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Abstract: Compared to the medical, economic and social implications of COVID-19 vaccinations,
little attention has been paid to the ecological balance to date. This study is an attempt to estimate
the environmental impact of two mRNA vaccines in terms of CO, equivalents with respect to their
different freezing strategies and supply chain organization. Although it is impossible to accurately
calculate the actual environmental impact of the new biochemical synthesis technology, it becomes
apparent that transport accounts for up to 99% of the total carbon footprint. The emissions for air
freight, road transportation and last-mile delivery are nearly as 19 times the emissions generated from
ultra-deep freeze technologies, the production of dry ice, glass and medical polymers for packaging.
The carbon footprint of a single mRNA vaccine dose injected into a patient is about 0.01 to 0.2 kg
CO, equivalents, depending on the cooling technology and the logistic routes to the vaccination sites
in Germany.

Keywords: ecological impact analysis; CO, footprint; COVID-19 vaccine

1. Introduction

Compared to the medical and economic challenges raised by the pandemic in high-,
middle and low-income countries [1], the environmental impact of vaccination programs
appears to be a secondary concern. However, misinformation, misrepresentations and
various rumors spread by vaccination critics have prompted us to assess the impact of
COVID-19 vaccines on climate. The authors are aware that a comprehensive in-depth
ecological analysis of the entire process chain from the raw materials to the end user is
hardly feasible. Therefore, this analysis focuses on estimating the carbon footprint [2,3] of
packaging, distribution and cold chain storage [4-7] of messenger RNA (mRNA) vaccines.
The temporary recovery of global energy demands, carbon and NOy emissions during the
lockdown measures [8-11] has not been considered.

The groundbreaking mRNA vaccines require multiple highly purified ingredients and
complex process steps with yet unknown ecologically relevant material flows and waste
streams. RNA production is based on DNA plasmids as templates on which mRNA is built.
This new approach is much faster than normal vector vaccine production using infected
animal cell cultures or chicken eggs, which take several weeks to incubate. Vector vaccines
require living cells while RNA manufacturing is a biochemical process. The enzyme RNA
polymerase synthesizes the ribonucleotides that represent the building blocks G, A, U and
C of the desired mRNA strand. Co-formulation of the sensitive mRNA molecules into
different lipid nanoparticles (e.g., fatty acid esters of tertiary amines, lecithins, cholesterol)
facilitates their uptake into cells. Instead of applying a weakened copy of the coronavirus,
mRNA strands instruct the body’s immune system cells to develop antibodies against the
spike protein of SARS-CoV-2.
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BioNTech BNT162b2 [12,13] is an aqueous concentrate that must be diluted with
physiological saline before intramuscular injection. The other ingredients, potassium
chloride, sodium chloride, phosphates and sucrose, adjust to a suitable pH and protect the
vaccine during the freezing process. The preparation is free of adjuvants or preservatives.
One injection vial containing 0.45 mL of concentrate is diluted with 1.8 mL of saline after
thawing to obtain ready-to-use 2.25 mL of liquid for six doses of 0.3 mL each (30 pg
of active ingredient). An interrupted cold chain, vigorous shaking of diluted vaccine
doses and mechanically improper injection will damage the mRNA and weaken the effect
of the vaccine [14]. Two injections three to six weeks apart are required to ensure full
immunization. The vaccine is manufactured in the United States, Belgium (Puurs) and
Germany (Marburg, Mainz, Idar-Oberstein). The frozen undiluted vaccine is required to
be stored at temperatures between —80 and —60 °C for up to 6 months. The ultra-low
temperature vaccine is delivered directly from BioNTech to wholesalers (—25 to —15 °C
for up to 2 weeks), where it is temporarily stored, thawed and delivered to pharmacies
refrigerated at 2-8 °C (up to 1 month). At general practitioner offices, the vaccine must be
diluted for use within 2 to 6 h (2-25 °C).

