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A B S T R A C T

This research develops a humanitarian cold supply chain model with equity consideration for COVID-19 vaccine
distribution during a pandemic, considering deprivation cost and an important social concept named equity.
The proposed comprehensive plan minimizes all incurred costs, including transportation costs, shortage costs,
deprivation costs, and holding costs, while aiming at eliminating infection and mortality rates. The proposed
three-echelon supply chain model includes suppliers, distributors, and affected regions (ARs), as destinations.
We apply the proposed model to the actual vaccine distribution data during the COVID-19 outbreak in Europe.
A mixed integer programming (MIP) model is developed to minimize the costs and satisfy the demand goals in
the vaccine distribution plan. A sensitivity analysis demonstrates how total and deprivation costs affect each
other, helping the managers establish a trade-off between them. The results show that appropriate supply chain
planning can minimize logistics and social costs. The proposed model can help policymakers, and decision-
makers better understand the importance of equity and implement a fair distribution of vaccines, considering
the deprivation cost as a social cost.
. Introduction

The world has been changed since December 2019 with the pan-
emic disease from Wuhan city in China. So far, more than six million
eople have been killed and more than six hundred million infected.
ARS-COV2 causes coronavirus disease (COVID-19) and can spread
erson-to-person by breathing, so attention and efforts to protect dif-
erent groups of people or reduce transmission should be applied
1]. On the 11 March 2020, the World Health Organization (WHO)
ventually announced COVID-19 outbreak as a pandemic ([2], n.d.).
OVID-19 virus has negative effect on economic and social commu-
ity. After the discovery of the COVID-19 vaccine, the challenges and
roblems of transportation and distribution have gripped governments.
he socio-technical essence of logistics is fundamental to this com-
lexity: a collective network of individuals performing a collection
f technical acts over a set of support networks [3]. In the begin-
ing, scientists started research with more than 50 potential COVID-19
accines around the world. Through the ACT accelerator, WHO is
ollaborating with scientists, businesses, and global health groups to
ccelerate pandemic response. COVAX (headed by WHO, GAVI, and
EPI) will promote equity in access and distribution of vaccinations
o protect individuals in all countries once a safe and efficient vaccine
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E-mail address: valikayvanfar@hbku.edu.qa (V. Kayvanfar).

has been identified. Prioritization will be given to those who are most
at danger ([4], n.d.).

Viruses are continuously changing due to mutation, and new vari-
eties are predicted to emerge. Occasionally, new variations occur and
then vanish, while new variations emerge at other times. During the
COVID-19 pandemic, many strains of the virus that causes COVID-
19 are being monitored in the USA and across the world ([5], n.d.).
The WHO classifies alpha as a variation of concern, and it was first
discovered in Kent, England, in September 2020, sparking the UK’s
second wave. Beta was the first identified in South Africa in May
2020, and it is also deemed a variation of concern by the WHO. Also,
Gamma was first discovered in November 2020 in Manaus, Brazil, and
is another variation of worry for WHO. It is still the most common
variety in South America at the time of writing. Delta continues to cause
a significant surge of cases in Asia, such as India, where it was the first
discovered in October 2020 [6].

Vaccination has been the best strategy of preventing illness, reduce
transmission, incapacity and death from infections. Based on the lit-
erature, every year 2 to 3 million people are saved from death and
this amount can increase to 4 to million, if worldwide vaccination
coverage could increase farther (Vaccines and Immunization, n.d.). In
this regard, achieving a vaccine is difficult and requires much effort,
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and its distribution is very sensitive and requires a lot of money and
careful planning. One of the most essential roles in distributing vaccines
is using the cold supply chain. In cold chains, items must be put away
and shipped at low temperatures close or underneath the freezing mark.
It requires the utilization of refrigerated distribution centers and trucks,
which burn-through enormous amounts of energy for refrigeration [7].
Many potential COVID-19 vaccines have been studied, and a few have
been approved for mass production since late 2020 ([8], n.d.). There
are some acceptable vaccines in the world, some of them are going to be
aptly in the following to explain more about cold chain requirements.

• Pfizer designed packaging and storage improvements that were
suited to the location where vaccines were to be used. They use
dry ice to sustain appropriate temperature settings of –70 ◦C
± 10 ◦C for up to 10 days in specially built, by designing
temperature-controlled thermal shippers. They will ship by air to
main hubs within a country, and then by ground transportation
to dosing sites. Primary efficacy report shows this vaccine to be
95% successful against COVID-19 beginning 28 days following
the first dose ([9], n.d.). Moreover, they have three options for
storage ([10], n.d.):

1. Ultra-low-temperature freezers, commercially accessible
and can increase shelf life by up to six months.

2. Units of refrigeration that are often obtainable in hospitals.
Holding vaccine at refrigerated 2–8 ◦C conditions for five
days is possible.

3. Pfizer thermal shippers can be utilized as temporary stor-
age units by refilling them with dry ice and storing them
for more than 30 days.

• AstraZeneca was picked as the most appropriate antibody in-
novation for a SARS-CoV-2 immunization as it has been shown
to generate a strong immune response from one dose in other
vaccines. It has been hereditarily changed so it cannot grow in
humans. This likewise makes it more secure to provide for young-
sters, the old and anybody with a previous condition, for example,
diabetes ([11], n.d.). In the two various dose schedule vaccine
efficacy was 90% in one and 62% in the other, and the vaccine
may be simply administered in available healthcare systems, held
at ‘fridge temperature’ (2 ◦C to 8 ◦C), and transported using
existent operations ([12], n.d.).

• The Johnson & Johnson (J&J)/Janssen vaccine was listed for
emergency use by WHO on 12 March 2021. The vaccine has been
allowed for use in Europe, the USA and other countries, with
the widest experience to date in the United States, where more
than 8 million doses of the J&J vaccine had been administered
as of 7 May. The vaccine can be kept at 2 ◦C to 8 ◦C . Since
the only single-dose COVID-19 vaccine licensed for use so far,
the vaccine might be a valuable tool for reaching out to hard-to-
reach communities and avoiding illnesses and deaths throughout
the world ([13], n.d.).

• The Moderna vaccine is based on the mNRA. The WHO’s Strategic
Advisory Group of Experts determined that it had a 94.1% effec-
tiveness rate based on a two-month median follow-up. Though
the vaccine is delivered as a frozen suspension in a multi dose
vial at −25 ◦C to −15 ◦C, vials can be kept at 2–8 ◦C for up to 30
days before the first dose is withdrawn, implying that ultra-cold
network equipment may not be required to deploy the vaccine
([14], n.d.).

• The Sinopharm COVID-19 (BBIBP-CorV, COVILO) is an inacti-
vated vaccine made of virus particles. This vaccine was developed
by China National Pharmaceutical Group Co., Ltd. (Sinopharm)
and the Beijing Institute of Biological Products Co in 2020. Stud-
ies have shown that it has 79.34% efficacy ([15], n.d.). Cold
Chain Requirements Stored between −25 degrees Celsius and
−15 degrees Celsius up to expiration date. Refrigerate between
2 degrees Celsius and 8 degrees Celsius for up to 30 days prior to

first use ([16], n.d.). T
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sually, governments quarantine cities to reduce epidemic and control
isease. As a result, they incur many economics costs, including the cost
f treatment and the purchase of effective drugs and vaccines. On the
ther hand, their financial resources and income are reduced. In this
ay, they are under economic pressure to distribute the vaccine. This

ssue is particularly articulated in low and middle-income countries
LMICs), where some of the participants to the issue include signifi-
ant expenses, competing for health preferences, shortage of resources,
oor monitoring and surveillance, helpless checking and oversight,
nd inflexible appropriation structures [17]. Because of the extensive
isruptions brought on by this pandemic, such devastating economic
etbacks represent a more significant threat to supply chains. The cold
upply chain is one of the most significant supply chains that may be
ore vulnerable to COVID-19 disruptions. Due to the presence of some

f the most sensitive products, such as pharmaceuticals and frozen food,
n the cold supply chain, disruptions in this supply chain sector can
urt economies and their whole processing networks [18]. Although,
accine companies are limited and still do not reach mass production
or the access of all people in the world, the WHO organized the
xpanded Program on Immunization (EPI) in 1974 to give universal
ccess to all paramount vaccines for every children [19]. In the last
ecade [3] believed that sustaining high class of service in the affected
egions might need greater logistical investment than is feasible. In con-
rast, without taking the implications on the population into account,
educing logistical costs may have a detrimental impact on their health.
t is important to determine the prefect mixture of logistic attempt and
ervice level.

