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Abstract
The COVID-19 pandemic causes a severe threat to human lives worldwide. Convalescent 
plasma as supportive care for COVID-19 is critical in reducing the death rate and staying 
in hospitals. Designing an efficient supply chain network capable of managing convales-
cent plasma in this situation seems necessary. Although many researchers investigated sup-
ply chains of blood products, no research was conducted on the planning of convalescent 
plasma in the supply chain framework with specific features of COVID-19. This gap is 
covered in the current work by simultaneous regular and convalescent plasma flow in a 
supply chain network. Besides, due to the growing importance of environmental problems, 
the resulting carbon emission from transportation activities is viewed to provide a green 
network. In other words, this study aims to plan the integrated green supply chain network 
of regular and convalescent plasma in the pandemic outbreak of COVID-19 for the first 
time. The presented mixed-integer multi-objective optimization model determines optimal 
network decisions while minimizing the total cost and total carbon emission. The Epsilon 
constraint method is used to handle the considered objectives. The model is applied to a 
real case study from the capital of Iran. Sensitivity analyses are carried out, and managerial 
insights are drawn. Based on the obtained results, product demand impacts the objective 
functions significantly. Moreover, the systems’ total carbon emission is highly dependent 
on the flow of regular plasma. The results also reveal that changing transportation emission 
unit causes significant variation in the total emission while the total cost remains fixed.
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1 �‌ Introduction

Severe respiratory syndrome coronavirus 2 (SARS-CoV-2), known as COVID-19, is an 
acute respiratory disease in which, regarding the physiological characteristics of people, the 
mortality rate is estimated at 1 to 5 percent (Ibarra-Vega, 2020). On March 11, 2020, World 
Health Organization recognized COVID-19 as a pandemic (Tison et al., 2020). About 549 
million people have been diagnosed with the disease worldwide by June 2022.1 The high 
mortality rate of this disease and the pandemic’s resulting human and economic impact 
prompted the expert to investigate efficient cures for COVID-19. Before the approval of 
vaccines, various drugs and substances such as convalescent plasma, RamedSivir, and 
Favipiravir were used to reduce to control the virus (Abolghasemi et al., 2020; Lauer et al., 
2020). Although the invention of some vaccines by lead developer companies such as 
Pfizer, Moderna, and AstraZeneca was a significant step toward controlling COVID-19, 
the accessibility and availability of these vaccines are not guaranteed according to limited 
production capacity and some other reasons. As an example, Africa had delivered almost 
34 doses of vaccine per 100 persons as of April 2022. This vaccination rate is significantly 
lower than the global average, with 145 vaccinations per 100 people.2

Due to that, and in the current situation, convalescent plasma still has a significant role 
as supportive care for the control and treatment of Covid-19. Convalescent plasma is col-
lected from the recovered patient with a prespecified antibody level that can be used for 
other patients (Abolghasemi et al., 2020). The history of successful convalescent plasma 
therapy backs up more than 100 years ago for infectious diseases, including SARS, MERS, 
Ebola, etc. (Cheraghali et  al., 2020; Zhang et al., 2020). Researchers confirmed the effi-
ciency of convalescent plasma for COVID-19 treatment and stated that using recovered 
patients’ plasma could reduce the death rate and stay time in hospitals (Chen et al., 2020).

Although various research works were published on the medical aspects of convalescent 
plasma, there is a lack of attention to how convalescent plasma should be managed. There 
is a limited supply of convalescent plasma as the recovered patients from Covid-19 are the 
only source of the donation. On another side, the high virus transmission rate causes more 
people to become infected. Hence, there is a need to design and develop a system for the 
efficient management of convalescent plasma (Asadpour et al., 2021; Wendel et al., 2021).

A research line is related to the blood supply chain to manage regular blood products. 
Pirabán et al. (2019) defined the blood supply chain as a network that operates blood prod-
ucts’ flow from donors to patients through some echelons. Previous authors investigated 
various blood supply chains for different blood products such as red blood cells, platelet, 
and regular plasma under different real-world assumptions (Beliën & Forcé, 2012; Osorio 
et al., 2015; Pirabán et al., 2019). Despite the publication of many papers in this field, no 
work analyzed a blood supply chain in pandemic situations while considering the flow of 
convalescent plasma. The critical importance of convalescent plasma and the blood supply 
chain’s capability in managing blood products motivated the current research to present a 
plasma supply chain network in the condition of the COVID-19 pandemic.

On the other hand, there is a lack of attention to the plasma supply chain in the literature 
(Dehghani Ashkezari & Yaghoubi, 2020; Hosseini-Motlagh et al., 2020a). Regular plasma 
flow is also considered in the presented network to bring the problem closer to reality. In 

1  https://​www.​stati​sta.​com/.
2  https://​www.​stati​sta.​com/.

https://www.statista.com/
https://www.statista.com/
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other words, the goal is to cover the gaps simultaneously by offering a model for the multi-
product plasma supply chain during COVID-19.

From an environmental viewpoint, there is a growing concern about carbon emissions 
in the industrial and service sectors (Fallahi et  al., 2022a). There is a strictly increasing 
trend in greenhouse gas emissions where the global carbon emission has risen from 25 to 
36 billion in recent two decades.3 The global direction of carbon emission from 1940 to 
2021 is shown in Fig. 1.