The Moderna mRNA-1273 vaccine [15,16] is intended to be administered as two 0.5 mL
doses given by intramuscular injection four to six weeks apart. The vaccine contains the
modified mRNA, lipids (such as SM-102, polyethylene glycol, cholesterol, phosphocholine
derivatives), pH regulators (tromethamine, sodium acetate an others) and sucrose [17].
The vaccine is manufactured at facilities in Portsmouth (GB), New Hampshire (USA) and
Visp in Switzerland. Bottling and packaging of the vials takes place in the USA and
Spain. Undiluted frozen vials of Moderna vaccine can be transported and stored at —25 to
—15 °C for up to four months. Storage at 2-8 °C is possible for up to thirty days. At room
temperature, the vaccine must be used within 6 to 12 h (8-25 °C).

Adenovirus vector vaccines have not been further analyzed in this study as they do
not require deep and ultra-deep freeze technologies.

2. Methodology

The complete environmental impact of the COVID-19 pandemic is unlikely to be
quantifiable in the near future. Therefore, a comparison of packaging, transport routes and
cold chains for different mRNA vaccines is calculated based on generally accepted CO,
equivalent values. This might answer the question to what extent mRNA vaccines actually
generate greenhouse gases and plastic waste.

Germany, the largest vaccination market in Europe, was chosen to calculate the envi-
ronmental impact of the transport sector. Distances for air freight and road transportation
were assumed to cover all process steps from manufacture to the end user. Details on the
last-mile simulation are given in Section 3.4.

3. Results and Discussion
3.1. Production, Sterilization and Waste

Differences in the biochemical production of the various mRNA vaccines are likely,
but could not be quantified in this study due to lack of publicly available data. According
to BioNTech, 50,000 steps are required to produce the vaccine from the mRNA to the
bulk drug substance [18], making it impossible to reliably estimate the carbon footprint.
Negative environmental impacts of mRNA vaccination include the manufacturing, use
and disposal of polymers and glass, the use of dry ice and freezers and the CO, emissions
from the trucks and aircraft needed to deliver the vaccines to millions of patients. Table 1
compiles the data available from the literature to estimate energy expenditures. Carbon
footprints in kg CO, equivalents per kg product are in the order of magnitude of (e.g., [19]):
0.07 (steel), 0.3 ... 0.4 (glass), 0.26 ... 1 (mixed plastics), 0.6 ... 1.9 (beer), 2.1 (biodiesel),
0.3 ... 6.3 (biopolymers), 6 (milk powder), 1.8 ... 11 (aluminum cans), 6 ... 11 (coffee),
10 ... 100 (beef) and 52 ... 572 (biotechnological silk protein).
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3.1.1. Pharmaceutical Residues

Waste prevention fulfills one of the twelve principles of green chemistry. Sheldon’s
environmental factor (E = kg waste/kg product) [20,21] places a high value on waste
elimination and the avoidance of hazardous substances in organic synthesis. While oil
refining generates the highest annual tonnages of waste (E < 0.1), pharmaceutical processes
have the largest mass difference between raw materials and high-quality end products (E
up to 100 and more). The main challenge with E-factors is that deep knowledge of all stages
of the production and product life-cycle is required. Considering the quantities used, the
pharmaceutical sector produces a much lower tonnage of waste than any other industry.

Medical waste [22] is growing due to syringes, ampoules, masks, protective suits and
shields used in vaccination campaigns. Typically, polypropylene is used for syringes and
N-95 masks, and polyethylene for protective suits, gloves and medical face shields. Cyclic
olefin polymer (COP) [23] can replace polypropylene and produces the least amount of
ash after combustion. Measured against commercial and municipal waste, the additional
garbage of a temporary vaccination campaign appears to be insignificant, especially since
there are functioning recycling channels for used paper, glass and plastic [24]. However,
only 1% of the world’s polypropylene is recycled, and most of it ends up in landfills [25].
In Wuhan (China), for example, during the time of the COVID-19 outbreak, medical waste
abruptly increased by 190 t (to 240 t) per day [26]. Unfortunately, the SARS-CoV-2 virus can
exist on cardboard for one day and on plastics and steel for up to three days [27], requiring
additional waste sorting. Since BNT162b2 contains six doses per vial, and mRNA-1273
contains ten doses in a larger vial, the difference in the eco-balance in terms of glass and
medical waste is small, especially as glass vials can be recycled.

