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Abstract

Freezers and dry ice are used for the cold supply-chain. In storage devices, besides dry ice,
the phase change materials (PCMs) are involved too. A PCM is a substance absorbing and re-
leasing energy at phase transition. The substance is therefore useful for heating and cooling
applications. Here we review some facts about the use of freezers, dry-ice and PCMs for
equipment in the Ultra Low Temperature Logistics.
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1. Introduction

Freezers are fundamental equipment for the cold supply chain, such as dry ice is largely used
for the Ultra Low Temperature (ULT) shipping. Besides them, phase change materials (PCMs)
are also involved. A PCM is a substance absorbing and releasing energy at phase transition. The
substance is therefore useful for heating and cooling applications. The most used transition is
that between solid and liquid phases. Then, we can immediately recognize that PCM are latent
heat storage (LHS) materials and that the most common phase change material is the ice (heat
of fusion, 333.55 J/g). Ice can be used to store winter cold to cool buildings in summer [1].

According to the modern classification, a phase change which is involving latent heat is a first-
order phase transition. During such a transition, the material either absorbs or releases some
amount of energy per volume. The temperature of the thermodynamic system remains constant
when heat is added or subtracted, and the system consists of a mixture of two phases, for in-
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stance the liquid and solid phases. Let us also remember that the phenomenon of supercooling
exists. Supercooling is the process of lowering the temperature of a liquid, below its freezing
point, without it becoming solid. It happens in the absence of nucleating agents, around which a
crystal structure can form.

In the last few decades, several substances have been developed and adapted to have further ap-
plications to a quite wide temperature range. Today, we can find several PCMs used in passive
freezers and mentioned by the World Health Organization, WHO, in its logistic guidance for
COVID-19 vaccination [2]. These PCMs are used in the vaccination ULT logistics, where ther-
mal energy storage is fundamental. In general, the ULT logistics takes advantage of the fast
progress in materials science, which is providing new substances for PCMs, and also from new
technological equipment.

Among the materials used for cooling, we can find dry ice largely used. It is generally involved
for packaging and transporting food and pharmaceutical products (such as vaccines) and bio-
logical samples, needing to be kept frozen. Actually, dry ice is a very effective coolant. How-
ever, this material is dangerous, if not handled with care. The sublimation produces carbon
dioxide vapors, which is harmful in the case of high concentrations and besides the fact of en-
hancing carbon emissions in atmosphere. Phase Change Materials can substitute dry ice.

Dry ice is a solid form of carbon dioxide, CO,, . According to [3], it “is nontoxic and noncorro-
sive and sublimes directly from a solid to a gas, leaving no residue. At atmospheric pressure it
sublimes at —109.6°F (=78.7°C), absorbing its latent heat of 246.4 Btu/lb (573.1 kilojoules/kg).
Including sensible heat absorption, the cooling effect per pound (kilogram) of dry ice is approx-
imately 270 Btu (628.0 kJ) at storage temperatures above 15°F (—9°C) and 250 Btu (581.5 kJ)
at lower temperatures. Slabs of dry ice can easily be cut and used in shipping containers for
frozen foods, in refrigerated trucks, and as a supplemental cooling agent in refrigerator cars”

[3].

2. ULT equipment and Cold Chain Logistics

A cold chain is a temperature-controlled supply chain. When unbroken, a cold chain consists in
a series of refrigerated production, storage and distribution of goods, requiring specific equip-
ment and logistics. The cold chain maintains the quality of the products via a specifically con-
trolled low-temperature range. Such a chain is required, among others, by many pharmaceutical
products, such as vaccines. Among them, m-RNA vaccines are requiring the Ultra Low Tem-
perature (ULT) chain [2].

Cold chains need, besides specific equipment in production and primary storage sites, low tem-
perature devices and related packaging methods for transportation and transient storage. Ade-
quate packaging and cold storage can be crucial to prevent quantitative and qualitative losses of
products. Therefore sensors, data-loggers and related technologies are required for monitoring
the temperature of products.

ULT cold storage is usually referring to a thermally environment kept at or below -20°C. In
many instances, the devices used to achieve the required temperatures are freezers. ULT freezer
temperatures typically range between -40°C to -86°C (-40°F to -122.8°F). Like the household
refrigeration units, ULT freezers can come in devices having several forms: upright, chest, un-
dercounter/benchtop and also portable models. Compressor-based ULT freezers achieve ultra-
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cold temperatures with two compressors and cooling loops in a cascading arrangement.