This issue also impacted the supply chains and caused academics and practitioners’ 
attention to design environmentally friendly supply chains. The concerns about carbon 
emission in health care supply chains and pollution reduction are reminded for health care 
managers during the COVID-19 pandemic (Goodarzian et  al., 2021b). Recent studies in 
the medical field prove the significant role of carbon emission and environmental pollu-
tion on the severity of COVID-19 (Chen et al., 2022; Fattorini & Regoli, 2020; Frontera 
et al., 2020; Wu et al., 2020). The results of these studies, which are performed in differ-
ent countries, show that air pollution increases the infection and mortality rate of COVID-
19. Therefore, it can be concluded that the importance of carbon emission not only is not 
reduced during this pandemic but also is intensified and may impact the prevalence of the 
disease. The importance of carbon emission in the COVID-19 pandemic is so high that 
several recent research on health care supply chain planning investigated and addressed it 
(Goodarzian et al., 2021a, 2021b; Govindan et al., 2021).

In the current work, the resulting emission from the proposed plasma supply chain’s activi-
ties is taken into account to address the mentioned concerns. Besides, our work is the first 
research investigating carbon emission in a plasma supply chain. We attempt to reduce carbon 
emission as much as possible by considering the total carbon emission as one of the objective 

Fig. 1   The annual carbon emission from 1940 to 2021 (www.​stati​sta.​com)

3  https://​www.​stati​sta.​com/.

http://www.statista.com
https://www.statista.com/
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functions of the proposed model. In summary, this work aims to address five research ques-
tions (RQ) as follows:

•	 RQ 1: What is the optimal design of a green plasma supply chain during the outbreak of 
the COVID-19 pandemic?

	   To answer RQ 1, we develop a mixed-integer linear programming model to determine 
the location, allocation, motivational programs, and inventory decisions of the considered 
plasma supply chain network during the COVID-19 pandemic. The operational limitations 
of the studied network are formulated as the problem constraints. This model is presented 
by considering certainty for the parameters.

•	 RQ 2: How to deal with the arising carbon emission concerns during the COVID-19 pan-
demic?

	   To answer RQ 2, we consider the total carbon emission from the transportation activi-
ties of the systems as an objective function of the problem along with the total cost. We 
formulate the problem as a bi-objective mathematical model.

•	 RQ 3: How to deal with the total cost and total carbon emission as the conflicting objec-
tive of the problem simultaneously?

	   We utilize the epsilon constraint method as an efficient approach to deal with the con-
sidered economic and environmental objectives. This method can be easily applied and 
converts the problem to a single-objective problem by considering the more important 
goal as the objective function. This way, the less important objective is bounded as a prob-
lem constraint. After, the set of Pareto solutions is obtained using different upper bounds 
for the constrained objective function. This method enables the decision-makers to obtain 
a set of non-dominated solutions and selects the desired solution from this set.

•	 RQ 4: What is the approach to solving the developed bi-objective mixed-integer linear 
mathematical model?

	   To answer RQ 4, we propose the GAMS programming environment and CPLEX com-
mercial solver, one of the most powerful tools in solving the mixed-integer linear program-
ming models.

•	 RQ 5: How is the performance and applicability of the model?

To answer RQ 5, we apply the model to a case study and solve the model for the collected 
data of this supply chain network. In this regard, first, the Pareto front is calculated using the 
epsilon constraint method. After that one of the Pareto solutions is selected, and further analy-
ses are performed on that solution.

The rest of the paper is organized as follows: Sect. 2 provides a literature review of the vari-
ous aspects of this work. Section 3 defines the problem, and a multi-objective mathematical 
model is developed for the considered plasma supply chain network during the outbreak of the 
COVID-19 pandemic. Section 4 describes the epsilon constraint method as a solution meth-
odology for handling the multi-objective model. In Sect. 5, a real-world case study from the 
plasma supply chain of the capital of Iran during COVID-19 is solved to evaluate the model. 
Section  6 provides the paper’s conclusion with some suggestions for the extension of this 
work.



1969Blood plasma supply chain planning to respond COVID‑19 pandemic:…

1 3

2 � Literature review

This section reviews the literature of the present work’s central aspects to highlight the 
gaps and specify current work contributions. We divide the literature review into three 
subsections: supply chain planning of blood products, supply chain planning during the 
COVID-19 pandemic, and green supply chain planning.

2.1 � Blood‑product supply chain planning

In the field of supply chain planning for blood products, Nagurney et al. (2012) presented 
the first mathematical programming model for a comprehensive supply chain network 
focusing on the general aspect of whole blood. Nagurney and Masoumi (2012) extended 
the previous work by formulating the capacity of network arcs as decision variables. 
Although this work’s extension was significant progress in this research direction, the net-
work was elementary and did not consider other important features.

Pierskalla (2005) investigated a simulation optimization problem for various decisions 
such as scheduling, location, allocation, and distribution in decentralized and centralized 
blood bank systems. A combination of stochastic dynamic programming and simulation 
approaches was proposed by Van Dijk et al. (2009) for a platelet production planning prob-
lem. Duan and Liao (2014) studied a red blood cells inventory system with ABO group 
compatibility and shelf-life features. Jabbarzadeh et al. (2014) formulated a supply chain 
network optimization problem under the pre-disaster and post-disaster assumptions, where 
a robust optimization method for this location-allocation problem was proposed. Zahiri 
and Pishvaee (2017) suggested a blood supply chain model considering different blood 
groups’ compatibility. The goal was to minimize the total cost and the maximum unsatis-
fied demand under uncertainty.