Health justice emphasizes ensuring a fair distribution of medical
ervices to vulnerable groups. During the flu pandemic, it can be used as
principle in distributing vaccines to high-priority individuals. Due to
OVID-19 effect on sensitive groups and the relationship of groups such
s medical staff with sick people, to reduce the harmful effects of the
pidemic, an effective mechanism for community vaccination should
e used in a way that most effectively reduces the incidence, leads to
eath, and reduces the vaccination program’s cost. Cantillo et al. [20]
elieved that designing effective models to minimize the social costs of
esponse operations is important in order to deliver essential supplies to
ommunities in need. Social costs contain deprivation costs, which are a
rowing feature of deprivation of time, derivative from human suffering
ue to lack of accessing to services or goods, in addition to simply
overing the cost of logistics, transportation mode, and humanitarian
ogistics. The aim of sustainable humanitarian logistics is to provide
very human being with a degree of comfort suitable for his or her own
nd family’s health and welfare, especially in catastrophe and crisis
21]. From the viewpoint of Huang et al. [22], both in operational
nd for modeling purposes, equity can be difficult to describe. The
iscrepancy between service levels among help receivers, where service
evels are defined by pace and quantity of delivery, characterized
quity.

In this paper, a new mathematical model for fair distributing
OVID-19 vaccine among different ARs is developed and formulated,
hile the total costs of the whole vaccine chain are minimized, in-

luding transportation cost, distribution cost, transportation mode cost,
umanitarian logistics costs, deprivation cost, shortage cost, and inven-
ory holding cost. Few studies integrated Humanitarian logistics and
old chain aspect considering equity, deprivation cost, and transporta-
ion mode in the pandemic. To the best of the authors’ knowledge,
or the first time, one of the most important and recent introduced
ocial cost terms (i.e., equity), within a humanitarian cold supply chain
n the COVID-19 pandemic is studied in this research, taking budget
onstraints, cold chain considerations, and real data into account,
imultaneously, to provide an optimal plan for the vaccine distribution
hain of the COVID-19. Considering deprivation and equity is carried
ut to minimize human suffering and fatalities in the COVID-19 crisis.

he main contributions of this study could summarized as follows:



V. Khodaee, V. Kayvanfar and A. Haji Decision Analytics Journal 4 (2022) 100126
• Proposing an optimal plan for the COVID-19 vaccine distribution
in Europe.

• Developing a new mathematical model for fair distribution of the
COVID-19 vaccine.

• Taking equity into account as an essential social factor in human-
itarian logistics.

• Considering deprivation cost and equity to minimize fatalities.
• Considering budget constraints and cold chain considerations in

a real-world study in Europe.

In Section 2, the relevant literature is extensively reviewed. In Sec-
tion 3, a new mathematical model of distributing vaccine supply chain
is proposed to minimize the total cost of considered cold chain. In
Section 4, the data collection is comprehensively explained, including
comparative results, such as sensitive analysis and managerial insights.
Finally, Section 5 concludes this research.

2. Literature review

Studies have focused on and researched the vaccine supply chain
from different viewpoints because of the essential role of vaccines
in hindering outbreaks of infectious diseases. Vaccines are sensitive
materials and they should preserve in low temperatures; they need to
distribute in a cold chain under international policies. The cold supply
chain is made up of temperature-sensitive operations that begin with
the provision of raw materials, continue through manufacturing, and
end with the transit of finished items to final customers. Pandemics like
COVID-19 threaten the functioning of the cold supply chain. Khan and
Ali [18] ensure the sustainable functioning of the cold supply chain
by recommending resilience strategies via a Fuzzy QFD technique.
Ibrahim et al. [23] implemented a new framework that supports the
planning and delivery of vaccination campaigns by segmenting and
prioritizing target populations, estimating vaccination timeframe and
workforce requirements, and predicting logistics costs and facilitating
the distribution of vaccines from manufacturing plants to vaccination
centers. Lin et al. [24] developed a mathematical model of the distrib-
utor’s cold chains transportation decision for vaccines, and scrutinized
how the retailer’s control policy influences the decision of distributer.
Moreover, two common control policies were compared to look into
few purposeful insights and their result showed that the impact is
less effective in the two-step inspection policy that tends to be more
stringent than the single-step one. Duijzer et al. [25] reviewed the
literature on vaccine chains by integrating the WHO preferences with
an OR/OM supply chain view. They divided the second WHO (Immu-
nization Supply Chain Efficiency) priority into three sections, namely,
production, allocation, and distribution, each of which contributes to
the efficiency of the supply system. In the OR/OM community, supply
chains’ environmental effect has received little attention and addressed
where appropriate within their supply chain context.

A recent study by Govindan et al. [26] extended a profitable deci-
sion support system (DSS) for COVID-19 healthcare supply chain based
on fuzzy inference system (FIS) and physicians’ knowledge to help with
the demand management. Based on the immune system’s risk level, the
community is separated into four groups, including very susceptible,
susceptible, slightly susceptible, and normal. This category can include
high-risk age groups and people with underlying diseases like heart
disease, diabetes, and cancer. A Mamdani FIS is utilized to identify
the society inhabitants, so demand can be handled in a healthcare
supply chain under the crisis emerging from COVID-19. The model aims
to monitor epidemic prevalence of this disease and to reduce supply
chains disturbances that appertain to healthcare supply chains. Many
studies have been conducted to control the prevalence of epidemics.
He and Liu (2015) improved a model that took into account the spatial
interactions between epidemic regions. A modern emergency medical
logistics model for quick response to public health crises was proposed,
including the time-varying prediction of demand for medical relief

and relief distribution. Saif and Elhedhli [7] studied cold supply chain
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design and provided a mathematical model to represent its economic
and environmental effects. The problem was formulated as a concave
mixed-integer programming (MIP) problem to minimize the expected
cost of the supply chain such as capacity, transportation and inventory
holding costs.

The importance of using a cold supply chain in the distribution of
vaccine is critical [24]. It is essential for such items as vaccines to
understand and analyze each stage of the cold supply chain to provide
the most appropriate and safe cooling level. To prevent errors along
the chain, it is also critical to comprehend how all the facilities, tools,
equipment, and materials are related [27]. Among some of the vaccine
supply chain literatures, coordinating the worldwide interests of the
entire supply chain and the corporative (local interests of apart stake-
holders, such as distributors and clinics) is one of the main strategical
planning problems in vaccine supply chain management [28]. Büyük-
tahtakın et al. [29] introduced a new integrated epidemics-logistics
model to optimize logistics activities. The model takes into account
treatment capacity, migration, and spatial transmission rates, and its
projections closely match the real-world case and death data from the
2014–2015 Ebola outbreak. It may also be used to forecast and manage
other infectious illnesses. The aim of the model is to minimize the
total number of infections and casualties over a multi-period planning
horizon under a restricted budget. Yang et al. [17] addressed the plan
of WHO-EPI vaccine distribution in low and middle-income countries.
A MIP model was developed, and for solving very large problems, an
MPI-based algorithm was built. Numerical tests using data obtained
from many various countries in sub-Saharan Africa were performed to
study the efficiency of the algorithm. Duijzer et al. [25] planned the
critical step of distribute vaccines from the manufacture to the end-
users. when choosing where vaccine stocks should be kept, inventory
management decisions occur. There are logistical problems relating to
location, staffing levels, and the layout of fixed distribution points.

