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a b s t r a c t

The outbreaks of infectious diseases that spread across countries have generally existed for centuries.
An example is the occurrence of the COVID-19 pandemic in 2020, which led to the loss of lives and
economic depreciation. One of the essential ways of handling the spread of viruses is the discovery and
administration of vaccines. However, the major challenges of vaccination programs are associated with
the vaccine cold chain management and cold storage facilities. This paper discusses how vaccine cold
chain management and cold storage technology can address the challenges of vaccination programs.
Specifically, it examines different systems for preserving vaccines in either liquid or frozen form to
help ensure that they are not damaged during distribution from manufacturing facilities. Furthermore,
A vaccine is likely to provide very low efficacy when it is not properly stored. According to preliminary
studies, the inability to store vaccine properly is partly due to the incompetency of many stakeholders,
especially in technical matters. The novelty of this study is to thoroughly explore cold storage
technology for a faster and more comprehensive vaccine distribution hence it is expected to be one
of the reference and inspiration for stakeholders.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The occurrence and widespread of diseases, also known as
pidemics and pandemics, have been recorded for centuries. Pan-
emic is detrimental to the economy, morals, culture, and human
ivilization (Boao Farum for Asia, 2021). The first recorded pan-
emic was smallpox in 1157 BC, with Pharaoh Rameses V of
gypt as one of the victims (Paul and Pal, 2020). This virus,
pread to various parts of the world such as China from 25 to
9, Europe from the 11th to 13th centuries, and America from
617 to 1619 (Thèves et al., 2016). In addition, other diseases
ave also occurred, such as Antonine (165 AD–180 AD), Justinian
mid-sixth century), black death (1347 AD–1400 AD), a different
ype of smallpox in the Former Yugoslavia (1972), Spanish Flu
1918 AD–1980 AD), HIV (1980 AD–1990s M), SARS Cov (2002–
003), H5N1 (2009–2010), Ebola (2014–2016), and Zika Virus
2015–2016) (Huremović, 2019). The most current pandemic in
he world from 2019 until now is COVID-19 (WHO, 2021a).

The rapid scientific findings of vaccines associated with these
andemics always help inhibit, prevent, and eradicate the in-
idence of disease transmission quickly and widely. According
o the World Health Organization (WH0), the world success-
ully eliminated the smallpox epidemic in December 1979 (WHO,
016a). The success attributed to this epidemic is partly ded-
cated to the great discovery of a vaccine by Edward Jenner
n 1796 (WHO, 2016b) and developments by other scientists.
owever, the world is struggling to eradicate the most significant
iller diseases such as tetanus, pertussis, meningitis-encephalitis,
iarrhea, acute respiratory infections, and others that cannot be
accinated. Fig. 1 shows the data on the efficacy of vaccines in
educing mortality from 2000–2015 (WHO, 2017a).

From previous experience, it is understood that vaccination
as succeeded in reducing the death rate due to pandemics and
liminating the existence of these viruses. Every year, millions
f lives are saved through vaccination, which is widely recog-
ized as the world’s most successful and cost-effective health
ntervention (WHO, 2019; Lloyd and Cheyne, 2017). Therefore,
his program is one of the main priorities to stop the ongoing
OVID-19 pandemic (Goralnick et al., 2021). In June 2021, WHO
oted the establishment of 287 registered COVID-19 vaccines,
ith 102 at the clinical stage (WHO, 2021b). The sheer number of
uccessful candidates at the clinical stage bodes well for progress

n the ongoing efforts.
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Significant logistical mode of distribution is needed in addition
to providing a vaccine with high efficacy and without logistical
challenges during distribution (Al-Qahtani and Alsafhi, 2021).
This is because SARS-CoV-2 is very easy to infect and mutate (Dai
et al., 2020). This is similar to the influenza virus, which is
easily mutated hence it requires an annual update of vaccine
strains (Navarro-Torné et al., 2019). Furthermore, the world’s
population, which reached 7.7 billion in 2019 (United Nations,
2019), is certainly a challenge in terms of vaccine logistics. This
is a consideration of the population size and operational, bud-
getary (Lim et al., 2019), institutional, analytical capacities, and
geographical conditions (Aminah et al., 2021).

A panel meeting carried out by vaccination experts in Wash-
ington, DC, on May 4–5, 2012, agreed that the main challenge
in vaccine delivery is the complexity in all areas of the process,
which is often underestimated (Tan et al., 2014). Each vaccine has
its characteristics however the existing ones need to be generally
stored at a temperature range of −70 ◦C to 8 ◦C (WHO and
UNICEF, 2021). Furthermore, cold storage is essential because
vaccines are substances that quickly change their properties and
efficacy when stored at other temperatures (Hanson et al., 2017;
Kumru et al., 2014).

Therefore, this study aims to review the various kinds of recent
study findings on cold storage technology and cold chain man-
agement. It also summarizes various criteria for packaging, stor-
age, and distribution according to the standards issued by WHO
(World Health Organization), vaccine manufacturer, CDC (Centers
for Disease Control and Prevention), and FDA (Food and Drug
Administration). Furthermore, this study is expected to facilitate
authors, policymakers, field implementers, expedition/logistics
businessmen, and technology developers (engineers) in imple-
menting the vaccination program. It is very important because
due to the need to improve the understanding level of stakehold-
ers on vaccine management (Osei et al., 2019; Yakum et al., 2015;
Mohammed et al., 2021b; Bogale et al., 2019; Thielmann et al.,
2020; Dairo et al., 2016; Vangroenweghe, 2017; Thielmann et al.,
2019b). Studies have shown numerous failures in vaccine man-
agement, especially in terms of temperature in storage units and
standard for distribution (Thielmann et al., 2019b; Yauba et al.,
2017). Therefore, success in understanding and adequately ad-
dressing supply chain issues can significantly reduce the impact
of any vaccine (Lee and Haidari, 2017).
Fig. 1. Data on the efficacy of vaccines in reducing mortality in 2000–2015 (WHO, 2017a).
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Fig. 2. Types of primary packaging (A) Oral BFS MMD, (B) preformed polymer tube, (C) BFS CPAD, (D) preformed CPAD device, (E) parenteral BFS MMD ampule; and
(F) glass vials (Sedita et al., 2018).
Fig. 3. Cartons storage recommended by WHO, UNICEF, and EVM (WHO et al.,
2017).