3.1.2. Sterilization

Large energy savings result from energy-efficient equipment used to produce injection-
grade water in sterile filling plants. To remove ions, chlorine, particles and endotoxins, the
water is filtered, deionized and distilled in clean rooms.

3.1.3. Disinfectants

The ecological impact of disinfectants was not considered [28].

Table 1. Estimated CO, equivalents for production of electricity and goods.

kg CO, kWh Ref.
Primary Energy Production:
1 kWh of electrical energy 0.502 [29]
1 kWh German electricity mix (2019) 0.401 [30]
Manufacture of 1 kg:
Dry ice 0.15 0.36 [31]
Gas compression: liquefaction of natural gas 0.14 0.35 [32]
Glass * 0.72 2.73 [33]
Paper 0.61 [34]
Polypropylene for medical syringes 15 [35]
PET: Cradle-to-grave without and with recycling 3.71 and 1.54 [36]
Steam 136
Production of a large refrigerator 322 [37]
Life cycle of a refrigerator 6100 ... 12,000 [37]

(15 years, 5340 L, +5 ... —=5°C)
* 6784 Mio. t per year. Energy consumption 18.53 TWh/a, 4.88 Mio. t CO;.

3.2. Freezing and Storage

The COVID-19 vaccine cold chain includes (1) shipping from production facilities
to medical trials and drug manufacturers by truck, (2) high-volume refrigerated ship-
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ments to global distribution centers by aircraft, (3) distribution to thousands of regional
healthcare facilities by truck, and (4) distribution to local healthcare facilities by courier
services. Figure 1 illustrates the delivery process of the last mile in Germany (for details,
see Section 3.4) The cold chain requires both freezer capacity at the storage and distribution
centers and special packaging to maintain the extremely low temperatures between the
storage centers.
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Figure 1. Supply chain and last mile delivery process for mRNA vaccines in Germany.

3.2.1. Dry Ice

Vaccines that must be kept at specific temperatures, either between —20 °C and —80 °C
or between 2 °C and 8 °C, from the time of filling in the factory to the end user require
temperature-controlled packaging, some of which require dry ice as a refrigerant. Dry ice
or ‘carbonic acid snow’ is the solid, frozen form of carbon dioxide (—78.5 °C) for shipping
biologics without electrical refrigeration units. It sublimates directly from solid to vapor
and leaves no residue that could damage packaging or cargo. Compressed CO, in gas
cylinders is liquid above 58 bar (20 °C, 0.766 g/cm?) and condenses as dry ice when it flows
out. The energy required for production of liquid CO; in a refrigeration plant amounts to
0.2... 0.55 kWh/kg; dry ice from CO; requires 0.17 ... 0.32 kWh/kg [38].

Today, carbon dioxide as an industrial gas comes mainly from processed exhaust
gases and natural fermentation processes in breweries. Dry ice is derived from CO,
generated during ethanol production and the refining of petroleum into gasoline and
the combustion of natural gas to produce ammonia, e.g., for fertilizers. CO, waste is
generated by burning coke or natural gas (C + O, — CO5,), carbon monoxide conversion
(CO + Hy,O — COy), calcination of lime (CaCO3; — CaO + CO;) and gas purification with
ethanolamine (CO + RNH, + H,O — RNH3HCO3).

The capture and use of CO, are more or less climate neutral or at least reduce the
amount of waste CO, released into the atmosphere. Dry ice accounts for about 20% of the
CO, demand in the USA, with an increasing trend from home delivery of frozen foods [39].

As arule of thumb, 2.3 to 4.5 kg of dry ice sublime every 24 h, depending on the density
of the expanded polystyrene foam container [40]. Commercial dry ice boxes have low loss
rates of about 1.4 to 5 g/h per liter of volume. Payloads of up to 80 L can be safely stored
below —20 °C for 100 h by passive temperature control with vacuum insulation panels.