Many studies have been done to increase productivity, maintain
quality and reduce transportation time for temperature-sensitive prod-
ucts. Consumer preference for freshness is increasing in the cold supply
chain, which motivates investment in preservation technology to en-
hance the freshness of perishable products [30]. Turan and Ozturkoglu
[27] demonstrated that packaging, transportation and shipping, storage
specifications and handling practices, inventory management, technical
issues, and delivery delay are the elements primarily influencing the ef-
fectiveness of the sustainable cold supply chain. Goodarzian et al. [31]
Developed a new responsive-green-cold vaccine supply chain network
during the COVID-19 pandemic. Challenges in the COVID-19 pandemic
in the supply chain demonstrated the necessity of combination and
interactivity of resilience and sustainability [32]. Gilani and Sahebi
[33] presented a multi-level, multi-period COVID-19 vaccine distribu-
tion supply chain MILP model, which addresses internal and external
supplies to create a sustainable model. Qian et al. [34] developed an
improved food cold chain management system utilizing the internet
of things and blockchain technology to provide a novel solution to
improve traditional food cold chain management and thus solve the
issues connected to the COVID-19 pandemic.

Since vaccines are perishable products, they must distribute in
the cold supply chain [35]. Products such as drugs and vaccines are
too sensitive, require different temperature area. The article looked
at truck scheduling at a cold-chain cross-docking facility that deals
with two types of perishable goods. One of their contributions was
introducing cross-docking truck scheduling problem to the logistics of
cold chain. The transport and storage of two kinds of goods require
different inbound/outbound trucks and finite capacity storage areas,
and that is why they proposed a mixed-integer linear programming
model for handling such a problem to minimize total operational costs
of the goods in the cross-docking terminal. Georgiadis and Georgiadis
[36] Developed a novel mixed-integer linear programming model to
optimize daily vaccination plans in clinics.

Some items, such as medications and blood products, are prone

to deterioration and their rate of deterioration changes with time,
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which is notable. In fact by increasing the interval time in the network
between factory and customers, deterioration rate will also increase.
The degradation of such items puts significant expenses on cold supply
chain. Momeni and Bagheri [37] examined how wholesalers from
two separate supply chains collaborate with each other to utilize a
common warehouse and how it affects product degradation over time.
Furthermore, a novel method are given, and cooperative game theory
is employed to be involved in the some advantages of distributor
collaboration. The findings show that the recommended method is
effective in lowering costs and preventing supply chain degradation.

Global transport from suppliers and to markets around the world
results in higher prices and longer travel times, rendering global devel-
opment a major challenge in the management of logistics. The problem
is also the activities linked to international trade, such as providing
sufficient transport and storage, bringing goods through customs, sup-
plying them to foreign locations in a timely manner at a reasonable cost
[38]. Also, time is a critical issue in transporting vaccines, and they
should transport as soon as possible by faster facilities. On the other
hand, using transportation modes is too costly, so it might has adverse
impacts on the vaccine programs. Murphy and Farris [39] addressed
the time-based approach and its effect on the choice of transport to
decide how logistics managers need to change so as to resolve a time-
based business focus. Their research is significant because it extended
the stream’s perspective to include the company’s other functional areas
and concentrate on integrating carriers through improved information
technologies such as electronic data interchange (EDI). Murphy and
Farris found that timeliness and reliability should be included in models
used for transportation option and recommended that the problem
should be restructured so that all considerations are specified in terms
of cost, including timeliness and reliability.

In this paper, we used third-party logistics providers (3PLs) to
transport vaccines among users. ‘‘3PL’’ services refer to outsourcing a
company’s logistics operations to a specialized firm. In order to focus
their financial and human resources on the growth of their primary
business activities and to provide flexibility to combine services in
response to shifting business demands, many organizations are refusing
internal logistics divisions. ‘‘3PL’’ companies perform a wide range
of operations. Deliveries of commodities, storage, revenue, assembly,
loading, labeling, repackaging, and distribution are all handled by
them. Their task is to optimize the logistical procedures, where op-
erational expenses depend on several factors [40]. A 3PL can reduce
expenditures by optimizing resource usage and providing better service
quality for consumers owing to knowledge experts [41]. Heydari and
Bakhshi [42] considered an e-channel where an e-retailer has a small
in-house shipping fleet and can hire additional shipping services from a
3PL to deal with demand volatility as they addressed freight shipment
fulfillment policies. Moreover, a multi-objective multi-echelon supply–
distribution model was suggested to optimize interactions of entities
located using a 3PL-managed supply–demand hub in the industrial
cluster [43].

In the literature, the notion of equity is usually split into two cate-
gories: horizontal and vertical equity. Horizontal equity is characterized
as ‘‘equal treatment of equals’’, implying that every individual or group
of persons in need has equal access to the same resources with the
objective of satisfying that need. Vertical equity, on the contrary, is
described as ‘‘the unequal, but equitable, treatment of unequal’’. The
emphasis in this form of equity is on giving an amount of resources
commensurate to need [44]. Vertical equity may be implemented using
an objective function that includes an evaluation of the overall well-
being, such as ‘‘deprivation costs’’ [3] However, the exact definition
of equity is challenging, equitable supply chain of critical resources in
crisis situation is serious. Enayati and Özaltın [45] optimized vaccine
distribution in a population composed of subgroups. They used a
compartmental model for influenza transmission, and devised a math-
ematical program to reduce the amount of vaccine doses distributed
to effectively extinguish an epidemic in its initial phase. In this way,
4

when deciding on vaccine delivery, they suggest an equity limitation
that helps to understand fairness. Moreover, they proposed an exact
solution approach that returns a vaccine distribution strategy with the
quality assurance of solutions. In fact, there is no universal definition
for measuring fairness in the distribution of vital items [46]. Tavana
et al. [47] presented a mixed-integer linear programming model to
distribute equitable COVID-19 vaccines in developing countries. Manu-
pati et al. [48] designed a mixed-integer linear programming model
for locating and allocating cold storage facilities for bulk vaccine pro-
duction, considering equitable distribution, storage and transportation
requirements.

In fact, vaccine distribution chain considering equity concept and
other affecting cost terms simultaneously has not been studied in the
literature in the COVID-19 pandemic situation so far.

The growing inequality in resource distribution has drew attention
in Europe, upon the idea and exact definition of ‘deprivation’ [49].
Holguín-Veras et al. [3] described deprivation costs as the economic
assessment of human suffering related to a lack of access to a ser-
vice/product. Identifying the features that deprivation cost functions
should have, addressing the conceptual and economic dimensions of de-
privation cost estimation are among the main purposes of this research.
Holguín-Veras et al. [50] assessed a procedure for deprivation cost
functions to apply it econometrically so as to gain a deprivation cost
functions for drinkable water. Their goal is to plan and test a process
encompassing experimental pattern, data collection, and econometric
modeling to compute deprivation cost functions for crucial supplies and
services. It has been shown that deprivation costs have a non-linear
relation with deprivation times. Cantillo et al. [20] used discrete choice
model to estimate deprivation costs because of the time waiting for
basic supplies.

Humanitarian aid in disasters is essential to preserving lives and
reducing human suffering [57]. Changes in the wellbeing of persons
impacted by catastrophes are assessed as discrete choices. Their models
take into account the impact of a person’s socioeconomic traits as well
as random influences on discrete choice. The results of this research
are practical for estimating the social costs of humanitarian relief
operations. From the author’s viewpoint, one of the main goals of
humanitarian logistics is to assurance the timely supply of supplies to
people affected by disasters throughout the response process.

Recently, by introducing the concept of deprivation cost, some ad-
vances have been made in the mathematical modeling of humanitarian
operations [51,56]. In order to minimize the social costs, which include
deprivation costs and the cost of procurement and planning, [51] move
towards a global optimal model for optimizing humanitarian logistics.
In this regard, providing an optimal plan for the distribution of the
COVID-19 vaccine among countries, is a very important research gap
which has been covered in this research. In planning for disasters
[52] suggested a facility location model for prepositioning supplies.
Their model specifically considers the deprivation costs and minimizes
the social costs, as the sum of deprivation costs and private costs
through actual knowledge. As an example of various main methods,
several papers discussed about different optimization approaches and
mathematical models. The adopted approaches include MIP [29,58,59],
bi-criteria integer linear programming [60], linear programming [61],
case study and simulation [62,63], generalized Benders’ decomposi-
tion [64], heuristics based on Benders’ decomposition or Lagrangian
relaxation [65,66].