Gunpinar and Centeno (2016) focused on routing aspects of the blood supply chain net-
work by presenting an integer programming model for optimal routing of mobile collection 
centers. The objectives were minimizing the number of collection centers and total traveled 
distance. Hosseinifard and Abbasi (2018) investigated the hospital inventory centralization 
and transshipment impact on the performance of a two-echelon blood supply chain net-
work. They found positive results from inventory centralization, where the performance 
would enhance from 21 to 40%. Khalilpourazari and Khamseh (2019) discussed disruption 
in blood supply chain networks in a bi-objective model with different transportation modes. 
The goal was to minimize the systems’ total cost and delivery time. Yousefi Nejad Attari 
et  al. (2019) proposed an integrated method considering stochastic programming, robust 
optimization, and epsilon constraint to deal with some combination of uncertainty in blood 
supply chain networks. The donation uncertainty was formulated by stochastic scenarios, 
while the polyhedral uncertainty sets were considered for patients’ uncertainty demand. 
Khalilpourazari et al. (2020) worked on blood supply chain planning in disaster conditions. 
They proposed using a helicopter to transform blood to disaster points and return injured 
people from this point to safe medical centers. Using neural learning for decision-making 
was also discussed. The paper of Hosseini-Motlagh et  al. (2020b) was the first research 
in the supply chain of blood products that investigated a stimulation program to motivate 
volunteer donors of the blood supply chain. Fallahi et al. (2021b) presented a mathematical 
model to formulate a closed-loop blood supply chain network considering the quality of the 
transportation equipment.
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As one of the few works exploring carbon emission in blood supply chains, Heidari-
Fathian and Pasandideh (2018) proposed a multi-objective sustainable model to minimize 
the total cost and carbon emission in the blood supply chain. In addition, Mousavi et al. 
(2021) investigated a sustainable blood supply chain in which both the environmental and 
social criteria were considered. This problem was formulated as a stochastic green split 
pick-up VRP model with uncertainty in donation capacity and the decomposition ratio of 
blood.

Beliën and Forcé (2012) shed light on the blood-product supply chain literature by pro-
viding a comprehensive review paper for the first time. Various approaches and methods 
for blood supply chain planning, including mathematical programming, simulation, and 
queuing models, were discussed in this work. In addition to this article, some other works 
tried to investigate the features of past works and presented some review papers, e.g., Oso-
rio et al. (2015), Pirabán et al. (2019), and Meneses et al. (2022).

Despite the appearance of significant research in this field, the supply chain of plasma 
products is rarely investigated in recent years, and the focus of previous works in the litera-
ture was on other blood products.

Dehghani Ashkezari and Yaghoubi (2020) presented a single-period plasma supply 
chain network model among the published work in this area. The whole blood and aphere-
sis donation methods were possible, and they considered plasma demand from pharmaceu-
tical companies and hospitals. Hosseini-Motlagh et al. (2020a) proposed another location-
allocation model for the plasma supply chain. They seek to enhance the quality of delivered 
plasma to hospitals and pharmaceutical companies, focusing on frozen time, where data 
envelopment analysis (DEA) evaluates the candidate locations for plasma donation. More 
details on the state of the art of the problem are available in the related papers in the litera-
ture (Amiri et al., 2020).

As mentioned earlier, many researchers investigated the supply chain of blood products. 
However, this product’s supply chain is rarely studied despite plasma’s significant impor-
tance. Moreover, some features of blood supply chains, such as pandemic situations and 
the sustainability criteria, remain unaddressed, or there is a lack of attention.

2.2 � Supply chain planning during the COVID‑19 pandemic

The occurrence of the COVID-19 pandemic influenced all nodes (members) of various 
supply chains worldwide (Gunessee & Subramanian, 2020). This issue attracted scholars’ 
and researchers’ attention to study the traditional supply chain networks under the assump-
tions of the COVID-19 pandemic.

Tsao et al. (2021) discussed the impact of COVID-19 on the supply chains in the energy 
sector, where the challenge was many disruptions in the supply of renewable energies in 
the network. This problem was investigated by presenting a resilient network. Majumdar 
et al. (2020) provided explanatory research to find the reasons for the lack of social respon-
sibility in India’s clothing supply chain, where the motivation was the unemployment of 
many laborers during the COVID-19 pandemic. Chowdhury et al. (2021) provided the first 
systematic review paper focusing on the emerging studies about the impact of the COVID-
19 pandemic on supply chains. Paul and Chowdhury (2020) developed a recovery model 
for manufacturing supply chains under high-demand products like toilet papers. This prob-
lem arises from the disruption caused by increasing the demand for products and decreas-
ing the supply of raw materials from suppliers.
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A portion of current works in supply chain planning during COVID-19 relates to the 
supply chain in the medical sector. Goodarzian et al. (2021b) presented the first integrated 
multi-objective sustainable medical supply chain that considers the features of medicines 
such as RamedSivir and Favipiravir for COVID-19 patients. They viewed both the social 
and environmental dimensions of sustainability in their model. Mehrotra et al. (2020) uti-
lized a stochastic programming approach for managing ventilator inventory under the US’s 
pandemic limitations. They proposed resource sharing as an effective strategy to mitigate 
the risk of disruption. Lozano Díez et al. (2020) formulated the risk of resulting disruption 
from the pandemic and its effect on the shortage quantity in a general drug supply chain. 
Zahedi et al. (2021b) applied an IoT system to a relief logistic network in the COVID-19 
pandemic. The network focused on the suspectable cases of COVID-19, a prioritizing, and 
an allocating approach were discussed. The goal of the first approach was minimizing the 
maximum response time of ambulances, and the second approach aimed to minimize the 
critical response time.

