-efficacy
https://investors.modernatx.com/news-releases/news-release-details/modernas-covid-19-vaccine-candidate-meets-its-primary-efficacy
https://www.pfizer.com/news/press-release/press-release-detail/pfizer-and-biontech-conclude-phase-3-study-covid-19-vaccine
https://www.pfizer.com/news/press-release/press-release-detail/pfizer-and-biontech-conclude-phase-3-study-covid-19-vaccine
https://www.pfizer.com/news/press-release/press-release-detail/pfizer-and-biontech-conclude-phase-3-study-covid-19-vaccine
https://doi.org/10.1128/mbio.02287-18
https://doi.org/10.1098/rstb.2009.0053
https://doi.org/10.1016/j.cscee.2020.100060


23. Understanding Global Warming Potentials. (2020). US EPA.
https://www.epa.gov/ghgemissions/understanding-global-warming-potentials

24. World Health Organisation. (2021). Draft landscape and tracker of COVID-19
candidate vaccines.
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines

25. World Health Organisation. (2015). Immunization in Practice: Module 2. World
Health organisation.
https://apps.who.int/iris/bitstream/handle/10665/193412/9789241549097_eng.pdf.?sequence
=1

26. Xiang, B., Patra, P. K., Montzka, S. A., Miller, S. M., Elkins, J. W., Moore, F. L.,
Atlas, E. L., Miller, B. R., Weiss, R. F., Prinn, R. G., & Wofsy, S. C. (2014). Global
emissions of refrigerants HCFC-22 and HFC-134a: Unforeseen seasonal contributions.
Proceedings of the National Academy of Sciences, 111(49), 17379–17384.
https://doi.org/10.1073/pnas.1417372111

27. Zhang, Y., Zeng, G., Pan, H., Li, C., Hu, Y., Chu, K., Han, W., Chen, Z., Tang, R.,
Yin, W., Chen, X., Hu, Y., Liu, X., Jiang, C., Li, J., Yang, M., Song, Y., Wang, X., Gao, Q., &
Zhu, F. (2021). Safety, tolerability, and immunogenicity of an inactivated SARS-CoV-2
vaccine in healthy adults aged 18–59 years: a randomised, double-blind, placebo-controlled,
phase 1/2 clinical trial. The Lancet Infectious Diseases, 21(2), 181–192.
https://doi.org/10.1016/s1473-3099(20)30843-4

28. Chua, B., & Koon, W. P. (2020). Investigating the environmental sustainability of the
COVID-19 vaccine cold chain. NTU Singapore.
https://www.ntu.edu.sg/docs/default-source/talent-outreach/nrp/scbejr01_rp711f6d3b-dd59-4
5fb-b38e-897fccd17e95.pdf?sfvrsn=ce3bcc14_3

29. Obaideen Et Al., K. (2019). Analysis of the human health damage and ecosystem
quality impact of the palm oil plantation using the life cycle assessment approach. IOP
Publishing Ltd. https://iopscience.iop.org/article/10.1088/1755-1315/268/1/012036/meta

21

https://www.epa.gov/ghgemissions/understanding-global-warming-potentials
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://apps.who.int/iris/bitstream/handle/10665/193412/9789241549097_eng.pdf.?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/193412/9789241549097_eng.pdf.?sequence=1
https://doi.org/10.1073/pnas.1417372111
https://doi.org/10.1016/s1473-3099(20)30843-4
https://www.ntu.edu.sg/docs/default-source/talent-outreach/nrp/scbejr01_rp711f6d3b-dd59-45fb-b38e-897fccd17e95.pdf?sfvrsn=ce3bcc14_3
https://www.ntu.edu.sg/docs/default-source/talent-outreach/nrp/scbejr01_rp711f6d3b-dd59-45fb-b38e-897fccd17e95.pdf?sfvrsn=ce3bcc14_3
https://iopscience.iop.org/article/10.1088/1755-1315/268/1/012036/meta


30. Environmental Protection Agency. (2018). Greenhouse Gas Emissions from a Typical
Passenger Vehicle.
https://www.epa.gov/greenvehicles/greenhouse-gas-emissions-typical-passenger-vehicle.

22

https://www.epa.gov/greenvehicles/greenhouse-gas-emissions-typical-passenger-vehicle