In this regard, epidemic outbreaks have a particular effect on supply
chain distribution. The rapid spread of these diseases, including MERS,
SARS, Swine flu, Ebola, and the last one, coronavirus, have many effects
on supply chain components such as supply and demand, population,
and distribution infrastructure [26].

Table 1 provides a comparative literature analysis by organizing
the related studies on the vaccine supply chain according to their key
characteristics, which helps to further define the research gap and the

contributions of this study. As already mentioned in previous section,
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Table 1
Summary of the literature related to vaccine supply chain.

Author/year Cold supply
chain

Typo of
Mathematical Model

Single/multi
Objective

Transportation
Mode

Equity Deprivation
cost

Case study

Holguín-Veras et al. [3] NLP S ✔ ✔

Hovav and Tsadikovich [28] ✔ MIP S ✔

Saif and Elhedhli [7] ✔ MIP S ✔

Gutjahr and Fischer [51] NLP S ✔ ✔ ✔

Cotes and Cantillo [52] MIP S ✔ ✔

Larimi and Yaghoubi [53] MIP M ✔

Lin et al. [24] ✔ – S ✔ ✔

Enayati and Özaltın [45] ✔ MIP S ✔

Zheng et al. [35] ✔ MIP S
Al Theeb et al. [54] ✔ MIP S ✔

Yang et al. [17] ✔ MIP S ✔

Sazvar et al. [55] MIP M ✔ ✔ ✔

Malmir and Zobel [56] MIP S ✔ ✔ ✔ ✔

Goodarzian et al. [31] ✔ MINLP M ✔ ✔

Gilani and Sahebi [33] ✔ MILP M ✔ ✔

Sun et al. [57] MIP M ✔ ✔

Vali-Siar and Roghanian [32] MILP M ✔

Current research ✔ MIP S ✔ ✔ ✔ ✔
to the best of the authors’ knowledge, one of the most important and
recent introduced social cost terms (i.e., equity), for the first time,
within a humanitarian cold supply chain in the COVID-19 pandemic
in Europe is studied in this research, considering cold chain consider-
ations, budget limitations, and real data, at the same time, to provide
an optimal plan for the vaccine distribution chain of the COVID-19 in
Europe. The lack of these items in the literature is a serious research gap
which has been covered in this research. Also, considering deprivation
and equity is carried out to minimize human suffering and fatalities in
the COVID-19 crisis

3. Problem statement

In this study, a mathematical model is developed to minimize the
overall cost of a vaccine supply chain, involving different cost terms
that pay special attention to social costs to reduce human mortality and
suffering of infected people. Furthermore, the distribution of vaccines
in pandemic and critical conditions, such as what we see in the crisis
of COVID-19, requires speed and accuracy in distribution, deprivation,
and equitable distribution. In this study, special attention has been paid
to the last two issues. In fact, we do not mean equity in the sense
of equal distribution and an equal amount to the points of demand,
but equity distribution to one proportion of the affected region (AR).
That is two points of demand benefit equally from the distribution of
the vaccine. In the meantime, point A may have more population than
point B, but taking the equity limitations into account, these two points
should be vaccinated in the almost same proportion within a given
tolerance. To ensure the rapid distribution of the vaccine in the chain,
we use the concept of deprivation cost, which is time-dependent, and
is calculated from the period of ordering the point of demand to the
delivery of these items to it.

Distribution is not feasible for a variety of reasons (as one can see
in the real world), and usually, the demand of an AR is divided into
several parts and satisfied in different periods. These reasons include
limited production capacity, limited storage capacity of distributors,
restricted machine capacity, etc., existing perishable items, requiring
special maintenance equipment. Therefore, it is not possible to store
high volume of products for a long time.

As mentioned earlier, the items considered, i.e., vaccines, are per-
ishable. However, due to the special conditions in the COVID-19 pan-
demic, special care is taken in its consumption, maintenance, and
distribution. So far, there has been no specific report of spoilage of a
significant amount of vaccines in the world. On the other hand, since
the need of whole world exceeds from the production rate of vaccine
manufacturers in upcoming months and even years, and this means
that no item will be deteriorated due to storage in the warehouse, the
5

deterioration cost has not been considered in this research, accordingly.
In the vaccine chain problem considered in this research, there are
some entities, including suppliers, distributors, and ARs, which play
a significant role in the cold supply chain. Also, only a single item
as a vaccine is considered, however, there are some different COVID-
19 vaccines, approved by WHO. In this paper, an effort is made that
the manufacturers distribute the vaccines in an equal manner to the
possible extent using equity concept.

3.1. Sets

I-index for suppliers (𝑖 = 1, 2,… ., 𝐼);
J-index for distributors (𝑗 = 1, 2,… , 𝐽 );
K-index for affected regions (𝑘 = 1, 2,… , 𝐾);
V-index for refrigerated trucks type ‘‘v’’ (𝑣 = 1, 2,… , 𝑉 );
V’ -index for refrigerated trucks type ‘‘v′’’

(

𝑛 = 1, 2,… , 𝑉 ′);
T-index for period (𝑡 = 1, 2,… , 𝑇 );
Fig. 1 illustrates a generic depiction of the interaction between

different entities in the considered vaccine supply chain. It is assumed
that local governments manage each AR, and vaccines are generally
transported from suppliers to distributors, which are managed by 3PLs,
and then, to the ARs. Moreover, refrigerated trucks that transport
vaccines from suppliers to distributors are different from those refriger-
ated trucks transporting vaccines from distributors to affected regions
(transportation mode is allowed). Because distributors are 3PLs, they
might have different infrastructure. Each region may receive different
amounts of dissimilar types of vaccines according to their demands. The
proposed model describes how to distribute various vaccines from sup-
pliers to distributors and then parcel out different vaccines to several
ARs. In each part, a specific truck is utilized to preserve vaccines in
cold space.

3.2. Assumptions

1. There are different type of refrigerated trucks, each of which can
ship different amount of vaccines to the distributors and ARs
(transportation mode is allowed).

2. There is no bound on the number of refrigerated trucks and all
available routes are accessible.

3. The production capacity of each supplier is restricted.
4. Because of the crisis and excess global demand, shortage is not

allowed.
5. Each distributor can serve more than one AR.
6. Suppliers can serve each distributor; moreover, they can serve

ARs directly.
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7. There is multi type of vaccines, each of which is approved by
WHO.

8. Each suppliers can produce one type of vaccine.
9. No lead time is considered.

10. In each period, the demand of AR is independent and prear-
ranged.

11. The distributors are each managed by a 3PL.

.3. Parameters

𝐷𝑡
𝑘 = Demand of kth AR in period t.

𝐶𝑣
𝑖𝑗 = cold transportation cost per unit of vaccine by refrigerated truck

from supplier i to distributor j.
𝐶𝑣′
𝑗𝑘 = cold transportation cost per unit of vaccine by refrigerated truck

v’ from distributor j to kth AR.
𝐶𝑣
𝑖𝑘 = cold transportation cost per unit of vaccine by refrigerated truck

v from supplier i to kth AR.
𝐶𝑣 = fixed cost of utilizingrefrigerated truck v.
𝐶𝑣′ = fixed cost of utilizing refrigerated truck v’.
𝐻𝑗 = Average Inventory cost of vaccines.
𝑃𝑘 = Penalty cost of unmet demand of kth AR.
𝑀 = A large custom number.
𝑃𝐶𝑖 = Maximum production capacity of supplier i.
𝑆𝑗 = Maximum storage capacity of distributor j.
𝛼 = Consumption coefficient of each vehicle’s storage capacity to

transport each box of vaccine.
𝐶𝐴𝑃𝑣 = Capacity of vehicle type v for transferring boxes of vaccine

from supplier to distributor and AR.
𝐶𝐴𝑃𝑣′ = Capacity of vehicle type v’ for transferring boxes of vaccine

from supplier to AR.

3.4. Variables

𝑖𝑗𝑣𝑡 = Amount of vaccines transported by vehicle v from supplier i to
distributor j in period t.