The production and use of dry ice have a minor impact on the carbon footprint. Dry
ice storage does not necessarily have to be a significant energetic disadvantage in every
case. Ultra-cooling at —70 °C adds about 0.1 kg CO; equivalents per dose to the CO,
balance (see Table 2). Inefficient freezer units and refrigerators shift the CO, balance
unfavorably. Refrigerators with poor efficiency cause more emissions than efficient central
refrigeration units.
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Table 2. Typical carbon footprint of freezers in CO, equivalents.

Cold Storage Device WhL-1d-1 kWh/d kg CO,/d
Average refrigerator per liter and day 0.15... 0.2 - ~0.1 [41]
Average freezer, 600-700 L (—80 °C) 14... 18 94...123 7...9 [42]
Stationary: 159 L (—20 °C ... —80°C) 4 6.7 27 [43]
Portable: 11 L (=20°C... —80 °C) 255 28 12 [43]
Inefficient ultra-cold freezer: 50 L (—70 °C) 400 20 8 [44]
Energy required for 1 kg water (20 °C to 0 °C) 23 - - *
Energy required for 1 kg ice (0 °C to —70 °C) 40 - - *

*Q=mcy AT, c, = 4186 ] kg 'K~ ! (water), ¢, = 2060 ] kg 'K ! (ice), ¢, = 703 T kg 'K ! (glass).

3.2.2. Refrigerators

Fluorocarbons in refrigerators, which deplete the ozone layer and have a high global
warming potential, have largely been replaced by less harmful hydrocarbons in recent
decades. Since the refrigeration units are hermetically sealed, the risk of additional HFC
pollution from the use of COVID-19 vaccines appears to be negligible. However, cold
storage and long-distance transport do not align with the EU’s Green Deal goal of becoming
climate neutral by 2050.

For ultra-cold storage of vaccines (—20 °C to —80 °C), portable and stationary cryostats
have been developed. Ultra-cooling units of older designs are less effective (see Table 2).

3.3. Transportation and Logistics

The International Air Transport Association (IATA) [45] estimates that more than eight
thousand cargo aircraft loads are needed to deliver one single vaccine dose to 7.8 billion
people worldwide. In Central Europe, however, the majority of vaccines can be transported
by land. The environmental costs of transportation [46] from the CO;-emitting planes and
trucks needed to distribute vaccines from factories to wholesalers, vaccination centers and
doctors’ offices to millions of people appear to account for most of the COVID-19 footprint.

Based on the assumptions in Tables 1 and 3, the immense influence of transport
routes on the carbon footprint becomes evident. Combustion of 1 kg of octane produces
3.088 kg of CO,. The CO, equivalent includes greenhouse gases, carbon monoxide, volatile
hydrocarbons, nitrogen oxides and particulates. CO, emissions of air travel are based on
fuel consumption per person, depending on the distance from takeoff to landing, aircraft
type, seating, load factor and cargo carried. One kilogram of kerosene generates around
3.15 kg of CO,. Climate-relevant nitrogen oxides and particulate emissions are converted
to the climate impact of CO,. The radiative forcing index (RFI = 3 to 4) according to the
IPCC weighs the theoretically emitted amount of CO; to represent the combustion mixture
in the engine. The increased climate impact (contrails, ozone layer) of long-haul flights of
400 km or more at altitudes above 9 km counts as a factor of 3.0 compared to short-haul
flights (RFI = 1).

Table 3. CO; equivalents for the transportation of goods including climate impact.

Type of Transportation kg CO,/(1000 km kg) kg CO,/L
Average car 170... 320 -
Transport of payload 0.11...0.23 - [47-49]
Tank-to-wheel: per liter of diesel - 2.5 [49]
We{ll-tq-wheel: inc.l. losses in power plants, B 204 [49]
refineries, power lines
Air freight 0.67 - [50] *

kg CO, /km per person
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Table 3. Cont.