2. Methodology

2.1. Data collection

Data on the latest findings and reports related to vaccine
cold storage and chain management were collected through a
literature review. Each recent finding was grouped according to
957
its respective subtopic by using the following literacy criteria as
a reference:

• Materials published from 2000 to 2021 on vaccine manufac-
turers were not limited to that year and are still relevant to
current conditions.

• Literature from reputable international journals or confer-
ence proceedings, guidelines, reports, and books issued by
official government agencies for Health Affairs, WHO, and
UNICEF, as well as manuals and reports issued by manufac-
turers.

• Literature that discusses study topics on vaccine cold stor-
age, cold chain, management, transport, temperature, and
thermostability.

2.2. Data analysis and presentation

The analysis and presentation of the study data are divided
into 2 chapters. The first is a storage specification challenge which
contains general guidelines regarding packaging, storage unit,
space, and distribution. These guidelines refer to manufacturers
and official government agencies in charge of the health sector,
both nationally and internationally. Therefore, the presentations
in the latest findings and innovations of the second chapter do
not violate the general guidelines that need to be adhered. The
second chapter discusses vaccine cold storage technology and
supply chain management. Furthermore, this chapter is divided
into several sub-chapters to facilitate the understanding of the
classification process.

3. Storage specification standard challenge

3.1. Packaging

In general, packaging at the producer level is divided into 3,
namely primary, secondary, and tertiary (Ortiz et al., 2020; Ra-
makanth et al., 2021). Manufacturers produce vaccines and dilu-
ents for reconstituted products in primary packaging, which are
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Fig. 4. Vaccines arrangement of storage units recommended by the Public Health Unit of Canada (2021).
Fig. 5. Refrigerator design used for vaccine storage recommended by the Public Health Unit of Canada (2021).
hen stored in secondary containers in the form of cartons (Vac-
ine Presentation and Packaging Advisory Group, 2015; WHO
t al., 2017; Taneja et al., 2018). The several types of primary
ackaging currently available are shown in Fig. 2. Furthermore,
he secondary packaging is repackaged in a larger carton known
s a ‘‘tertiary carton’’ (Ortiz et al., 2020; Vaccine Presentation and
ackaging Advisory Group, 2015; Taneja et al., 2018) (see Fig. 3).

.2. Storage unit

In general, vaccines need to be stored in cold temperature
herefore it is imperative to make use of the cold storage method
Hatchett, 2017). The Rotavirus (ROTASIIL

®
), with a lifespan of

6 months at 37 ◦C–40 ◦C, increased to 30 months when stored
below 25 ◦C (Naik et al., 2017) (see Fig. 4).

The selection of cold storage is very important considering the
property and efficacy of vaccines are very sensitive to changes in
temperature (Hatchett, 2017). Vaccines are stable enough to be
958
used as drugs through efficient cold chain maintenance (manufac-
ture, distribution, storage, and administration) (WHO and UNICEF,
2021; Kumru et al., 2014). The selection and management of cold
storage operations are very important because vaccines are very
sensitive when frozen (e.g., aluminum adjuvant vaccines) (Han-
son et al., 2017; Kumru et al., 2014). Meanwhile, other types
will lose their efficacy when temperature increases (e.g., live
attenuated virus vaccines) (Kumru et al., 2014).

A total of 10 items consisting of the following details need
to be fulfilled to achieve a good refrigerator management quality
indicator (Thielmann et al., 2019a) (see Figs. 5 and 6):

1. Type of refrigerator suitable for vaccine cold storage (NS
Department of Health Wellness, 2014; Australian Gover-
ment Department of Helth, 2019; CDC, 2021c),

2. The thermometer allows digital minimum–maximum reco-
rding (NS Department of Health Wellness, 2014; Health
Protection Scotland, 2017; Salisbury et al., 2013),
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Fig. 6. Insulated containers Recommendation from the Public Health Unit of Canada (2021).
Table 1
Cold storage type comparison (WHO, 2015a; ADB, 2022).

Temperature range Monitoring needs Need approval for cold
distribution specifications

Traditional Cold
Distribution Chain

2 ◦C to 8 ◦C Yes, monitoring the vaccine vial No

Frozen Distribution
Chain

−20 ◦C to −17 ◦C Yes, monitoring the vial No

Ultra-Cold Distribution
Chain (Highly Frozen)

−80 ◦C to -70 ◦C Yes, monitoring the vial No

(Extended) Controlled
Temperature Chain 2

2 ◦C to 8 ◦C initial storage and
allows up to 40 ◦C for at least 3
days before use

Yes, monitoring the vial and peak
temperature threshold indicator

Need to fulfill the
requirements set by WHO
,

3. The temperature checking uses a thermometer placed
in the middle of the refrigerator (NS Department of Health
Wellness, 2014; Australian Goverment Department of Helth
2019; CDC, 2021c; Health Protection Scotland, 2017),

4. The temperature log is seen near the refrigerator (NS De-
partment of Health Wellness, 2014; Australian Goverment
Department of Helth, 2019; CDC, 2021c; Health Protection
Scotland, 2017; Salisbury et al., 2013),

5. No vaccines are stored on door shelves (NS Department of
Health Wellness, 2014; Australian Goverment Department
of Helth, 2019; CDC, 2021c; Health Protection Scotland,
2017),