𝑥𝑣′𝑡𝑗𝑘 = Amount of vaccines that are transported by vehicle v’ from
distributor j to kth AR in period t.

𝑥𝑣𝑡𝑖𝑘 = Amount of vaccines transported directly by vehicle v from supplier
i to kth AR in period t.

𝑦𝑡𝑣 = 1; if vehicle v delivers vaccine from supplier i to distributor j in
period t ;0, otherwise.

𝑦𝑡′𝑣 = 1; if vehicle v delivers vaccine from supplier i to kth AR in period
t ;0otherwise.

𝑦′′𝑡𝑣′ = 1; if vehicle v’ delivers vaccine from distributor j to kth AR in
period t ;0, otherwise.
6

𝑧𝑡𝑘 = 1; if the 𝑘th AR is supplied in period t ;0, otherwise.
𝑅𝑡
𝑘 = Unmet demand at kth AR in period t.

𝐼𝑛𝑣𝑡𝑗 = Average Inventory level of vaccines in distributor j in period t.
𝑁𝑢𝑚𝑣𝑡

𝑖 = Number of vehicle type v transports vaccine from supplier i in
ime period t.

𝑁𝑢𝑚𝑣′𝑡
𝑗 = Number of vehicle type v’ transports vaccine from distributor

in time period t.

.5. Objective function

The following is the mathematical expression of the economic fac-
or:

𝒊𝒏 𝒁 =
∑

𝒊,𝒋,𝒗,𝒕
𝑪𝒗

𝒊𝒋𝒙
𝒗𝒕
𝒊𝒋 +

∑

𝒋,𝒌,𝒗′ ,𝒕
𝑪𝒗′

𝒋𝒌𝒙
𝒗′𝒕
𝒋𝒌 +

∑

𝒊,𝒌,𝒗′ ,𝒕
𝑪𝒗

𝒊𝒌𝒙
𝒗𝒕
𝒊𝒌

+
∑

𝒗,𝒕
𝑪𝒗𝒚𝒗𝒕𝒊𝒋 +

∑

𝒗,𝒕
𝑪𝒗𝒚′

𝒗𝒕
𝒊𝒌 +

∑

𝒗′ ,𝒕
𝑪𝒏𝒚′′

𝒗′𝒕
𝒋𝒌 +

∑

𝒌,𝒕
𝑷 𝒌𝑹𝒕

𝒌 +
∑

𝒋,𝒕
𝑯𝑰𝒏𝒗𝒕𝒋

+ 𝒅𝒆𝒑𝒓𝒊𝒗𝒂𝒕𝒊𝒐𝒏 𝒄𝒐𝒔𝒕 (1)

𝐞𝐩𝐫𝐢𝐯𝐚𝐭𝐢𝐨𝐧 𝐜𝐨𝐬𝐭 =
∑

𝐭
𝐫 (𝐭)

[

∑

𝐤
𝐃𝐭
𝐤
(

𝟏 − 𝐳𝐭𝐤
)

+
∑

𝐤

(

𝐳𝐭𝐤(𝐃
𝐭
𝐤 − (

∑

𝐢,𝐯
𝐱𝐯𝐭𝐢𝐤 +

∑

𝐣,𝐯′
𝐱𝐯′𝐭𝐣𝐤 ))

)]

(1a)

The proposed objective function, Eq. (1), includes nine terms that
should be minimized: total cold transportation costs in the considered
network, the cost of utilizing transportation mode, penalty cost of
unmet demand, inventory holding cost, and deprivation cost.

Eq. (1)a calculates the cost of deprivation. In fact, this term tries
to fairly distribute the vaccines among ARs to the possible extent. The
cost of deprivation is a quantitative assessment of the extent of human
harm due to lack of access to crucial items, such as vaccines, in a
critical situation, considered as a function of time. The deprivation cost
function in a vaccine supply chain is defined in terms of time and can
play a decisive role in the objective function. In fact, deprivation cost
can be estimated as a function of time required for the ARs to access
the vaccine in the distribution network in the form of the function,
r(t). It is worth mentioning that 𝑟 (𝑡) = 3𝑡 in this research according
to [56]. It is obvious that the cost of deprivation for some shipments
could be computed as ∑

𝑡 𝑟 (𝑡), where this function is a particular form
f a quadratic function 𝑔(𝑡) = 0.4𝑡2 [51]. When the need of the ARs is
ufficiently met, this value reaches zero and is recalculated until the
ext need is met and naturally increases linearly.
The constrains of this model are as follows:
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Subject to
∑

𝒊,𝒗
𝒙𝒗𝒕𝒊𝒋 ≥

∑

𝒌,𝒗′
𝒙𝒗′𝒕𝒋𝒌 ∀𝒋, 𝒕 (2)

Constraint (2) ensures that in each period, the amount of vaccines
delivered from the distributor j to the kth AR should be at most equal
to the amount of vaccines sent from the supplier i to distributor j.

𝒊,𝒗
𝒙𝒗𝒕𝒊𝒋 + 𝑰𝒏𝒗𝒕−𝟏𝒋 =

∑

𝒌,𝒗′
𝒙𝒗′𝒕𝒋𝒌 + 𝑰𝒏𝒗𝒕𝒋 ∀𝒋, 𝒕 (3)

q. (3) instates the balance inventory in each period.

𝒕
𝒌 −

{

∑

𝒋,𝒗′
𝒙𝒗′𝒕𝒋𝒌 +

∑

𝒊,𝒗
𝒙𝒗𝒕𝒊𝒌

}

= 𝑹𝒕
𝒌 ∀𝒕,𝒌 (4)

q. (4) calculates the amount of shortage belonging to the kth AR in
ach period.

𝒊,𝒗
𝒙𝒗𝒕𝒊𝒋 + 𝑰𝒏𝒗𝒕−𝟏𝒋 ≤ 𝑺𝒋 ∀𝒋, 𝒕 (5)

onstraint (5) shows the storage capacity of each distributor in each
eriod.
∑

𝒊,𝒋
𝒙𝒗𝒕𝒊𝒋 ≤ 𝑴𝒚𝒕𝒗 ∀𝒗, 𝒕 (6)

∑

𝒊,𝒌
𝒙𝒗𝒕𝒊𝒌 ≤ 𝑴𝒚′𝒕𝒗 ∀𝒗, 𝒕 (7)

∑

𝒋,𝒌
𝒙𝒗′𝒕𝒋𝒌 ≤ 𝑴𝒚′′𝒕𝒗′ ∀𝒗′, 𝒕 (8)

Eqs. (6)–(8) guarantee that if a truck is used to transport vaccines to
given destination, some amounts of products may be carried to that

estination; otherwise, no vaccine will be delivered.
∑

,𝒋,𝒗
𝒙𝒗𝒕𝒊𝒋 +

∑

𝒊,𝒌,𝒗
𝒙𝒗𝒕𝒊𝒌 ≤ 𝑷𝑪 𝒊 ∀𝒕 (9)

onstraint (9) ensures that the amount of vaccines, which transported
o distributors or directly to ARs, does not violate the production
apacity of supplier i.

𝒊,𝒗
𝒙𝒗𝒕𝒊𝒌 +

∑

𝒋,𝒗′
𝒙𝒗′𝒕𝒋𝒌 ≤ 𝑴𝒛𝒕𝒌 ∀𝒌.𝒕 (10)

he minimal rate of demand should be met, so Eq. (10) represents the
elative justice of delivering vaccines to particular ARs.

𝒕
𝒌 +𝑹𝒕−𝟏

𝒌 =

{

∑

𝒋,𝒗′
𝒙𝒗′𝒕𝒋𝒌 +

∑

𝒊,𝒗
𝒙𝒗𝒕𝒊𝒌

}

+𝑹𝒕
𝒌 ∀𝒕,𝒌 (11)

ecause the whole amount of vaccines requested by all ARs may not
e supplied in any of the periods, the unmet demand is backlogged.
q. (11) establishes a balance in vaccine inventory levels taking such
acklog into account, so that the demand in each period plus the
ackordered amount from the previous period should be equal to the
otal amount of sent vaccines to ARs plus those quantities which will
e backordered in that period.