Type of Transportation kg CO,/(1000 km kg) kg CO,/L
Flight: Geneva—Frankfurt, A320 Economy, 500 km 0.17 ... 0.20 [51-53]
Average for one-hour flight in Germany 0.0922... 0.214 [54,55]
New York-Frankfurt, A320 Economy 0.21...0.26 [49,51]

* Airbus A320: 2700 L kerosene/h produces 2760 kg CO, /L or 7452 kg CO; /h.

3.4. Last Mile Analysis

The last mile is currently considered the most expensive, least efficient and most
polluting part of the entire logistics chain [56]. From a sustainability perspective, it is more
efficient for trucks to deliver to a few centers equipped with large cold storage facilities
than to a large number of small sites that have a short window of time to use the vaccine
once it has thawed. Suboptimal logistics and improper refrigeration can also lead to vaccine
waste and losses from unused opened vials.

In Germany, the distances between distribution centers, pharmacies and doctors’
offices are relatively short. A sufficient number of regional supply chains allows quick
access to several neighboring countries and reduces the overall transport demand. COVID-
19 vaccines are shipped as additional load, according to an April 2021 bulletin from the
Pharmacy Wholesaler Association.

A simulation was developed to assess the total effort required to distribute about
6.3 million vaccine doses from 41 named hubs to 35,000 general practitioner (GP) practices
via 15,000 pharmacies. Missing information about the relationship of physicians to phar-
macies and pharmacies’ ordering habits was replaced by a number of assumptions. The
distance between hub and pharmacy and between pharmacy and GP practice, respectively,
proved to be the most important factor. To make the simulation as relevant as possible,
market shares of the wholesalers were considered, too. Ten wholesalers (five nationwide
and five regional wholesalers) participate in the distribution, with regional competition in
almost all parts of Germany.

The simulation was based on three tiers: (a) the wholesaler tier with 41 hubs as vaccine
receipt-points and 69 hubs serving as intermediary delivery points, (b) the pharmacy
tier, organized in ‘delivery clusters” of 15-30 neighboring pharmacies being served on
tours from/to the wholesaler hubs and (c) the GP tier being served on tours from/to
the pharmacies. Figure 2 illustrates the simulation results for layers (a) and (b) for one
specific wholesaler.

Tours on tier levels (b) and (c) were optimized in this model by generating solutions
using the ‘traveling salesperson problem’ (TSP) algorithm [57]. Touring distances between
hubs and pharmacies or pharmacies and GP practices were initially calculated as a straight
line. Straight-line distances were multiplied by a factor 1.3 (based on experience) to
resemble road distances as a replacement for exact routing. For each pharmacy cluster,
the traveling salesperson algorithm determines a path that covers all pharmacies almost
optimally. A speed of 90 km/h is assumed for the distribution within the wholesalers” hub
network, 60 km/h is assumed for the tour hub — pharmacy cluster — hub and 40 km/h is
assumed for the delivery route from the pharmacies to the GP practices. The simulation
and the analysis of results was performed in R, version 4.0.5 [58].

Simplified time considerations take into account the separation of pallets by preparing
smaller package sizes for pharmacies, loading at the hub (20 min), reloading at intermediary
hubs (10 min), touring within the wholesaler network (195 km two-way plus 10 min
reloading), tours to pharmacies (224 km, 112-200 min), with stops at pharmacies (10 min
each, 80-150 min in total), preparation at the pharmacy (30 min) and delivery to GP
practices including stops (6 km, 10 min per stop, 18-65 min in total). On average, a model
tour covers 425 km with 284 to 563 min (4.5-9 h) of delivery time.
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Figure 2. Last-mile analysis for the distribution of mRNA vaccines in Germany in 2021. (a) Hub locations and assignments
of pharmacies to wholesaler hubs in Germany (simulation result for one wholesaler). Blue: vaccine receipt-points, red:
intermediary distribution hubs. (b) Pharmacies organized in delivery clusters: simulated example for three hub areas A, B,
C of one wholesaler in southwest Germany (Baden-Wiirttemberg, Rhein-Neckar area and Palatinate).