6. No food and biomaterials are stored together in the same
container with vaccines (NS Department of Health Well-
ness, 2014; Australian Goverment Department of Helth,
2019; CDC, 2021c; Health Protection Scotland, 2017; Sal-
isbury et al., 2013),

7. All vaccines are stored in original carton packs (NS De-
partment of Health Wellness, 2014; Australian Goverment
Department of Helth, 2019; CDC, 2021c; Health Protection
Scotland, 2017; Salisbury et al., 2013),

8. All vaccine boxes have no contact with outer walls (NS De-
partment of Health Wellness, 2014; Australian Goverment
959
Department of Helth, 2019; CDC, 2021c; Health Protection
Scotland, 2017; Salisbury et al., 2013),

9. All vaccines in bins, baskets, and shelves are placed sepa-
rately (NS Department of Health Wellness, 2014; Australian
Goverment Department of Helth, 2019; CDC, 2021c; Health
Protection Scotland, 2017),

10. There is no sticking together or sufficient space between
vaccines (NS Department of Health Wellness, 2014; Aus-
tralian Goverment Department of Helth, 2019; CDC, 2021c;
Health Protection Scotland, 2017; Salisbury et al., 2013).

Storage units are divided into 4 types in accordance with
temperature range, morning needs, and cold distribution speci-
fications.

Based on a summary review by Kumru et al. (2014), the FDA-
approved storage temperature is 2–8 ◦C (Kumru et al., 2014) with
details shown in Table 1.

FDA-approved viral vaccine storage temperatures range from
2-8 ◦C and frozen. Table 2 below is the summary result conducted
by Kumru et al. (2014) with confirmed data from credible sources.

Furthermore, the Covid 19 vaccine is described in Table 3. (See
Table 4.)
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able 2
xamples of vaccine types and temperature parameters for bacterial vaccines based on CDC, FDA, WHO, and Manufacturer Kumru et al. (2014).

Vaccine type Product Producer Recommended
temperature for
storage

Freeze sensitive Heat sensitive Source

Live attenuated bacteria

BCG TICE BCG Organon 2 to 8 ◦C No >9 days (54 ◦C) Kumru et al. (2014)
and FDA (2009c)

BCG Vaccine Organon 48 days (23 ◦C) Kumru et al. (2014)
and Fda and Cber
(2009)

Typhoid Vivotif Berna 2 to 8 ◦C No >9 days (54 ◦C) FDA (2013), PaxVax
USA (2015) and
Emergent
BioSolutions UK
(2018)

Conjugated polysaccharide carrier

Meningococcal Menactra Sanofi Pasteur 2 to 8 ◦C Yes Unknown FDA (2018a)
(ACYW Group) Menveo Novartis 2 to 8 ◦C Yes Unknown GlaxoSmithKline Inc.

(2020) and CDC
(2011)

Pneumococcal (7-valent) Prevnar Pfizer 2 to 8 ◦C Yes Unknown Kumru et al. (2014)
Pneumococcal (13-valent) Prevnar-13 Pfizer 2 to 8 ◦C Yes 4 days (40 ◦C) Kumru et al. (2014),

Pfizer (2021)
Pneumococcal (23-valent) Pneumovax 23 Merck 2 to 8 ◦C Yes Unknown FDA (2020c)

H. Influenzae Hiberix GSK 2 to 8 ◦C No ≥ week (55 ◦C) (60)
ActHIB Sanofi Pasteur 2 to 8 ◦C Yes Unknown FDA (2019b)
PedvaxHIB Merck 2 to 8 ◦C Yes Unknown FDA (2020c)

Subunit, purified bacterial antigen

Tetanus Toxoid No trade names
identified.

Sanofi Pasteur 2 to 8 ◦C Yes Unknown Kumru et al. (2014)

Tetanus Toxoid Adsorbed No trade names
identified.

Sanofi Pasteur 2 to 8 ◦C Yes Unknown Kumru et al. (2014)

Anthrax Biothrax Emergent 2 to 8 ◦C Yes Unknown FDA (2015a)
Typhoid Typhim Vi Sanofi Pasteur 2 to8 ◦C Yes Unknown FDA (2019b)
Meningococcal (Groups
ACWY)

Menomune Sanofi Pasteur 2 to8 ◦C Yes 6 weeks (60 ◦C) FDA (2016)

Combination vaccine

DTP with Hepatitis B Pediarix GSK 2 to 8 ◦C Yes Unknown FDA (2010a), CDC
(2013)

DTP Infanrix GSK 2 to 8 ◦C Yes Unknown FDA (2008a)
Tripedia Sanofi Pasteur

and BIKEN
2 to 8 ◦C Yes Unknown FDA (2005)

Daptacel Sanofi Pasteur 2 to 8 ◦C Yes Unknown FDA (2004)

DTP with inactive d Polio Kinrix Merck 2 to 8 ◦C Yes Unknown FDA (2008b)

Haemophilus B and
hepatitis B vaccine

Comvax Sanofi Pasteur 2 to 8 ◦C Yes Unknown CDC (2015)

Diphtheria and Tetanus
No trade names
identified.