∑

𝒋,𝒗′
𝒙𝒗′𝑻𝒋𝒌 +

∑

𝒊,𝒗
𝒙𝒗𝑻𝒊𝒌

}

= 𝑫𝑻
𝒌 +𝑹𝑻

𝒌 ∀𝒌 (12)

q. (12) ensures that in the last period all backordered amount of
accines must be satisfied.

.

[

∑

𝒊,𝒋,𝒕
𝒙𝒗𝒕𝒊𝒋 +

∑

𝒊,𝒌,𝒕
𝒙𝒗𝒕𝒊𝒌

]

≤
∑

𝒊,𝒕
𝑵𝒖𝒎𝒗𝒕

𝒊 .𝑪𝒂𝒑𝒗 ∀𝒗 (13)

.

[

∑

𝒋,𝒌,𝒕
𝒙𝒗′𝒕𝒋𝒌

]

≤
∑

𝒋,𝒕
𝑵𝒖𝒎𝒗′𝒕

𝒋 .𝑪𝒂𝒑𝒗′ ∀𝒗′ (14)

Constraint (13) determines how much vaccines are delivered alto-
ether from a supplier to a distributor and/or AR in each period by

hat type of refrigerated trucks. Similarly, constraint (14) specifies how

7

Table 2
The needed parameter values of case study.

Parameter Value

𝛼 6 cubic foot
𝑃𝐶 𝑖 Uniform (50000,60000)
𝑆𝑗 Uniform (5000,6000)
𝐶𝑣 Uniform (100,110)
𝐶𝑣′ Uniform (50,60)
𝐻𝑗 Uniform (0.7,1.3)
𝑃𝑘 Uniform (30,35)
𝐶𝐴𝑃 𝑣 Uniform (350,360)
𝐶𝐴𝑃 𝑣′ Uniform (320,350)

much vaccines are directly delivered from a distributor to a AR in each
period by what type of refrigerated trucks.

|

|

|

|

|

|

|

(

∑

𝒊,𝒗 𝒙𝒗𝒕𝒊𝒌 +
∑

𝒋,𝒗′ 𝒙𝒗
′𝒕

𝒋𝒌

)

𝑫𝒕
𝒌

−

(

∑

𝒊,𝒗 𝒙𝒗𝒕𝒊𝒌′ +
∑

𝒋,𝒗′ 𝒙𝒗
′𝒕

𝒋𝒌′

)

𝑫𝒕
𝒌′

|

|

|

|

|

|

|

≤ 𝝀 ∀𝒌,𝒌′, 𝒕

(15)

The equity concept is applied through constraint (15) as horizontal
equity, which could be extended to humanitarian issues, ensuring that
a certain amount of vaccine is delivered to each AR in COVID-19
outbreak [56]. As already pointed out, equity constraints set ensure
equitable distribution. By applying the equity constraint, one can make
sure that the difference in satisfying different AR’s demands should be
less or equal than a predetermined threshold, 𝜆 [56].

𝒙𝒗𝒕𝒊𝒋 ,𝒙
𝒗′𝒕
𝒋𝒌 ,𝒙

𝒗𝒕
𝒊𝒌,𝑹

𝒕
𝒌, 𝑰𝒏𝒗

𝒕
𝒋 ,𝑵𝒖𝒎𝒗𝒕

𝒊 ,𝑵𝒖𝒎𝒗′𝒕
𝒋 𝝐N ∀𝒊, 𝒋,𝒌, 𝒗, 𝒗′, 𝒕 (16)

𝒚𝒕𝒗, 𝒚
′𝒕
𝒗, 𝒛

𝒕
𝒌𝝐 {𝟎, 𝟏}

4. Experimental results and sensitivity analysis

All sample problems are coded in GAMS 24.1.2 and solved by the
OLOG CPLEX on a PC with a 2.6 GHz Intel® Core ™ i7-4720HQ CPU
processor and 8 GB RAM memory.

4.1. Data and case study

Since we are focusing on the COVID-19 case, we have considered
the actual data on vaccine distribution in Europe. Data includes the cost
parameters of transportation between target points and the production
amount of vaccine factories. Accordingly, this model can adapt to
different data and scales applicable in critical situations, such as pan-
demics and/or epidemics for sending essential items or conditions such
as floods and earthquakes. It also can be used in different geographical
locations.

As mentioned, the used data in this research encompass parts of
Europe, where some pharmaceutical factories are currently producing
vaccine, such as Pfizer, Moderna, AstraZeneca, and J&J, respectively
are made in Germany, Switzerland, the United Kingdom, and Nether-
lands. The number of ARs in the Europe considered in this research
are 10. The production capacity of the producers/factories (based on
their capacity and the needs of ARs) can be seen in Table 3. The
capacity of the distributors, working as a hub and are located near
the pharmaceutical companies, are shown in Table 2, as well. These
distributors gather vaccines from all pharmaceutical companies, and
then forward it to the ARs. The rest of other parameters are shown
in Table 2.

The refrigerated trucks considered in this research have 40 ft 3-
refrigerated containers. Each period includes fifteen days, because of
the critical and sensitive situation, and the total time is 6 periods,
which equals 90 days. The population of the target countries is shown
in Table 4, which is measured according to the number of used vaccine
doses.
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Table 3
The positions of suppliers and distributors.

Pharmaceutical companies Suppliers Distributors

AstraZeneca United kingdom United kingdom
Pfizer Germany Germany
Johnson and Johnson Netherland Netherland
Moderna Switzerland Switzerland

Table 4
The positions of ARs and vaccine demands.

ARs Population
(million)

Demand
(million doses)

Demand
(boxes)

United kingdom 66.65 133.3 27344
Germany 83.02 166.04 34060
Netherland 17.28 34.56 7090
Switzerland 8.545 17.09 3506
Sweden 10.23 20.46 4197
Italy 60.36 120.72 24764
Spain 46.94 93.88 19258
Greece 10.72 21.44 4398
Poland 17.28 34.56 7090
Austria 8.859 17.718 3635

Though, it is assumed that all vaccines are double-dose, the Johnson
nd Johnson vaccine is a single dose. It should be pointed out that
accines are preserved in the special boxes holding up to 4875 doses
f vaccine, where the weight of shipping box is 80 pounds ([67], n.d.).
he positions of the suppliers and distributors as well as ARs are listed

n Tables 3 and 4, respectively.
One of the most critical parts of the cost is shipping cost, which is

hown in the proposed model as follows:
∑

.𝒋.𝒗.𝒕
𝑪𝒗

𝒊𝒋𝒙
𝒗𝒕
𝒊𝒋 +

∑

𝒋.𝒌.𝒗′ .𝒕
𝑪𝒗′

𝒋𝒌𝒙
𝒗′𝒕
𝒋𝒌 +

∑

𝒊.𝒌.𝒗′ .𝒕
𝑪𝒗

𝒊𝒌𝒙
𝒗𝒕
𝒊𝒌 (17)

The cost of transporting vaccine from the origin (i.e., suppliers) to
the distributors or the ARs and also from the distributors to the ARs
is calculated based on the distance between two points multiplied by
the cold transportation cost per unit distance multiplied by the cost of
transporting each vaccine box. This calculation is computed based on
the weight of shipping boxes multiplied by cold transportation cost per
unit weight. So, we have Eqs. (18) and (19), as follows

𝐂 = 𝐝𝐢𝐬𝐭𝐚𝐧𝐜𝐞 𝐩𝐞𝐫 𝐤𝐦 × 𝐜𝐨𝐥𝐝 𝐭𝐫𝐚𝐧𝐬𝐩𝐨𝐫𝐭𝐚𝐭𝐢𝐨𝐧 𝐜𝐨𝐬𝐭 𝐩𝐞𝐫 𝐤𝐦

× 𝐜𝐨𝐥𝐝 𝐭𝐫𝐚𝐧𝐬𝐩𝐨𝐫𝐭𝐚𝐭𝐢𝐨𝐧 𝐜𝐨𝐬𝐭 𝐩𝐞𝐫 𝐛𝐨𝐱 (18)
𝐓𝐫𝐚𝐧𝐬𝐩𝐨𝐫𝐭𝐚𝐭𝐢𝐨𝐧 𝐜𝐨𝐬𝐭 𝐩𝐞𝐫 𝐛𝐨𝐱

= 𝐬𝐡𝐢𝐩𝐩𝐢𝐧𝐠 𝐛𝐨𝐱 𝐰𝐞𝐢𝐠𝐡𝐭 × 𝐜𝐨𝐥𝐝 𝐭𝐫𝐚𝐧𝐬𝐩𝐨𝐫𝐭𝐚𝐭𝐢𝐨𝐧 𝐜𝐨𝐬𝐭 𝐩𝐞𝐫 𝐩𝐨𝐧𝐝 (19)

.2. Illustrative study

The implementation results of the model in the basic state are
resented in this section, and the information provided in the previous
ection is described. Then, different scenarios are analyzed by changing
he values of the period, production capacity, and demand.