Ultra-low temperature (ULT) freezers are therefore required by any organization which handles
temperature-sensitive specimens and therapies, besides mRNA vaccines. In fact, an ULT
freezer is a cold storage equipment fundamental for the cold chain of pharmaceutical, health-
care and biotechnological industries [4].

3. ULT portable equipment and last-mile

Ref.[4] gives some information to understand and evaluate freezer technology for the ULT
transportation. What are the advantages of ULT freezers, compared to alternatives, such as dry
ice? This is a question that we can find in [4]. Advantages are a precise and reliable tempera-
ture control in a wider temperature range, with integration of a secondary remote temperature
monitoring. Only personal protective equipment needed are commonly available gloves, and no
significant personnel risks exist or ventilation requirements. From a logistics standpoint - it is
noted in [4] - ULT freezers are the best way to preserve the cold chain long-term. In fact, the
use of dry ice is not a permanent solution, and it is requiring a regular refill and monitoring to
maintain the temperature set-point.

Another question posed in [4] is the following: how is it possible to maintain vaccine efficacy
and the cold chain during last-mile delivery and patient point of use? "One of the most signifi-
cant challenges of the Coronavirus disease (COVID-19) vaccine administration is maintaining
safe and effective doses, on-site, over extended periods of time in local health agencies, clinics
and pharmacies where vaccines are typically administered". However, as noted in [4], ULT
freezers are not the usual equipment of these facilities. Large ULT freezers are too expense, be-
sides being bulky and noisy. And dry ice is not providing a long-term temperature stability.
However, small and portable ULT freezers, that were designed for use in small, rural or remote
locations, exist and can be easily moved throughout clinical sites. Moreover, the use of small
ULT freezers can also help "to avoid last mile cold storage bottlenecks and get patients vacci-
nated faster".

Ref. [4] concludes stressing that ULT freezers are ultracold equipment that will become integral
in all the phases "of the coming mRNA technology revolution. Advancements in cell and gene
therapy, regenerative medicine, vaccines and immunotherapies will most likely require ULT
freezers to safely preserve priceless biological materials". This revolution is based on materials
having a limited life span and requires low temperature control to avoid degradation. It is prob-
ably one of the main aspects of the future of medicine, involving pharmaceutical and vaccine
manufacturers, third-party logistics providers and clinical point-of-care facilities, all requiring
the cold storage capacity.

4. ULT passive equipment for shipping vaccines

In [2], passive equipment (ULT insulated containers) for shipping vaccines are discussed.
"When selecting which passive container to use, consider the storage temperature and duration
of storage". There are two types of passive equipment: Arktek and Thermal Shippers.

Arktek. It is a super-insulated, double-walled large bottle-like container that uses multilayer in-
sulation technology and eight PCM packs to keep vaccines at ULTs (-80 °C to -60 °C) in remote
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storage and vaccination sites for up to 5 days without any powered refrigeration or extra
coolant. - Thermal shippers. They are shippers used by manufacturers to ship vaccines. Like the
Arktek, they do not need an external power supply. They use a combination of insulation tech-
nology and coolants (dry ice for instance) to keep vaccines at ULTs (-80 °C to -60 °C) over the
short term. Typically, they possess an impact-resistant outer layer. Thermal shippers come in a
range of sizes. These shippers can also be reused, with proper cautions, for longer than 5 days,
in the case that dry ice is regularly replenished.

The passive equipment need coolant/freezing materials. There are two primary coolant materi-
als that can be used: Special ULT PCM and Dry Ice.

PCMs are used for passive freezing when transporting and temporarily storing vaccines in ULT
insulated containers. For Pfizer vaccine, PCMs have melting point of -78 °C to -65 °C, which
is within the required vaccine storage temperatures range of -80 °C to -60 °C. In [2], the PCm
which is mentioned is PlusICE E-78. It contains a solid nucleating agent. Without this agent,
the liquid will not freeze even when cooled below -90 °C.

Dry ice or frozen carbon dioxide (CO,) has a phase change temperature of -78 °C and can also
maintain vaccine storage temperature less than -60 °C. "Dry ice can either be produced with a
dry ice machine or procured from local suppliers. Dry ice is recommended for use with thermal
shippers since its phase change takes longer than PCM. Dry ice and special ULT PCMs are
used for UCC (Ultra Cold Chain) equipment as coolant/freezing packs" [2].