Sanofi Pasteur 2 to 8 ◦C Yes Unknown Kumru et al. (2014)

DecaVac Sanofi Pasteur 2 to 8 ◦C Yes Unknown Kumru et al. (2014)
TeniVac Sanofi Pasteur 2 to 8 ◦C Yes Unknown FDA (2019d)
TDVAX Mass Biologics 2 to8 ◦C Yes Unknown FDA (2018g)

Tetanus Toxoid Adacel Sanofi Pasteur 2 to 8 ◦C Yes Unknown FDA (2017b)

Diphtheria & Acellular
pertussis

Boostrix GSK 2 to 8 ◦C Yes Unknown FDA (2020b)

Diphtheria and tetanus,
Acellular pertussis,
Inactive polio,
Haemophilus B

Pentacel Sanofi Pasteur 2 to 8 ◦C Yes Unknown FDA (2021d)

Meningococcus, Hib
(CY-Hib Group)

Menhibrix GSK 2 to 8 ◦C No Unknown FDA (2012b)
960
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able 3
xamples of vaccine types and temperature parameters for FDA-approved viral vaccines Kumru et al. (2014).
Vaccine type Product Producer Recommended

temperature for storage
Freeze sensitive Heat sensitive Source

Live attenuated virus

Varisela Varivax Merck Frozen No 6 days (27 ◦C) Cber and Fda (2020)
and I. MERCK & CO.
(2005)

Zoster Zostavax Merck Frozen No Unknown CDC (2020) and FDA
(2018i)

Rotavirus Rotarix GSK 2–8 ◦C No
(extreme melting
temperature shock
−20 ◦C to 42 ◦C)
Naik et al. (2017).
40 ◦C (72 h) 20 ◦C
and −80 ◦C (12 h)
Asowata et al. (2019)

<25 ◦C (36 months)
37 ◦C −40 ◦C (18
months)
short term exposure
up to 55 ◦C Naik
et al. (2017)

WHO (2017b)

RotaTeq Merck 2–8 ◦C Unknown Unknown WHO (2021c) and
Merck Canada Inc.
(2018)

Flumist MedImmune 2–8 ◦C Yes Unknown FDA (2019a)

Chickenpox ACAM2000 Sanofi Pasteur Frozen No Unknown Vangroenweghe
(2017) and FDA
(1998)

Yellow fever YF-Vax Sanofi Pasteur 2–8 ◦C Yes Unknown WHO (2012) and FDA
(2019f)

Inactive virus

Hepatitis A Vaqta Merck 2–8 ◦C Yes 3 months (28 ◦C) FDA (2018h)
Havrix GSK 2–8 ◦C Yes 1–3 weeks (37 ◦C) (GSK (2017))

Influenza

Fluarix GSK 2–8 ◦C Yes 12 weeks (20 ◦C) GSK (2013, 2021a)
Flulaval ID Biomed 2–8 ◦C Yes Unknown GSK (2021b)
Agriflu Novartis 2–8 ◦C Yes Unknown Seqirus Canada

(2020) and FDA
(2020a)

Fluvirin Novartis 2–8 ◦C Yes Unknown FDA (2017a)
Fluzone Sanofi Pasteur 2–8 ◦C Yes Unknown FDA (2021b)
Flucelvax Novartis 2–8 ◦C Yes Unknown FDA (2021c)
Afluria CSL Limited 2–8 ◦C Yes Unknown FDA (2019c)
H5N1 Sanofi Pasteur 2–8 ◦C Yes Unknown FDA (2007)
H5N1 ID Biomed 2–8 ◦C Yes Unknown FDA (2012a)
2009 (H1N1) CSL Limited 2–8 ◦C Yes Unknown FDA (2009b)
2009 (H1N1) MedImmune For storage 2–8 ◦C

(18 weeks)
For distribution −25 ◦C
±5 ◦C (20 weeks)

Yes Unknown Committee for
Medicinal Products
for Human Use
(CHMP) (2016)

2009 (H1N1) Novartis 2–8 ◦C Yes Unknown FDA (2009a)

Rabies RabAvert Novartis 2–8 ◦C No Unknown FDA (2018e)
Imovax Sanofi Pasteur 2–8 ◦C Yes Unknown FDA (2019e)
Nobivac Rabies Merck 2–8 ◦C Yes 25 ◦C (6 months)

30 C (3 months)
Lankester et al.
(2016)

Blackmor et al. (2014)

Polio IPOL Sanofi Pasteur 2–8 ◦C Yes Unknown Pasteur (2008)

Japanese encephalitis Ixiaro Intercell 2–8 ◦C Yes Unknown FDA (2018b)

Recombinant vaccines

Hepatitis B Engerix B GSK 2–8 ◦C Yes 72 h (25 ◦C) GlaxoSmithKline Inc.
(2019)

Recombivax HB Merck 2–8 ◦C Yes Unknown FDA (2018f)

Human papilloma virus
Influenza

FDA (2015b)
Gardasil Merck 2–8 ◦C Yes 3 months (45 ◦C) European Medicines

Agency (2012)
Cervarix GSK 2–8 ◦C Yes 3 days (8–25 ◦C) FDA (2021e)

Combination vaccines

MMR M − M − R II Merck Frozen No 7 days (37 ◦C) FDA (2018c)
DTP with Hepatitis B Pediarix GSK 2–8 ◦C Yes Unknown FDA (2010b)
Hepatitis A & B Twinrix GSK 2–8 ◦C Yes 7 days (37 ◦C) FDA (2001)
MMR with Varicella ProQuad Merck Frozen No Unknown FDA (2018d)
961
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able 4
accine types and temperature parameters for COVID-19 vaccines CDC (2021c) and ADB (2022).