The model demonstrated 1.2 million km of driving per month required for the distri-
bution of vaccines to GP practices in Germany. Approximately 370,000 kg CO, equivalents
per month would be generated assuming a separate distribution system for vaccines; how-
ever, additional tours for vaccine distribution are the exception. The logistics chain for
vaccines is typically part of the existing delivery tours. Considering the negligible weight
of vaccines as payload, the ecological impact of transportation reduces to 3600 kg CO,
equivalents/month—about 9 months of constant driving with one single car. Details are
compiled in Table 4.

Table 4. Distribution of 1 million vials for a demand of 6,300,000 doses in the course of 1 month.

Most Likely Scenario No Extra Tours,

Vaccine as Additional Load Only Worst Case Scenario Extra Tours

Last-Mile Analysis

Participating doctors - 35,000
Related pharmacies - 15,000
Delivery clusters - 846
Pharmacies per delivery cluster - 18
Number of deliveries - 4
Tours within wholesaler network (2 x 75 km) - 111,451
Tours within pharmacy clusters (172 km) - 756,662
Last-mile tour (pharmacy-GP practice) - 366,600
Number of vials per month 1,050,000 -
Weight per vial (g) 36.9 -

Weight of cryo case: 112 g/49 vials (g) 40 -
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Table 4. Cont.

Last-Mile Analysis

Most Likely Scenario No Extra Tours,
Vaccine as Additional Load Only

Worst Case Scenario Extra Tours

Total loading weight per month (kg) 42,000 -
Average distance (km) 212 -

Total distance per month (km) 849 1,234,714
Freight units (t - km) 35,663 -

CO, emissions of transport 100 g/1000 km 300 g/1000 km
CO; equivalents of 1 million vials (kg) 3566 370,414

kg CO;, equivalents per vial 0.0034 0.353

3.5. Carbon Footprint per Dose and Error Estimation

The individual contributions of production, transport and storage to the carbon foot-
print of one million doses of two mRNA COVID-19 vaccines are summarized comparatively
in Table 5. The calculated results of this environmental assessment are an approximation
and should not be interpreted as absolute figures. Comparative CO, values for the pro-
duction, use and disposal of goods are subject to significant uncertainties. It is generally
impractical to quantify in detail all the process steps from the raw materials to the end use
in order to make a reliable statement about the entire recycling chain.

The environmental burden of packaging, storage and deep freezing is less than that of
air and freight transport. Key drivers of CO, footprint differences are the emissions caused
by transporting different weights per vial of vaccines. The impact of airfreight shows the
most notable differences in carbon footprint between mRNA vaccines. Land transportation
differences are also shown to be impacted by the additional 23 kg of dry ice required per
shipment unit of BNT162b2.

Comparing one million doses of two mRNA vaccines in Germany results in a dif-
ference of about 1100 kg CO, equivalents (without transportation) and 54,000 kg CO,
equivalents (including all modes of transport up to the last mile), respectively. The differ-
ence is based on the packaging weight and the number of doses per vial.

The large contribution of transport determines the statistical uncertainty of the total
calculated carbon footprint. For Scenario A, for example, the cumulative individual errors
for production, storage and disposal account for only 0.7% of the total error (Equation (1)):

Am(CO) = 1/ (109203)% + (760) ~ 109206 kg (per 106 doses) 1)

The calculation scheme in Table 5 allows the reader to easily obtain their own results
for given transport distances and weights. This allows individual estimations on the same
numerical basis for countries other than Germany.

For comparison of the order of magnitudes: the annual carbon footprint of health care
is about 546 Mt CO, equivalents in the USA [59], including 79 Mt CO, equivalents for the
prescription of drugs. In other words, giving ten billion doses of mRNA vaccine to the
world’s population is equivalent to less than 0.4% of the annual carbon footprint of the
total health care system in the United States.
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Table 5. Attempted estimation: CO, equivalents for transportation and storage of N = 1 million doses of mRNA vaccines.