5. Softbox supporting Pfizer

In [5],[6], Softbox, which is a global provider of solutions for a passive temperature control
packaging, illustrates how it is supporting Pfizer in the distribution of COVID-19 vaccines. It is
providing a high-performance, temperature-controlled, parcel shipper for ULT applications.
"Ultra-Low Temperature vaccines, such as BioNTech, ... use mRNA (messenger RNA) technol-
ogy and must be stored at temperatures between -90°C to -60°C to ensure that the vaccine’s
quality and efficacy is maintained. The ULT shipper is reportedly capable of maintaining the re-
quired temperature during the shipping of COVID-19 vaccines between -90°C to -60°C for at
least 10 days unopened". For this shipping solution, there is required the use high-performance
insulation materials in conjunction with dry ice. "Softbox ULT Shipper can be opened twice a
day, for up to three minutes at a time. This allows clinicians at Point of Use (POU) sites to ac-
cess the vaccine vials required for each day’s immunisation clinics without exposing the re-
maining vaccine stored within the shipper to ambient temperatures, thus ensuring the integrity
of the vaccine is maintained ... When correctly managed, the ULT Shipper can be used to store
vaccines for in excess of 30 days". By means of “Re-Icing”, the dry ice in Softbox ULT Ship-
pers "can be topped up, ensuring maximum thermal protection".

6. PCM instead of dry ice

As we have seen before, for ULT shipping we need the proper packaging, made of thermal in-
sulating materials and dry-ice inside. Dry ice sublimates at —78.7 °C [3], at atmospheric pres-
sure. Commercially PCMs for this temperature are available, and we can find them listed by
Wikipedia (data are given in the following table). E-78 PlusICE is mentioned in [2].
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According to their chemical composition, PCMs are usually divided into three types: Organic
PCMs (fatty acids and paraffin wax), Inorganic PCMs (salts, hydrated salts and metallics), and
Eutectic PCMs. As we can see from the Table in Wikipedia, PCMs for ULTs, such as the E-78
PlusICE, are eutectic mixtures.

One type of organic PCM is the paraffin. The melting-point temperature of paraffin can be
changed by tailoring the length of its hydrocarbon chain. Increasing the length of the chain
means an increase of melting-point temperature. The non-paraffin PCM category includes fatty
acids, glycols, alcohols, and esters [7]. The inorganic PCMs are materials which are not car-
bon-based. They comprise a wide range of materials (water, hydrated salts, low-melting-point
metals) [7]. Of these, water and the hydrated salts are the most useful for Cold Chain Equip-
ment (CCE). "Water is a great inorganic PCM from many perspectives. It has a very high latent
heat; has higher density than many of the organic PCMs; is stable, nontoxic, readily available,
and cheap; and expands only moderately during freezing. However, water’s phase change oc-
curs at 0°C, the very low end of the desirable range for CCE, and water is prone to supercool-
ing, making it less than ideal for vaccine freeze-prevention applications" [7]. The eutectic
PCMs consist of combinations of compounds, which may be organic, inorganic, or organic and
inorganic compounds. "Melting/freezing of the two components of the eutectic occurs simulta-
neously (congruent melting/freezing)" [7].

7. Eutectic systems

Eutectic systems (their name from Greek "e0", eu = well, and "t&ig", texis = melting) is a mix-
ture of substances that melts or solidifies at a temperature which is lower than the melting point
of any of the constituents [8]. This temperature is the eutectic temperature, and is the lowest
possible melting temperature over all of the mixing ratios for the involved component species.
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In [8], we find mentioned the “eutexia”, defined by the Merriam-Webster dictionary as 1) the
quality of melting at a minimum temperature, and 2) the principle or process of forming from
given components the eutectic alloy (Merriam-Webster, https://www.merriam-webster.com/dic-
tionary/eutexia. Accessed 13 Sep. 2021).
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mixture (with the fwo components denoted by A and B)
used to depict the eutectic composition, temperature,
and point. (L denotes the liquid state.)

Diagram courtesy Wikipedia, en.wikipedia.org/wiki/Eutectic_system

A non-eutectic mixture, that is a mixture having a ratio of components different from that of the
eutectic one, has a different melting temperature for its different constituents, as shown by the
diagram. And also, as a non-eutectic mixture cools down, each of its components would solid-
ify at a different temperature, until the entire mass is solid.

Sodium chloride and water possesses the eutectic mixture having eutectic point at —21.2 °C [9]
and 23.3% salt by mass [10]. "Solar salt", 60% NaNO; and 40% KNOs, forms eutectic molten
salt mixture which is used for thermal energy storage in concentrated solar power plants [11].