Vaccine Types Product Producer Recommended Temperature for
Storage

Freeze sensitive Heat Sensitive Source

mRNA Pfizer-BioNTech COVID-19
Vaccine (BNT162b2)

Pfizer-BioNTech • Very cold: −80 ◦C to
−60 ◦C

No Yes CDC (2021c), ADB
(2022), Ministry of
Health (2021), Santos
et al. (2021) and
Peters (2020)

mRNA Moderna COVID-19 Vaccine
(mRNA-1273)

Moderna, Inc. • Frozen: −25 ◦C and −15 ◦C
until the expiration date.
•Cold: 2 ◦C to 8 ◦C lasts up
to 30 days

Yes
(Can only be
frozen once)

Yes CDC (2021c), ADB
(2022), Ministry of
Health (2021), Santos
et al. (2021) and
Peters (2020)

Non-replicating viral
vector

Janssen COVID-19 Vaccine Johnson & Johnson • Cold: 2 ◦C to 8 ◦C lasts up
to 30 days

Yes Yes Santos et al. (2021),
Peters (2020), CDC
(2021b) and Yan et al.
(2021)

Non-replicating viral
vector

AZD1222 Oxford/AstraZeneca • Cold: 2 ◦C to 8 ◦C Yes Yes Ministry of Health
(2021), Santos et al.
(2021) and Yan et al.
(2021)

Recombinant,
replication-deficient
chimpanzee adenovirus
vector encoding the
SARS-CoV-2 Spike (S)
glycoprotein

Covishield Serum Institute of
India

• Cold: 2 ◦C to 8 ◦C Yes Yes Ministry of Health
(2021) and Serum
Institute of India
(2021)

Non-replicating viral
vector

Covaxin Bharat Biotech • Cold: 2 ◦C to 8 ◦C Yes Yes Santos et al. (2021),
Peters (2020) and Yan
et al. (2021)

Inactivated BBIBP-CorV Sinopharm • Cold: 2 ◦C to 8 ◦C Yes Yes Peters (2020) and Yan
et al. (2021)

Inactivated 2 CoronaVac Sinovac • Cold: 2 ◦C to 8 ◦C Yes Yes Peters (2020) and Yan
et al. (2021)

Non-replicating viral
vector

Ad5-nCoV CansSino • Cold: 2 ◦C to 8 ◦C Yes Yes Peters (2020)

Non-replicating viral
vector

Spunik V Gamaleya • Cold: 2 ◦C to 8 ◦C Yes Yes Santos et al. (2021),
Peters (2020) and Yan
et al. (2021)

Protein Subunit Novavax Novavax • Cold: 2 ◦C to 8 ◦C Yes Yes Peters (2020), Yan
et al. (2021) and
March (2020)
a
c

3.3. Storage space

Storage units are ideally placed in a room with good ventila-
ion leaving space between each unit, walls, and ceiling. Further-
ore, it needs to be ensured that nothing is blocking the motor
nd engine cooling device, and when stacked, the cold storage
eeds to be level and firm with the unit underneath (Objio et al.,
021). A study showed that most cold storage is stored in a room
ith the best temperature between 20 ◦C and 25 ◦C (CDC, 2021c).
HO recommends that the deviation vector, walk-in cold room

nd walk-in freezer room is 0.67 (WHO et al., 2017). Moreover,
he relative humidity for the storage space is less than 55% and
he ambient humidity level is between 45%–75% (WHO, 2020)
see Fig. 7).

.4. Distribution

Generally, distribution in each country is carried out in 3
evels (Yauba et al., 2017; Ortiz et al., 2020; Vaccine Presen-
ation and Packaging Advisory Group, 2015). At the first level
national), the vaccine is packaged in a tertiary container, opened,
nd spilled at the second. Meanwhile, the vaccine is already in
he primary package at the third level and distributed to public
ealth services, clinics, and hospitals, as shown in Fig. 2. There
re also several countries that implement a four-level distribution
ystem, namely national, regional, district, and clinic (Lim et al.,
019; Haidari others, 2013).
Vaccines that are sent directly to health facilities with ready-

o-use cold storage are the safest method (Yauba et al., 2017).
owever, this method is not always possible due to its cost.
herefore, it is preferable to transport the vaccine using a portable
efrigerator with a temperature monitoring device (CDC, 2021c).

n situations whereby a portable refrigerator is not available, t
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Table 5
Vaccine distribution system recommendations (CDC, 2021c).

Storage type Emergency
delivery

Transportation for offsite
clinic, public health center,
or stock relocation

Portable
Refrigerator or
Freezer

Yes Yes

Quality Containers
and Packaging

Yes Yes

Conditioned Water
Bottle Transport
System

Yes No

Manufacturer’s
Original Shipping
Container

Yes (last
option only)

No

Food/Beverage
Cooler

No No

qualified containers packaged with a Temperature Monitoring
Device (TMD) can be used. Furthermore, it is important to trans-
port only what is needed during transfer to clinics outside the
area (CDC, 2021c).

Table 5 shows storage types based on distribution conditions.
CDC and USA do not recommend the use of frozen gel due to

its unit’s ability to freeze vaccines under certain conditions (CDC,
2021c). Many countries are still ignorant of this issue, which
is also capable of eliminating its efficacy (Hanson et al., 2017).
However, vaccines such as Varivax, Zostavax, M − M − R II,
nd ProQuad can be stored in frozen conditions. However, while
arrying out this process, adequate care is needed because even
hough this unit can freeze, it cannot last long. Therefore, using a
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Fig. 7. Vaccine storage space recommended by WHO, UNICEF, and EVM (WHO et al., 2017).
Fig. 8. Vaccines Cold storage of using solar energy (Li et al., 2016).
onitoring system is very important to ensure that the quality is
aintained (Yakum et al., 2015).

. Latest inventions and innovations

.1. Vaccine cold supply chain management

The success of a vaccination program is based not only on the
ercentage of vaccine effectiveness but also on cold supply chain
anagement. This is because when this fails, the high effective-
ess becomes wasted (Lee and Haidari, 2017; Omole et al., 2019).
everal strategic plans need to be observed by stakeholders, as
hown in Table 6.
This study also provides detailed discussions on the latest

nnovations in Cold Storage.
963
4.2. Vaccine cold storage technology

New cold storage technologies have the potential to address
many of the supply chain challenges faced by countries in the
world (Omole et al., 2019; UNICEF and WHO, 2016). These chal-
lenges are not only associated with the right processes needed
for advanced technology to function properly, rather it also on its
affordability for any country (Staruch et al., 2018). The following
are some of the latest innovations related to this technology:

4.2.1. Monitoring
Real-time monitoring is necessary to ensure vaccines are

stored at temperatures that comply with established standards
throughout the supply chain (WHO, 2015b; Ashok et al., 2017).