Reference Data See Tables 1-3 Scenario A Dry Ice Scenario B Error in %
No Dry Ice
Mass including packaging 6154 kg 2517 kg
Volume per1 rmlhop doses 375 L 469 L
without packaging

1 Transport kg CO,

Air freight (USA-Europe) 6200 km - 2.3 kg CO, /(1000 km kg) - m 87,756 35,892 50

Truck 1000 km - 0.2 kg CO, /(1000 km kg) - m 1231 403 20

Last-mile analysis per dose

(see Section 3.4) 266 see A 10

Traffic to the vaccination site:

1 km per patient (arbitrary) N -1km-0.1kg CO,/km 100,000 see A 100
2 Manufacture

mRNA biochemical process: _3

arbitrary 30 pug - 107> - 500 kg CO,/kg - N 15 see A 500

Glass (1 g/dose) 0.72 kg CO, /kg - (N/1000) 720 see A 5

Paper, cardboard, ancillary kit )

(1 g/dose) 0.61 kg CO, /kg- (N/1000) 610 see A 5

Syringes and sterilization [60] 2kg - (1.5 +0.77) kg CO, /kg - (N/1000) 4540 see A 5
3 Storage

Freezer farm: 6 months at

~20... —80°C (600 L) 180 d - 8 kg CO,/d 1440 see A 10

Dry ice for shipping: 2 x 5days 5 310 N/5850 - 0.15 kg CO/kg 1180 - 3

per cartoon

Freezing during transport:

10 days at —40 °C 10d - 8kg CO,/d - 80 10

E{efnggefétor in regional centers: 10d - 0.1 kg CO,/d 10 see A 20
4 Waste disposal

Combustion of plastics [61] N -0.002 kg - (2.41 — 0.65) kg CO,/kg 3520 see A 20

Glass recycling [35] N - 0.001 kg - 0.4 kg CO, /kg (Credit)

Paper recycling N - 0.02 kg - 0.064 kg CO, /kg (Credit)

Total per dose . .

(kg CO; equivalents) including transport 0.202 £0.110 0.148 £ 0.102 54

excluding transport (absolute error 0.012 + 0.001 0.011 + 0.001 7

rounded up)

Transportation units: A = BNT162B2: 1 carton (36 kg, 89 L) in thermal container (23 kg or 15 L dry ice + 3 kg packaging) = 5 trays = 975 vials
(each undiluted 0.45 mL) = 5850 doses (each diluted 0.375 mL). B = mRNA-1273: 1 pallet (290 kg, 54 L) = 8 containers = 115,200 doses.
1 container (6.76 L) = 12 cartons. One carton (0.564 L) = 120 vials (each 5 mL) = 1200 doses.

Regarding medical wastes due to COVID-19 (syringes, masks, shields, disinfectants,
etc.), it should be said that vaccination avoids corresponding future wastes because vac-
cines help to overcome the pandemic faster. Such positive effects were not considered
in this study.

4. Conclusions

In terms of CO, impact, mRNA vaccines do not impose a significant burden on the
environment. Compared to the medical, economic and social implications of COVID-19
vaccinations, the ecological impact of manufacture, storage, freezing and distribution in
terms of CO, equivalents is small. Positive effects, including that vaccination avoids future
medical waste, were not considered in this study.

The carbon footprint of a single mRNA vaccine dose injected into a patient is about
0.01 to 0.2 kg CO;, equivalents, depending on the cooling technology and the logistic routes
to the vaccination sites in Germany.
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The emissions for air freight, road transportation and last-mile delivery account for
up to 99% of the total carbon footprint, which is nearly as 19 times the emissions generated
from ultra-deep freeze technologies, the production of dry ice, glass and medical polymers
for packaging.

In assessing the ecological impact of mRNA vaccines in the most populated European
country, Germany, there is a small difference in carbon footprint in favor of mRNA-1273 in
the order of magnitude of 1.1 to 54 t CO, equivalents per 1 million doses which corresponds
to a journey of 5500 to 270,000 km in a car with an internal combustion engine (0.2 kg/km).

These findings are necessarily qualitative or semi-quantitative, as the underlying
variables and assumptions about CO, equivalences are subject to large individual er-
rors. Nevertheless, this study shows the relationships between production, supply and
cold chain.
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