8. Avoiding supercooling

In [2], it is told that PCM PlusICE E-78 contains "solid nucleating agent, without which the liq-
uid will supercool substantially and will not freeze even when cooled below -90 °C". Let us
discuss the supercooling phenomenon as in [7]. "Kinetic characteristics include supercooling
and the rate of phase change. When a PCM undergoes supercooling, it cools below the phase-
change temperature and then rapidly undergoes the phase change. For example, under some
conditions, if water is cooled slowly and left undisturbed, it may cool several degrees below
0°C before beginning to freeze". "The tendency for supercooling can be reduced by the addition
of nucleation particles to a PCM or by careful PCM container design [7].
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"For a PCM to work efficiently, the difference between the melting temperature and solidifica-
tion temperature should be as low as possible. However, in most of the PCMs, it is observed
that solidification starts at a temperature much below the melting point. This phenomenon,
known as sub-cooling, leads to significant loss in the storage/retrieval of latent energy which is
undesirable" [12]. In [12], we can find a review of the various methods, investigated "to over-
come the problems associated with sub-cooling. The various methods discussed include — addi-
tion of appropriate nucleating agents of similar crystal structure as that of the PCM, cold finger
technique and application of surface roughness on the walls containing the PCM, ultrasonic ir-
radiation, application of dynamic pressure, cavitation and electrical means".

9. Encapsulation

As observed in [7], besides the PCM itself, it is necessary to consider how it is contained. A
PCM can corrode, penetrate or dissolve the material of its container. Moreover, large-volume
containers can be thermally inefficient, because the heat transfer through the PCM is resulting
too slow [7]. Therefore, an efficient package needs a high surface area-to-volume ratio. An al-
ternative is that of incorporating fins to transfer heat quickly into the bulk [7].

"A particular type of PCM packaging allowing novel applications is encapsulation. PCMs may
come encapsulated in polymer spheres ranging from macroscopic to microscopic. Encapsulated
PCMs may then be incorporated into fibers or compressed together into blocks. PCM encapsu-
lation can improve PCM performance and stability by reducing phase separation during freez-
ing and melting and protecting the PCM from chemical or physical degradation. ... However,
use of encapsulation can decrease the effective density of a PCM and thus require larger vol-
umes of encapsulated PCMs than the non-encapsulated PCM. The addition of encapsulation
material also affects disposal considerations. For example, a biodegradable PCM that is encap-
sulated in a non-biodegradable plastic becomes a non-biodegradable waste" [7]. We have ob-
served that, recently, researches for encapsulation of PCM by biochar, an ecologic material,
have been proposed [13].

10. From refrigerated to cryogenic cold chains

Let us conclude stressing that the ultra-low temperature supply-chain is just a part of the cold
supply-chain. As told in [14], “under the cold-chain umbrella, the “refrigerated” category (2 to
8°C) is by far the largest category by value. However, among today’s newer CGT [cell and
gene therapy], other novel biologic therapies, and several of the COVID-19 vaccine candidates
currently in clinical trials [Ref.14 was published in 2020], there is increasing demand for main-
taining product at “deep frozen” temperatures (on the order of -40 to -80°C), and “cryogenic”
(requiring liquid nitrogen; -160 to -180°C)”. Then, besides for the ultra-low temperature, that is
above and below the temperature range between -40 to -86°C, we have a strong demand for im-
provement of technologies having different storage capacities too. In fact, in [14] we find told
that “as the number of CGTs (and their volume in the supply chain) continues to grow”, a com-
pany such as ICS, the Integrated Commercialization Solutions, “is anticipating heightened de-
mand for cryogenic storage systems, as well as dry shippers that can maintain internal tempera-
tures between -150°C and -180°C for an extended period of time”.
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As a conclusion, the liquid nitrogen cryogenic storage capacity must be added to the cold sup-
ply-chain in order to respond to the demands of a novel pharmaceutical industry. In fact, “cell
and gene therapies are typically stored at cryogenic temperatures below —60 to —150 °C. This
temperature allows the cells to be kept potent and ensures an optimal cell count” [15]. This ref-
erence is stressing that logistics companies operating in cold supply-chains need technologies
which can support the extremely cold temperatures used to protect the cell or gene therapy [15].

Actually, “optimising cryopreservation is as important as optimisation of the cell culture
process in obtaining maximum yield and a consistent end-product” [16]. Then, as told in [16],
improvements in low-temperature storage and distribution and optimised cryopreservation pro-
tocols are essential factors for the future development of cellular therapies.
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