Mosallanezhad et al. (2021a) addressed a bi-objective logistic network for personal pro-
tection equipment of medical centers in the COVID-19 pandemic. They suggested the total 
cost and the maximum unsatisfied demand as the objectives.

Kargar et al. (2020) pointed out that the prevalence of the COVID-19 pandemic caused 
more generations of medical waste and presented a reverse supply chain network for better 
waste management. Regarding the shortage of personal protective equipment, Rowan and 
Laffey (2020) analyzed this problem from the supply chain standpoint and provided some 
solutions for this problem.

Despite these studies’ great contribution, none considered the supply chain of plasma 
products in COVID-19, which has a significant role in controlling this pandemic.

2.3 � Green supply chain planning

The environmental concerns about global warming resulting from carbon emissions caused 
the concentration of research on green supply chain planning and created an exciting 
research area.

Sheu et al. (2005) attempted to deal with logistic problems in a green supply chain by 
presenting a linear programming model. In Garg et al. (2015) work, the closed-loop sup-
ply chain’s environmental concerns were addressed, where they used a bi-objective mixed-
integer nonlinear programming model for this problem. They considered different transpor-
tation modes in the distribution layer. Nia et al. (2015) extended a sustainable multi-item 
EOQ model for a two-echelon supply chain under various operational constraints. To 
enhance the performance, they utilized Vendor Managed Inventory (VMI) contract as the 
coordination mechanism of the supply chain. Centobelli et  al. (2017) presented a recent 
systematic review of the green supply chains problem. Mirzapour Al-e-hashem et  al. 
(2013) proposed a stochastic mathematical model for aggregate production planning in an 
environmentally responsible supply chain network. Another extension was proposed by 
Entezaminia et al. (2016), where they developed the formulation of aggregate production 
planning in a green reverse supply chain network.

Resat and Unsal (2019) investigated multi-objective sustainable supply chain networks 
in packaging industries. They utilized a two-stage method based on the Analytic Hierarchy 
Process (AHP) and mathematical programming to minimize the total time and cost of the 
sustainability factors. Abdi et  al. (2020) applied a new approach to design a green sup-
ply chain network by considering simultaneous pick-up and split delivery. The network’s 



1972	 A. Fallahi et al.

1 3

environmental features were also addressed by using a green VRP model for the network. 
Mokhtari and Rezvan (2020) investigated a multi-product single vendor-multibuyer sup-
ply chain under a VMI contract with a limitation on the system’s total carbon emission. 
A bi-objective sustainable supply chain for palm date was presented by Hamdi-Asl et al. 
(2021). The total cost and total carbon emission were considered the problem’s objective 
functions. Hasani et  al. (2021) developed a sustainable and resilient supply chain for a 
company in the medical industry. The goal was to make a trade-off between the network’s 
carbon emission, resiliency, and profitability. Salehi-Amiri et al. (2022a) studied the appli-
cation of IoT in a sustainable waste management system. This problem was formulated as 
two VRP sub-models. As some research on the green supply chain models for agricultural 
products, Salehi-Amiri et al. (2021) studied a closed-loop agriculture supply chain network 
focusing on the walnut product. Chouhan et  al. (2021) presented a closed-loop structure 
for a sugarcane supply chain network. The environmental features of the sugarcane sup-
ply chain were also studied by Chouhan et al. (2022). They formulated the supply chain 
network under carbon tax regulation. Another agricultural closed-loop supply chain was 
studied by Salehi-Amiri et al. (2022b). In addition to the economic and environmental pil-
lars, they considered the social responsibility of the network by formulating the number of 
job opportunities as one of the objective functions. The closed-loop supply chain network 
design is also investigated for marine products. For example, Mosallanezhad et al. (2021b) 
developed a mathematical model for shrimp closed-loop supply chain planning. A closed-
loop fish supply chain network was investigated by Fasihi et  al. (2021a). In this regard, 
the computational complexity of the fish closed-loop supply chain was addressed in Fasihi 
et  al. (2021b) research. They used three efficient metaheuristics, MOKA, NSGA-II, and 
MOSA, as the solution approaches. Qiao et al. (2021) used the Stackelberg game approach 
for a supply chain coordination problem under emission-dependent demand and invest-
ment options to curb environmental impacts. The interested reader can refer to the rele-
vant papers in the literature for more information on green supply chain planning problems 
(Fallahi et al., 2021a; Boronoos et al., 2021; Daneshdoost et al., 2022; Khan et al., 2021; 
Rajak et al., 2022; Zahedi et al., 2021a). The summary of reviewed literature is provided in 
Table 1. Table 2 contains the abbreviations used in Table 1.

3 � Research gap

Regarding the reviewed literature, despite the publication of a wide range of research in the 
blood supply chain, there is a lack of attention to managing convalescent plasma in pan-
demic situations like COVID-19. The convalescent plasma shows great efficiency in treat-
ing infected people in the epidemic and pandemic outbreak of several diseases. Therefore, 
it seems necessary to investigate the presence of this product in a supply chain framework. 
Besides, the regular plasma supply chain is rarely addressed and discussed. Finally, despite 
many carbons emission-related problems, the green blood products supply chain design, 
especially the plasma, is rarely addressed. The importance of carbon emission and environ-
mental pollution not only reduced in COVID-19 but also intensified regarding the impact 
of this phenomenon on the disease severity of infected people.