The study scope of this research focuses on the part of Europe in
uch a way that while covering a significant population of this conti-
ent, it covers vast and decentralized areas. In this way, by examining
large population in an extensive range, it will have the ability to be

mplemented in models with different sizes and populations.
As the COVID-19 disease is a pandemic, it would be very useful to

tudy continental Europe as a case study with several countries with
ifferent populations. Also, the presence of different vaccine production
actories in this area creates the conditions for a comprehensive study
rom the supplier to the consumer. Some regions of the world are
eprived of vaccine production factories, or at least a small number
f producers are in those regions. On the other hand, there may be
ewer countries with a smaller population in a geographical region,
hile there are none of these negative points in the European region.
8

Table 5
The primary results.

Total cost 2,221,811,425 e

Deprivation cost 109,668 e

Penalty cost of unmet demand 3,240,893 e

Inventory holding cost 0 e

This study uses real data in such a way that the population of the
countries as those in need of the COVID-19 vaccine and the target
population, or the distance between the centers of the countries as the
distance between the suppliers, distributors, and consumers is specified.

Fig. 2 depicts an information gathering mode of the model im-
plementation for the sixth period (𝑇 = 6), in which four types of
approved vaccines are sent from four sources to the target points. In
fact, vaccines, directly or indirectly (through an intermediary point)
reach 10 ARs through four distribution centers. Each supplier produces
only one type of vaccine and it is assembled at distributors and shipped
to ARs. There are two types of refrigerated trucks for carrying vac-
cines, i.e., transportation mode is considered. The suppliers possess 8
available type ‘‘v’’ refrigerated trucks, while 20 number of this type are
available for distributors. In addition, these refrigerated trucks use 40-
foot refrigerated containers to carry the vaccine. Based on the optimum
output presented in Table 5, the model has used all refrigerated trucks
to send vaccines directly and/or indirectly.

As one can observe, the cost of deprivation is only 0.005% of
the total cost. Although this amount is negligible compared to the
total cost of distribution of 659,768 million doses of vaccine, it has a
remarkable effect on the fair distribution of the vaccine. In fact, supply
chain managers, such as local governments or global organizations
(e.g. WHO), should pay special attention to this concept; since by
spending a relatively small cost, a considerable part of one of the main
goals, i.e., fair distribution, is achieved.

4.3. Comparative results

In this subsection, different scenarios are examined, and analyzed
by changing the values of the parameters. This comparison helps us to
anticipate different situations in a pandemic and get ready for action.

Table 6 reports the exact results of the various components of
the objective function that have changed in each scenario. According
to these results, the total cost in the first scenario has decreased by
increasing the time; however, in contrast, the shortage and deprivation
costs have increased significantly. It is clear that this increase has
occurred, due to the increase in demand response time. Thus, increasing
the response period to the demand increases the cost of deprivation,
which encourages the model to respond quickly to these needs.

On the other hand, with the reduction in the number of periods
in the second scenario, one can observe an increase in the total cost
due to the shorter time horizon of the program from 6 periods to 3
periods (total supply in 45 days). Furthermore, in this case, the costs of
deprivation and shortage have dramatically decreased. Naturally, as the
time between ordering the vaccines and accessing to them decreases,
the cost of deprivation also decreases. These results are shown in Figs. 3
and 4.

In the third scenario, with a 10% increase in production capacity, a
slight change is occurred in the costs, which indicates an insignificant
decrease in the amount of total cost and increase in the deprivation cost
Table 6. On the other hand, with the rise in vaccine demand by 50%
in the fourth scenario, shown in Table 6, one can perceive a significant
increase in the total costs and others. Though such cost increase sounds
to be natural, but given the current demand in Europe, which has more
than doubled its real demand for vaccines (Safe COVID-19 Vaccines
for Europeans | European Commission, n.d.), it is expected that this
amount of demand in the current pandemic situation will not only

disrupt the vaccine supply chain but also incurs the high costs to the
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Fig. 2. The location of suppliers, distributors and ARs.
Fig. 3. Fluctuations of total cost by changing the problem size and period.
Table 6
The results of different scenarios.

Scenarios Different parameters Total cost Deprivation cost Penalty cost of unmet demand

Scenario #1 t = 10 e 2,102,025,288 e 538,493 e 3,017,629
Scenario #2 t = 3 e 2,523,858,043 e 13,801 e 2,629,273
Scenario #3 PC = (55000,65000) e 2,221,811,407 e 109,675 e 3,240,881
Scenario #4 D*1.5 e 4,016,280,673 e 173,290 e 3,620,366
9
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Fig. 4. Fluctuations of deprivation cost by changing the problem size and period.
Table 7
The result of changing by the value of 𝜆.

l Total cost Deprivation cost

0.1 e 2,267,924,137 e 83,796
0.3 e 2,221,811,425 e 109,668
0.7 e 2,154,778,408 e 111,219

governments. As mentioned earlier, one of the goals of this research is
to reduce the total cost of the considered supply chain, due to the lack
of governmental budget, specifically after several months of dealing
with COVID-19 disease, since according to the existing world condition,
no one knows how long does it take.

4.4. Sensitivity analysis

A sensitivity analysis on the total cost as well as the deprivation
cost is carried out in this part to offer a better understanding about the
acquired results, which could be seen in Table 7 by changing the value
of 𝜆.

As can be seen in Fig. 5, by applying strict conditions to the model,
hich means that pay more attention to the equity constraint by
ecreasing the value of 𝜆, the total cost amount increases by 2.07%,
nd the deprivation cost decreases by 23.59%.

Since more attention has been paid to the equity issue in vaccine
istribution in the proposed supply chain, the speed of satisfying the
Rs’ need increases, and therefore the deprivation cost decreases. To
each such a purpose, the cost of other sectors of the model increase.
s a result, the total cost increases. As, one can observe in Fig. 6, when

he equity is neglected, which equivalently means that 𝜆 increases, the
odel pays less attention to the equity and the total cost decreases by
.01%, however, the deprivation cost increases by 1.41% (because less
ttention is paid to equitable distribution). This totally increases the
ost of deprivation in the supply chain.

In this paper, we use equity as a constraint that definitely has
ffect on total cost and deprivation cost. To show the effect of this
onstraint on the whole model, the model without the constraint of
quity is examined and analyzed. In this case, the model is run with
rimary data and without any restrictions on equity. As can be seen in
able 8, the total cost as well as the deprivation cost have been reduced.
hough, minimizing the total cost, including vaccine distribution is
ne of the main goals, fair vaccine coverage in pandemic conditions
s a lofty goal to reduce the rate of infection and mortality, and

revent additional costs in the future. Fig. 7 demonstrates that ignoring

10
Table 8
The result of with/without the equity constraint.

Total cost Deprivation cost

e 2,221,811,425 e 109,668
e 2,109,483,829 e 28,731

such important constraint reduces total cost by only 5.05%, which is
not significant compared to the huge amount of upcoming imposed
expenditures to the system; accordingly, the healthcare managers are
strongly recommended to apply this limitation.