N.A. Pambudi, A. Sarifudin, I.M. Gandidi et al. Energy Reports 8 (2022) 955–972

o
e
p
t
t
s
t
t
e

i
p
o
p
d
S
a
c
S
s
l
2

b
o

Table 6
Strategic plans for cold supply chain management.
No Strategic plan Reference

1 Preparation of detailed Operational Standards Tan et al. (2014), CDC (2021c), Kumar and Gupta (2020), Saraswati et al.
(2018) and Rogers et al. (2010)

2 Storage Temperature According to Manufacturer’s
Recommendation and Standards

Osei et al. (2019), Yauba et al. (2017), Thielmann et al. (2019a), Kitamura
et al. (2018), Woldemichael et al. (2018), Billah et al. (2015), Murhekar
et al. (2013), Das et al. (2019), Garabadu et al. (2020) and Mendhe others
(2018)

3 Cold Storage Innovation (Lloyd and Cheyne, 2017; Goralnick et al., 2021; Robertson et al., 2017;
Zaffran et al., 2013; Staruch et al., 2018; Heyerdahl others, 2018; Popova
and De Palacios, 2016; Norman et al., 2013; Sheikh et al., 2021) and SN
and D (2014)

4 Transportation Innovation Lim et al. (2019), Haidari others (2013), Robertson et al. (2017), Brown
et al. (2014), Michael et al. (2019), Wikatama et al. (2018) and Bulula et al.
(2020)

5 Thermostable Vaccine Innovation Terna et al. (2019), Karp et al. (2015), Zhang et al. (2020), Chen et al.
(2010), Tu et al. (1998), Mahmood et al. (2014), Kristensen et al. (2016),
Kartoglu and Milstien (2014), Hassett et al. (2015), Saboo others (2016),
Mistilis et al. (2015), Lee et al. (2012), Chen and Kristensen (2014) and Lee
et al. (2017)

6 Collaboration between institutions and countries (Sheikh et al., 2021; Pagliusi et al., 2021; Excler et al., 2021; Kristensen
et al., 2020; Medaglini et al., 2018) and Azimi et al. (2017)

7 Monitoring Yakum et al. (2015), Ouzayd et al. (2018), Nelson et al. (2007, 2004),
Wirkas et al. (2007) and Lloyd et al. (2015)

8 Local Community Empowerment Babenko-Mould et al. (2015), Findley et al. (2011), Mathew and Mittal
(2021), Porth et al. (2021), Sheikh et al. (2021) and Dutta et al. (2021)

9 Increasing the Number of Vaccination Staff Fuady et al. (2021), Sarley et al. (2017), Gharpure et al. (2021), Bisset and
Paterson (2018) and Asgary et al. (2020)

10 Improving Knowledge of Vaccination Staff Yakum et al. (2015), Mohammed et al. (2021b), Bogale et al. (2019),
Thielmann et al. (2020), Dairo et al. (2016), Lee and Haidari (2017), Omole
et al. (2019), Zaffran et al. (2013), Chandra and Kumar (2020), Mohammed
et al. (2021a), Anderson others (2014) and Albano de Azevedo Guimarães
et al. (2018)

11 Making an Emergency Plan Dasaklis et al. (2016), Maglasang et al. (2018), Marsot et al. (2020), Swift
et al. (2017) and Bailey et al. (2020)

12 Special attention to vulnerable groups Staruch et al. (2018), Chambers (2021), Lustig and Tommasi (2020), O’Neill
et al. (2019), Nazirul et al. (2017), Tanner et al. (2021), Ganczak et al.
(2017) and Arsenault et al. (2017)
According to a study in Bangkok, not all refrigerators used to
have the ability to maintain a stable temperature (Sooksriwong,
2017). Therefore, several innovations have been carried out on
the use of cold chain monitoring as a prerequisite for ensuring the
quality, efficacy, and safety of vaccination programs (Ateudjieu
et al., 2013; WHO, 2011).

Ouzayd et al. 2018 created a temperature monitoring model
n the vaccine cold chain using the Colored Petri Net (Ouzayd
t al., 2018). This technology is able to monitor the physical
arameters of cold chain performance in real-time. Furthermore,
he decision-maker has the ability to simulate several scenarios
o measure the efficiency of the system and propose numerous
olutions. It is useful to determine the temperature stability of
he vaccine because it is very risky to be at an inappropriate
emperature during transportation (Kitamura et al., 2018; Billah
t al., 2015).
Chaudhri, Borriello, and Anderson (2011) created mobile mon-

toring using a FoneAstra-based continuous system with an ap-
lication study in Albania (Chaudhri et al., 2012). The technology
ffers convenience for vaccine logistics staff to diagnose critical
roblems in storage units. This is because the tool is capable of
isplaying detailed equipment temperatures in real-time using
MS. The use of IoT-based SMS was also developed by Hasanat et
l. (2021), where the data storage base was combined with an SD
ard (Hasanat et al., 2021). In Laos, the Cold Chain Information
ystem (CCIS) was also integrated with SMS to enable the easy
ubmission of reports at the regency and public health center
evels which cannot be accessed by the internet (Anderson others,
014).
Nowadays, the 4.0 revolution technology has the potential to

e used in vaccines cold chain management such as the Internet
f Things (IoT) and big data cloud computing The information
964
speed provided on this technology has the ability to increase
its role in human affairs (Comes et al., 2018). Several aspects
that need to be considered in IoT testing on cold chain man-
agement systems are rapid changes in environmental conditions
such as humidity, vibration, and indoor signal blocking environ-
ments (Wu et al., 2020). After the 2010 earthquake in Haiti, the
government implemented temperature monitoring devices (RT-
MDs) to address the problem of intermittent data gaps in its cold
supply chain system (Cavallaro et al., 2018). The technology has
the ability to identify typical temperature patterns that are con-
sistent with the refrigerator door opening and closing, propane
depletion, thermostat malfunction, and vaccine overstock.