Our current work tries to cover the above gaps. It is the first research that addresses 
the flow of convalescent plasma as a critical substance for treating COVID-19 disease 
alongside the flow of plasma in a multi-product plasma supply chain. We try to present a 
closer problem to real-world assumptions by considering various features of regular and 
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convalescent plasma, the COVID-19 pandemic, and carbon emissions from the supply 
chain’s activity. The main contributions of the present work can be listed as follows:

•	 We develop a mixed-integer linear programming model to design a plasma supply 
chain network during the COVID-19 pandemic. In this model, we try to consider sev-
eral specific assumptions about the pandemic, which have not been considered so far in 
the literature. The presence of convalescent plasma recovered patients, and the medi-
cal centers for COVID-19 patients as the special supply and demand point, the moti-
vational programs for the recovered patients, and the transshipment of convalescent 
plasma are some of these assumptions which have not been addressed in the litera-
ture. Therefore, the newly developed model is a generalized framework of the previous 
works for plasma supply chain network design.

•	 We consider the plasma supply chain network’s carbon emission and the total cost and 
present the problem as a bi-objective model. Carbon emission is rarely addressed in 
the blood supply chain, and no work in the literature considers the presence of carbon 
emission in the plasma supply chain. Due to the intensified emission concern and the 
impact of pollution on the state of COVID-19 patients, we address the carbon emission 
from transportation activities. We aim to help the decision-makers to select the desired 
solution.

•	 We investigate the applicability and efficiency of the mathematical model by applying 
it to the plasma supply chain network of the capital of Iran during the COVID-19 pan-
demic, as one of the largest cities in the Middle East. In this way, several analyses are 

Table 2   The abbreviation used in Table 1

Decision-making level Objective numbers
Integrated INT Single-objective SO
Collection COL Multi-objective MO
Production PRO Sustainability pillar
Inventory INV Economic ECO
Distribution DIS Environmental ENV
Product Social SOC
Whole blood WHB Other features
Red blood cell RBC Transshipment TRS
Platelet PLT Motivational programs MOP
Plasma PLS Solution approach
Convalescent plasma CPL Exact EX
Collection method Metaheuristic ME
Whole blood collection WBC Time period
Apheresis collection APC Single-period SP
Supply side Multi-period MP
Regular donors RGD
Recovered donors RCD
Demand side
Hospitals HOS
Medical centers for COVID-19 patients MCC
Pharmaceutical companies PHC
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performed, and insights are drawn that can help the decision-makers manage the stud-
ied network.

4 � Problem description and formulation

This section first defines the proposed supply chain network for managing plasma and con-
valescent plasma under COVID-19 limits. After that a mixed-integer linear mathematical 
programming model is proposed for the desired network.

4.1 � Problem definition

A four-echelon multi-product multi-period network is developed to determine the optimal 
location, allocation, production, motivational programs, and inventory control decisions of 
the considered plasma supply chain during the COVID-19 pandemic.

In this network, there are two groups of donors at the first layer: the first group is regular 
donors (Hosseini-Motlagh et al., 2020a). In contrast, the second is the recovered patients 
from the COVID-19 disease with a predefined virus antibody level (Chen et  al., 2020). 
Motivational programs are efficient methods used to motivate people to blood donation and 
boost the supply side of blood supply chains (Hosseini-Motlagh et al., 2020b). These pro-
grams have received much attention during COVID-19 to motivate recovered patients to 
donate their convalescent plasma in different countries (Bloch et al., 2021) (behdasht.gov.
ir). We consider three categories of motivational programs: medical credits, advertisement, 
and educational courses for the recovered donors in the presented network. These programs 
positively correlate with each recovered group’s convalescent plasma donation capacity, 
and there is a limited available budget for them.

Both groups of donors should refer to collection centers for blood donation. The state of 
the COVID-19 pandemic is not stable and may change in different areas. Hence, we con-
sider mobile collection centers as facilities for collecting convalescent plasma from recov-
ered donors. The location of these mobile centers can be changed in each period (Bloch 
et al., 2021). Besides, fixed collection centers are assumed for plasma collection. Logically, 
the location decision of these fixed centers is strategic and remains fixed prior, during, and 
past the pandemic. The location of mobile collection centers in each period and the overall 
location of fixed collection centers should be determined from a prespecified set of candi-
date locations.

There are two donation modes: apheresis donation and whole blood donation to collect 
blood from donors (Dehghani Ashkezari & Yaghoubi, 2020). The collection of convales-
cent plasma is similar to other products and is performed by these methods (Bloch et al., 
2021). In apheresis donation, the plasma is extracted directly from the donor’s body. In 
contrast, in whole blood donation, the whole blood is withdrawn, and the plasma is sep-
arated through some process operations (Dehghani Ashkezari & Yaghoubi, 2020). More 
plasma is attainable by the apheresis donation method, while whole blood donation is 
cheaper (Osorio et  al., 2018). Both whole blood and apheresis donation modes are con-
sidered for mobile and fixed collection centers. The collected (convalescent) whole blood/
plasma is assumed to be transferred to processing facilities within less than 6 h (Dehghani 
Ashkezari & Yaghoubi, 2020; Mobasher et al., 2015).