On the other hand, Fig. 8 shows a 73.8% reduction in the depri-
vation cost reflecting the considerable impact of equity constraint on
this part of costs. It is obvious that the two concepts of equity and
deprivation are interdependent, where the deprivation cost without the
equity constraint will not have a remarkable impact on the vaccine
supply chain.

According to information provided by OXFAM Foundation, vaccine
doses delivered to the United States, European Union, and the United
Kingdom in the six weeks ending December 24, 2021, were more than
the total vaccine doses delivered to African countries since the begin-
ning of 2021. The detailed statistics of this international organization
show that between November 11 and December 21, 2021, the Euro-
pean Union, the United Kingdom, and the United States received 513
million vaccines. On the other hand, African countries received only
500 million doses of vaccines in the whole of 2021 ([68], n.d.). These
terrible statistics show the wrong behavior of health care systems,
lack of attention to humanitarian logistics, and equity distribution of
vaccines.

4.5. Managerial insights

The used data and obtained results and conducted analyses demon-
strate some significant and practical managerial insights. Providing an
appropriate and high-quality decision support tool for government and
health managers would be very useful which is carried out in this part.
Thus, they can deal with potential barriers and make the best possible
decisions/reactions in such circumstances and crises.

Since human life is more important than other cost terms in the
vaccine distribution chain and generally in humanitarian supply chains.
Therefore, an appropriate plan is the one in which social costs, includ-
ing deprivation cost and mortality rate, are reduced to the possible

extent, while the other cost terms, may be increased, such as logistics
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Fig. 5. Changing the total cost by changing the value of 𝜆.
Fig. 6. Changing the deprivation cost by changing the value of 𝜆.
costs, due to frequent dispatching refrigerated trucks to supply the
vaccine for the ARs.

In the fourth scenario, by 50% increase in demand, a significant
increase is observed in total costs, however, the deprivation cost in-
creased less. This signifies that the growth rate of deprivation costs
is much lower than the growth rate of total costs in confronting with
demand increase. Accordingly, as an important insight, managers need
to focus on fast maximum coverage. According to the obtained results,
as the equity constraint is neglected, so does the total cost, while the
deprivation cost increases. On the other hand, as the monitoring over
equal vaccine distribution reduces, the total cost decreases, while the
deprivation cost increases. So, it could be crucial for governments and
managers to take the COVID-19 conditions into account, legislate some
rules to make sure about effectively equity implementation. In this
regard, the proposed planning in this research could be very helpful
for establishing equity in the vaccine distribution throughout the world

under the COVAX program, through fairly distributing the vaccine

11
among the countries with fairness and without considering the regional
superiority, nationality, racism, etc.

5. Conclusions, limitations and future research

The heavy burden and costs of COVID-19 pandemic on health
organizations and governments is indescribable. This crisis has caused
the illness of hundreds of millions and the death of millions of people all
around the globe, and the involvement of all social and cultural aspects
of human life.

The cost of treating, purchasing, and distributing vaccines is costly
for governments and requires precise planning in government budgets.
Therefore, with careful planning, fair distribution of vaccines must be
accelerated, because with fast vaccination, the COVID-19 crisis will
be eradicated. On the other hand, the high efficacy of the vaccine in
preventing an increase in mortality rate among infected people requires
us to cover the target population as quickly as possible.
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Fig. 7. Different values of total cost with/without the equity constraint.
Fig. 8. Different values of deprivation cost with/without the equity constraint.
Thus, one of the most critical challenges is the rapid distribution of
vaccines or health items to the affected areas (ARs), including Personal
Protective Equipment (PPE) such as scrubs, hand sanitizer, alcohol,
mask, etc. On the other hand, equity limitation has been used to ensure
fair distribution among the ARs. The PPE items and taking the equity
concept into account simultaneously is of paramount importance and
may prevent the spread of the disease in any way. Due to human
problems in the absence of vaccines or health items, the concept of
deprivation cost has been considered a module for measuring the social
cost of human suffering.

In this study, a cold supply chain model for vaccine distribution
in the COVID-19 pandemic is proposed to optimize different aspects
of the whole system. These aspects include minimizing total costs,
including distribution, inventory, and deprivation costs. However, by
doing so, the infection and therefore, mortality rates will be reduced.
To enhance delivery speed and accuracy, third-party logistics providers
(3PLs) handle the distribution process. Furthermore, one of the most

relevant social cost variables in a humanitarian cold supply chain in the
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COVID-19 outbreak, i.e., equity, is examined for the first time. In case
of not paying attention to equity, the cost of the entire supply chain will
be reduced by 5.05%. This cost reduction is not significant compared
to the costs of compensating for the lack of attention to the equity that
will plague the system in the future. On the other hand, the deprivation
cost becomes meaningless due to the connection between the cost of
deprivation and justice. In this planning, two types of refrigerated
trucks in different parts of the supply chain are considered, which will
make supply chain management more controllable and faster.

The obtained results include three significant outcomes/insights:
(i) The ratio of the cost of deprivation to the total cost is small,
so it is worthwhile to pay attention to this issue, because it avoids
additional costs in the future significantly, such as the cost of handling
a large amount of infected people and their treatment, (ii) Increasing or
decreasing the time horizon has the greatest impact on the deprivation
cost. As the time horizon increases, one may have more time to satisfy
the ARs’ demand, however, time is one of the most important factors

influencing the reduction of the infection rate of the COVID-19 disease
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and prevention of human death. Thus, with an increasing time horizon,
the social costs of the system, comprising deprivation cost, are almost
five times. On the other hand, by reducing the time horizon, transporta-
tion costs will increase, because the needs must be met in a shorter
period of time with more refrigerated trucks, but social costs will be
drastically reduced due to the reduction of the destructive social effects
on the ARs, and reduction in infection and death rates. (iii) An increase
fifty percent in demand increases the total cost amount 80 percent, but
the rate of increase in the deprivation cost is less than such a growth
in the total cost, so it is wisely and beneficial from both social and
economic perspectives to pay more attention to the social term of the
objective function, i.e., equity. By doing so, the upcoming expenditures
imposed to the whole system will be reduced to a large extent.

Changing the amount of 𝜆 in the equity constraint affects the total
cost and the cost of deprivation and can help managers in decision-
making. In a way, determining the level of equity (or equivalently
determining the amount of 𝜆) will affect the total cost of the supply
chain and the effectiveness of the vaccination program. The equity
constraint, which plays a key role in the fair distribution of vaccines,
directly impacts on costs. In this way, by paying more attention to
the equity constraint, the total cost amount increases by 2.07%, and
the deprivation cost decreases by 23.59%. On the contrary, when
the model pays less attention to the equity, the total cost decreases
by 3.01%, however, the deprivation cost increases by 1.41%. In the
COVID-19 pandemic, vaccination is the only permanent way to prevent
the widespread outbreak and death of thousands of people. Thus,
establishing equity in the distribution among the ARs gets us closer
to this goal. Also, the additional costs imposed on the whole supply
chain are negligible compared to the costs of treatment of infected
people and human suffering from disease and death. This consequence
demonstrates the importance of taking equity into account.

One of the limitations existing in this research was access to real
information from suppliers and distributors, which would make the
results closer to reality. Some information such as the spoilage and/or
deterioration rate of vaccines is not currently so high, probably be-
cause the high demand rate throughout the world, which makes the
governments to particularly attention to the vaccine distribution and
provide accessibility for all eligible individuals. However, with the
normalization of world conditions and controlling the COVID-19 out-
break, the deterioration rate of vaccines is expected to increase and
could be considered as one of the essential cost terms in such supply
chains. In the proposed model in this research, all used parameters were
considered definitive, however, with the goal of approaching to real-
world situation, one may consider them as uncertain parameters as a
future research, such as demand, deterioration rate. In fact, stochastic
approaches could be used for handling such an uncertain problem.
Future studies should therefore follow the lead of scholars like [69] and
consider any potential uncertainty in parameters. In addition, taking
some objectives simultaneously into account could be another future
stream, through employing Pareto-optimal fronts. Moreover, simulation
tools could be applied for more effective analysis over the results, such
as finding chain bottlenecks.
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