Monteleone, Sampaio, and Maia (2017) proposed a concept
that aims to overcome the drug Cold Chain challenges related to
temperature monitoring (Monteleone et al., 2017). The concept
offers the privilege of considering a complete Cold Chain from
the perspective of the pharmaceutical and healthcare industries
in one study. Meanwhile, Lorenc, Czuba, Szarata (2020) developed
a predictive method to prevent disruptions related to temper-
ature anomalies in the cold supply chain (Lorenc et al., 2021).
Using Artificial Neural Network (ANN) technology, they predicted
their ability to prevent more than 82% of disruptions in the cold
chain. Furthermore, the model developed by Hasanat et al. (2021)
and Poochaya and Widjaja (2018) provided a unique feature in
which the system is capable of managing vaccine transport along
with regular monitoring of temperature and humidity (Hasanat
et al., 2020; Poochaya and Widjaja, 2018). Saritas et al. (2017)
developed a temperature monitoring and control system with an
Arduino system to overcome similar problems (Koklu et al., 2017).

Non-electronic monitoring methods, such as Vaccine Vial
Monitors (VVM) is a label attached to the vaccine vial to warn of
potential storage failure in the recommended temperature range



N.A. Pambudi, A. Sarifudin, I.M. Gandidi et al. Energy Reports 8 (2022) 955–972
Fig. 9. Solar portable vaccine refrigerator by COMSOL Multiphysics (Al-Madhhachi and Al-Najideen, 2021).
Fig. 10. Zeepot made of clay.

with a certain color change (Ross et al., 2020). This technology
is highly practical, and a shortage of energy is not a concern.
However, the accuracy level of electronic Vaccine Vial Monitors
(eVVM) is more accurate than VVM (Chen et al., 2021).

4.2.2. Temperature stabilization
Several conditions affect the stability of the storage temper-

ature, such as the varying temperature conditions at each point,
thereby making it difficult to determine the actual temperature.
Therefore, vaccines are stored in a buffer to keep the range
permitted by the manufacturer’s requirements. Furthermore, in
practice, vaccines and thermometer probes should not be placed
in drawers, on the floor, next to walls, indoors, and near the
outlet of cold air from the freezer as the temperature is very
likely to differ significantly from the inside of the storage unit
and the vaccine (Long and Hayney, 2013). Therefore, the ther-
mometer probe needs to be inserted into a glycol vial or another
equivalent thermal buffer medium (Rusnack, 2018). Such thermal
965
buffers are intended to reduce false alarms hence field person-
nel is determined with greater confidence that a warning is an
event that requires action. Although this method theoretically
promises accuracy, data reading errors often occur in practice.
Therefore, to overcome this problem, Rusnack (2018) developed
an algorithm for measuring temperature in vaccines to increase
their accuracy (Rusnack, 2018). Furthermore, Clénet (2018) devel-
oped a multiple-month model of forced degradation with high
accuracy results for the measurement of time and temperature
profiles (Clénet, 2018).

Another cause of unstable storage temperature is the dis-
ruption of the energy source to activate the cooling machine.
The problem associated with the availability of reliable electri-
cal energy sources often occurs in rural and mobile areas (Wal
et al., 2019). This problem is solved by installing an external
battery, modifying the thermostat, and installing an automatic
electrical energy storage system (Martin-de-Nicolas and McCol-
loster, 2014). A monitoring system on the refrigerator is also
important to overcome this problem (Bielenberg and Gasic, 2019;
Hutten-Czapski, 2017). These methods are effective with low
manufacturing costs because they can be carried out by modifying
a conventional household refrigerator. It is imperative to note
that the CDC does not recommend an unmodified refrigerator
because of its low reliability in maintaining temperature (Lei-
dner et al., 2020). The method of stabilizing the temperature
can also be carried out using thermal ballast with a water-filled
bottle (Chojnacky and Rodriguez, 2020).

Material selection in packaging is one of the essential factors in
maintaining temperature stability. According to Ng et al. (2020),
polystyrene foam boxes are effective when sealed with a min-
imum of 5 ice packs, while large cold boxes with polyethylene
interior linings and polypropylene insulation were effective when
sealed with a minimum of 3 (Ng et al., 2020). Furthermore, Zhao
et al. (2020) developed a composite phase change cold storage
material to stabilize the storage temperature (Zhao et al., 2020a).

4.2.3. Passive cold devices
Large budgets are faced with the challenges of maintaining

the temperature to match its requirements. According to several
studies, the use of cooling technology integrated with passive
cold storage devices (PCDs) reduces budgets (Norman et al., 2013;
Saidi and Soudani, 2017; Chen et al., 2015; Lugelo et al., 2020).
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Fig. 11. Rack design and display of CFD tests (A) (Devrani et al., 2021) and B (Sularno et al., 2018).
his technology generally integrates solar energy power gener-
tion systems (Alfariani and Pratama, 2018). With this concept,
uitendach, Jiya, and Gouws succeeded in creating a portable
torage unit that tends to last up to 72 h (3 days) with a tem-
erature control accuracy of 1 ◦C and a capacity of up to 250

vials (Buitendach et al., 2019). Al-Madhhachi and Al-Najideen
(2020), with COMSOL Multiphysics technology, also succeeded in
developing a storage unit by utilizing a lower solar panel power
of 70 watts (Al-Madhhachi and Al-Najideen, 2021). Meanwhile,
Satria, Jaenul, Gamayel (2021) developed a more practical concept
by making a storage unit in the form of a backpack with solar cells
mounted on the outside (Satria et al., 2021) (see Figs. 8 and 9).