1978	 A. Fallahi et al.

1 3

There is a limited set of candidate locations for processing facilities, and the location of 
these facilities should be specified, similar to fixed collection centers (Samani et al., 2018). 
The received (convalescent) whole blood/plasma is processed in processing facilities to 
become usable for final consumption. The shelf life and perishability of both products are 
regarded from this layer. Convalescent plasma production and shelf life are similar to regu-
lar plasma (Bloch et al., 2021).

Pharmaceutical companies and hospitals are the two main demand points for regular 
plasma (Dehghani Ashkezari & Yaghoubi, 2020). Regular plasma is used in pharmaceuti-
cal companies to produce various plasma-based medicines such as human albumin. In hos-
pital demand points, regular plasma is used to treat patients with burn, shock, hemophilia, 
etc. (Rytilä & Spens, 2006). Another special feature of the plasma supply chain during the 
COVID-19 pandemic is some medical centers that admit patients with COVID-19. These 
centers need convalescent plasma to treat their COVID-19 patients, and the produced con-
valescent plasma is transformed to these centers based on their needs. All three demand 
points are taken into account in the proposed model, and the flow of regular plasma and 
convalescent plasma is established based on their demand.

The high mortality rate of COVID-19 boosted the demand for convalescent plasma, and 
various inventory challenges appeared (Wendel et al., 2021). In our model, the possibility 
of convalescent plasma transshipment between processing facilities is regarded to restrict 
the shortage of this critical substance during the pandemic as much as possible. Regarding 
the related inventory challenges of convalescent plasma, a minimum safety-stock level is 
considered for this product in processing facilities.

Finally, the movement of mobile collection centers and product transportation is the pri-
mary source of carbon emissions in blood supply chains (Heidari-Fathian & Pasandideh, 
2018; Mousavi et  al., 2021). We try to incorporate sustainability in the supply chain of 
plasma and blood during the COVID-19 pandemic for the first time by taking into account 
these primary sources of pollution in the network and attempting to minimize the total 
carbon emission of the system as much as possible. Figure 2 presents the framework of the 
studied plasma supply chain network under the assumptions of the COVID-19 pandemic.

The main assumptions and decisions of the proposed plasma supply chain network for 
the COVID-19 pandemic are specified as follows:

4.2 � Assumptions

The following assumptions are considered for the presented plasma supply chain:

•	 The supply chain is a multi-echelon, multi-product, and multi-period network.
•	 There are two groups of volunteers for donation in the network: The first group is the 

regular people who donate regular plasma. The second group comprises the recovered 
patients from COVID-19 disease that donate convalescent plasma.

•	 There are two types of donation methods for donors and recovered donors, including 
apheresis and whole blood donation.

•	 Two collection centers are fixed collection centers for regular volunteers and mobile 
collection centers for recovered volunteers.

•	 Three motivational programs for recovered patients from COVID-19 motivate them 
to donate their convalescent plasma: Medical credits, advertisement, and educational 
courses.
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•	 There is a limited budget for the motivational programs of recovered donors from 
COVID-19.

•	 There is a limited set of candidate locations for the location of mobile collection cent-
ers in each period.

•	 There are limited sets of candidates, fixed collection centers, and processing facilities.
•	 The perishability of plasma and convalescent plasma is considered due to the shelf-life 

parameter.
•	 The transshipment of convalescent plasma between processing facilities is allowed to 

prevent shortage as much as possible.
•	 The carbon emission causes by the movement of collection facilities and transportation 

of products in the network.

4.3 � Decisions

The following decisions are made by solving the presented mathematical model:

4.3.1 � Optimal motivational programs decisions

•	 Assigned medical credit units to each recovered donor group in each period
•	 Assigned advertisement units to each recovered donor group in each period
•	 Assigned educational course units to each recovered donor group in each period

Fig. 2   The structure of the presented plasma supply chain network to manage regular and convalescent 
plasma during the COVID-19 pandemic
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4.3.2 � Optimal location decisions

•	 Location of mobile collection centers in each period
•	 Location of fixed collection centers
•	 Location of processing facilities

4.3.3 � Optimal allocation decisions

•	 Allocation pattern of donors to fixed collection centers and received quantity of regular 
whole blood/plasma in each period

•	 Allocation pattern of recovered donors to mobile collection centers and received quan-
tity of convalescent whole blood/plasma in each period

•	 Allocation pattern of fixed collection centers to processing facilities and transformed 
quantity of regular whole blood/plasma in each period

•	 Allocation pattern of mobile collection centers to processing facilities and transformed 
quantity of convalescent whole blood/plasma in each period

•	 Allocation pattern of processing facilities to pharmaceutical companies and trans-
formed quantity of regular plasma in each period

•	 Allocation pattern of processing facilities to hospitals and transformed quantity of reg-
ular plasma in each period

•	 Allocation pattern of processing facilities to medical centers for COVID-19 patients 
and transformed quantity of convalescent plasma in each period

•	 Allocation pattern between processing facilities and transshipment quantity of conva-
lescent plasma in each period

4.3.4 � Optimal production decisions

•	 Production quantity of regular plasma in each processing facility in each period
•	 Production quantity of convalescent plasma in each processing facility in each period