Li et al. (2016) developed a storage technology that can last for
212 h by maintaining a temperature of 3 - 5 ◦C (Li et al., 2016).
The technology adopts 1000 watt photovoltaic by combining
Phase Change Material (PCM) and Passive Vaccine Storage Device
(PVSD) technologies. PCM is one of the cold storage vaccine
delivery methods that is currently a trend (Business and Research,
2021). Nie et al. (2021) used silica and graphene to improve the
PCM nucleation process with an efficiency increase of 12.58% (Nie
et al., 2021). Furthermore, Zhao (2020) using a mixed solution
of tetradecane and lauryl alcohol as a base fluid managed to
maintain the vaccine storage temperature at 2–8 ◦C (Zhao et al.,
2020a). Meanwhile, Liu et al. (2021) used decyl alcohol and lauric
acid as eutectic and managed to maintain the vaccine temper-
ature also at 2–8 ◦C. (Liu et al., 2021). The PCM encapsulation
technique in cold storage vaccines has the advantages of being
easy to use, higher yields, and a little residual solvent (Magendran
966
et al., 2019). Not only in the storage of vaccines and other medical
interests (Li et al., 2019; Zhao et al., 2020b; Veerakumar and
Sreekumar, 2016; Zhao et al., 2020c; Huo et al., 2018; Alva et al.,
2017; Tariq et al., 2020; Ghoghaei others, 2020), The PCM use as
a buffer for cold storage temperatures has been widely used as in
agricultural products (Xu et al., 2018), food (Tas and Unal, 2021),
air-conditioning system (Zheng et al., 2017; Xia et al., 2016) and
buildings (Faraj et al., 2020). Considering the different capabilities
of PCM and vaccine storage standards, modeling and simulation
of PCM selection as needed has also been developed (Dao et al.,
2016).

Passive cooling storage technology for not too cold tempera-
tures was also developed. For instance, Vilibic-Cavlek et al. (2021)
developed clay storage of Nobivac

®
Canine Rabies with a storage

space of 26 ◦C and an ambient temperature of 42 ◦C (Lugelo et al.,
2020). The vaccine was classified as thermotolerant due to its
ability to survive at ambient temperature for months (Lankester
et al., 2016). This method is an excellent solution because the raw
materials are abundant, easy to make, and cheap (see Fig. 10).

4.2.4. Computational Fluid Dynamics (CFD)
Devrani et al. (2021) developed vaccine storage with a semi-

passive cooling rack system for delivery in rural areas (Devrani
et al., 2021). The study used experimental and computational
fluid dynamics (CFD) testing, geometric analysis, experimentally
derived R values of insulation, and temperature monitoring. The
results show that the innovation can improve the performance

of increasing retention time from a certain temperature range
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Fig. 12. The numerical simulation process (a) the simulative model, (b) integral mesh and partial display, (c) numerical temperature nephogram of incubator (Yin
et al., 2020).
by up to 17%. With a different arrangement model, Sularno,
Soelami, and Bindar (2018) using CFD analysis found that the
preparation of vaccine vials in cold storage can improve the
performance (Sularno et al., 2018) (see Fig. 11).

The use of numerical analysis and experimental studies was
also carried out by Yin et al. (2020) to examine multi-level gra-
dient heat transfer in vaccine storage boxes with certain material
layers (Yin et al., 2020). The material tested is a composite with
the constituents in the form of PCM (Phase Change Material), XPS
(Extruded Polystyrene), and PU (Polyurethane). The test results
show that the most optimal dual-layer board configuration is the
XPS/PCM ratio of 1:3 (see Fig. 12).

5. Summary

The vaccination program is a strategic step that needs to be
taken by every policymaker to solve various problems associated
with a pandemic. In practice, there are various kinds of problems
faced, especially regarding cold supply chains. Therefore, stake-
holders need to understand the challenges of storage specification
standards set by manufacturers and authorized health agencies
to avoid being misguided in carrying out their duties. This is very
important because vaccines with very high efficacy will lose their
efficacy if not handled properly. These challenges are related to
packaging, storage, and space, as well as distribution. Therefore,
to overcome this, it is necessary to carry out 12 strategic action
plans as follows:

1. Preparation of detailed operational standards
2. Storage temperature according to manufacturer’s recom-

mendations and standards
3. Cold storage innovation
4. Transportation innovation
5. Thermostable vaccine innovation
6. Collaboration between institutions and countries
7. Monitoring
8. Empowerment of local communities
9. Increasing the number of vaccination staff

10. Improving knowledge of vaccination staff
11. Making an emergency plan
12. Special attention to vulnerable groups

Furthermore, several innovation efforts by the previous re-
searchers have been carried out related to cold storage tech-
nology which includes 3 main things. The first is monitoring
based on Internet technology, SMS, IoT, big data cloud computing,
Artificial Neural Network (ANN), Vaccine Vial Monitors (VVM), an
electronic Vaccine Vial Monitors (eVVM). The second is tempera-
ture stabilization by using Phase Change Material (PCM), thermal
buffer materials, measurement algorithms, mathematical mod-
eling, installing energy backup batteries with automatic work,
modifying the thermostat, using thermal ballast materials, and
967
selecting heat insulation materials. Furthermore, the third is the
development of passive cold storage devices through a portable
system with solar energy and the use of clay as raw material for
making refrigerators for thermotolerant vaccines. Semi-passive
cold storage was also developed by placing vaccines on shelves.
Further research related to vaccine storage temperature was also
carried out using the CFD method to determine the design of the
material layer and the arrangement of the vaccine placement in
the storage container.
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