4.3.5 � Optimal inventory decisions

•	 Inventory level of regular plasma in each processing facility in each period
•	 Inventory level of convalescent plasma in each processing facility in each period
•	 Shortage quantity of regular plasma in each pharmaceutical company in each period
•	 Shortage quantity of regular plasma in each hospital in each period
•	 Shortage quantity of convalescent plasma in each medical center for COVID-19 

patients in each period
•	 Expired quantity of regular plasma in each pharmaceutical company in each period
•	 Expired quantity of regular plasma in each hospital in each period
•	 Expired quantity of convalescent plasma in each medical center for COVID-19 patients 

in each period

4.4 � Mathematical modeling

A mixed-integer multi-objective model is developed in this section to formulate the con-
sidered plasma supply chain network. The model contains the following notations, param-
eters, and decision variables.
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4.4.1 � Notations

The indices, parameters, and decision variables are defined as follows:

Sets and indices

I Set of regular donors; indexed by i(i ∈ I)

J Set of recovered donors from COVID-19 disease; indexed by j(j ∈ J)

R Set of donation methods; indexed by r(r ∈ R)

M Set of candidate locations for mobile collection centers; indexed by 
m,m1,m2(m,m1,m2 ∈ M)

F Set of candidate locations for fixed collection centers; indexed by f (f ∈ F)

P Set of candidate locations for processing facilities; indexed by p, p�

(p, p
�

∈ P)

E Set of pharmaceutical companies; indexed by e(e ∈ E)

H Set of hospitals; indexed by h(h ∈ H)

C Set of medical centers for COVID-19 patients; indexed by c(c ∈ C)

T Set of periods; indexed by t, t� (t, t� ∈ T)

Parameters

crcst The unit cost of a medical credit for motivation of convalescent plasma 
donors in period t

adcst The unit cost of an advertisement for motivation of convalescent plasma 
donors in period t

edcst The unit cost of an educational course for motivation of convalescent plasma 
donors in period t

crcf t Correlation factor of convalescent plasma donation capacity of a recovered 
group and a medical credit unit in period t

adcf t Correlation factor of convalescent plasma donation capacity of a recovered 
group and an advertisement unit in period t

edcf t Correlation factor of convalescent plasma donation capacity of a recovered 
group and an educational course unit in period t

BMOT The maximum available budget for motivational programs
dcnmirt Maximum possible donation of regular donors group i  through donation 

method r (regular whole blood/plasma) in period t
dccmjrt Maximum possible donation of recovered donors j through donation method 

r (convalescent whole blood/ plasma) in period t
lcfcf The location cost of fixed collection center f
lcmmm1m2 t

Moving cost of each mobile collection center from node m1 to nodem2 in 
period t

cnfmifrt Unit collection cost of a regular whole blood/plasma through donation 
method r from donor group i  at fixed collection center f  in period t

ccmmjmrt Unit collection cost of a convalescent whole blood/plasma through donation 
method r from recovered donor group j at mobile collection center m in 
period t

fcnmfr The capacity of fixed collection center f  for collecting regular whole blood/
plasma through donation method r

mccmmr The capacity of mobile collection center m for collecting convalescent whole 
blood/plasma through donation method r

lcpcp The location cost of processing facility p
pctpp Collection capacity of processing facility p
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Parameters

mnfpfpt Unit transportation cost of a regular whole blood/plasma from fixed collec-
tion center f  to processing facility p in period t

mcmpmpt Unit transportation cost of a convalescent whole blood/plasma from mobile 
collection center m to processing facility p in period t

pnmprpt The unit production cost of a regular whole blood/plasma collected through 
donation method r in production facility p in period t

pcmprpt The unit production cost of a convalescent whole blood/plasma collected 
through donation method r in production facility p in period t

cppmrp The unit production rate for a convalescent/regular whole blood/plasma col-
lected through donation method r in processing facility p

hcnppt Unit holding cost of a regular plasma in processing facility p in period t
hccppt Unit holding cost of convalescent plasma in processing facility p in period t
innpp Total available space of processing facility p for storing regular plasma
incpp Total available space of processing facility p for storing convalescent plasma
pshl Shelf life of a convalescent/regular plasma
mnpepet Unit transportation cost of a regular plasma from processing facility p to 

pharmaceutical company e in period t
mnphpht Unit transportation cost of a regular plasma from processing facility p to 

hospital h in period t
mcpcpct Unit transportation cost of convalescent plasma from processing facility p to 

medical center for COVID-19 patients c in period t
shneet Unit shortage cost of a regular plasma in pharmaceutical company e period t
shnhht Unit shortage cost of a regular plasma in hospital h period t
shccct Unit shortage cost of convalescent plasma in medical center for COVID-19 

patients c in period t
exneet Unit expiration cost of a regular plasma in pharmaceutical company e in 

period t
exnhht Unit expiration cost of a regular plasma in hospital h in period t
exccct Unit expiration cost of convalescent plasma in medical center for COVID-19 

patients c in period t
dmneet The demand of pharmaceutical company e for regular plasma in period t
dmnhht The demand of hospital h for regular plasma in period t
dmccct The demand of medical center for COVID-19 patients c for convalescent 

plasma in period t
sscppt Safety-stock level of convalescent plasma in processing facility p in period t
mccppp′ t Unit transshipment cost of convalescent plasma from processing facility p to 

processing facility p′ in period t
cemmm1m2

Unit carbon emission to move a mobile collection center from node m1 to 
node m2

cefpfp Unit carbon emission to transport a regular whole blood/plasma from fixed 
collection center f  to processing facility p

cempmp Unit carbon emission to transport a convalescent whole blood/ plasma from 
mobile collection center m to processing facility p

cepepe Unit carbon emission to transport a regular plasma from processing facility p 
to pharmaceutical company e

cephph Unit carbon emission to transport a regular plasma from processing facility p 
to hospital h
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Parameters

cepcpc Unit carbon emission to transport a convalescent plasma from processing 
facility p to a medical center for COVID-19 patients c

cecppp′ Unit carbon emission to transport a convalescent plasma from processing 
facility p to processing facility p′ in period t

M A big number

Decision variables

lcf f Equals one if fixed collection center f  is located; 0 otherwise
lcmm1m2 t

Equals one if mobile collection center located in the node m1 in period t − 1 
move to the location m2 in period t  ; 0 otherwise

adf ifrt Equals one if regular donor group i  is allocated to fixed collection center f  
for donation through donation method r in period t  ; 0 otherwise

admjmrt Equals one if recovered donor group j is allocated to mobile collection center 
m for donation through donation method r in period t  ; 0 otherwise

lcpp Equals one if processing facility p is located; 0 otherwise
afpfprt Equals one if fixed collection center f  is allocated to production facility p for 

transport collected regular whole blood/plasma through donation method r 
in period t  ; 0 otherwise

ampmprt Equals one if mobile collection center m is allocated to production facility p 
for transport collected convalescent whole blood/plasma through donation 
method r in period t  ; 0 otherwise

apepet Equals one1 if production facility p is allocated to pharmaceutical company e 
for transporting regular plasma in period t  ; 0 otherwise

aphpht Equals one1 if production facility p is allocated to hospital h for transporting 
regular plasma in period t  ; 0 otherwise

apcpct Equals one if production facility p is allocated to a medical center for 
COVID-19 patients c for transport convalescent plasma in period t  ; 0 
otherwise

mcrjt Assigned medical credit units to motivate recovered donor group j in period t
madjt Assigned advertisement units to motivate recovered donor group j in period t
medjt Assigned educational course units to motivate recovered donor group j in 

period t
cdf ifrt Quantity of collected regular whole blood/plasma through donation method r 

from donor group i  at fixed collection center f  in period t
cdmjmrt Quantity of collected convalescent whole blood/plasma through donation 

method r from recovered donor group j at mobile collection center m in 
period t

tfpfprt Quantity transformed regular whole blood/plasma from fixed collection 
center f  to processing facility p , collected through donation method r in 
period t

tmpmprt Quantity transformed convalescent whole blood/plasma from mobile collec-
tion center m to processing facility p , collected through donation method r 
in period t

ppnrpt Production quantity of regular plasma from received regular whole blood/
plasma that collected through donation method r in processing facility p in 
period t
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Decision variables

ppcrpt Production quantity of convalescent plasma from received convalescent 
whole blood/plasma that collected through donation method r in processing 
facility p in period t

inppt Inventory level of regular plasma in processing facility p in period t
icppt Inventory level of convalescent plasma in processing facility p in period t
qnepett′ Quantity of transported regular plasma from processing facility p in period t  

to pharmaceutical company  e that consumed in the period t′

sneet Shortage quantity of regular plasma in pharmaceutical company e in period t
eneet Expired quantity of regular plasma in pharmaceutical company e in period t
qnhphtt′ Quantity of transported regular plasma from processing facility p in period t  

to hospital  h that consumed in the period t′

snhht Shortage quantity of regular plasma in hospital h in period t
enhht Expired quantity of regular plasma in hospital h in periodt
qccpctt′ Quantity of transported convalescent plasma from processing facility p in 

period t  to a medical center for COVID-19 patient  c that consumed in the 
period t′

sccct Shortage quantity of convalescent plasma in medical center for COVID-19 
patients c in period t

eccct Expired quantity of convalescent plasma in medical center for COVID-19 
patients c in period t

tcppp′ t Transshipment quantity of convalescent plasma between processing facility p 
and COVID-19 medical center p′ in period t

4.4.2 � The model

The first objective function of the model to minimize is:

(1)

MinTC =
∑

m1

∑

m2

∑

t
lcmmm1m2 t ∗ lcmm1m2 t +

∑

i

∑

f

∑

r

∑

t
cnfmifrt ∗ cdf ifrt

+
∑

j

∑

m

∑

r

∑

t
ccmmjmrt ∗ cdmjmrt +

∑

p
lcpcp ∗ lcpp

+
∑

f
lcfcf ∗ lcf f +

∑

r

∑

p

∑

t
pnmprpt ∗ ppnrpt

+
∑

r

∑

p

∑

t
pcmprpt ∗ ppcrpt +

∑

p

∑

t
hcnppt ∗ inppt

+
∑

p

∑

t
hccppt ∗ icppt +

∑

f

∑

p

∑

r

∑

t
mnfpfpt ∗ tfpfprt

+
∑

m

∑

p

∑

r

∑

t
mcmpmpt ∗ tmpmprt +

∑

p

∑

e

∑

t

∑

t′
mnpepet ∗ qnepett′

+ +
∑

p

∑

h

∑

t

∑

t′
mnphpht ∗ qnhphtt′ +

∑

p

∑

c

∑

t

∑

t′
mcpcpct ∗ qccpctt′

+
∑

p

∑

p′

∑

t

∑

t′
mccppp′ t ∗ tcppp′ tt′ +

∑

e

∑

t
exneet ∗ eneet

+
∑

h

∑

t
exnhht ∗ enhht +

∑

c

∑

t
exccct ∗ eccct +

∑

e

∑

t
shneet ∗ sneet

+
∑

h

∑

t
shnhht ∗ snhht +

∑

c

∑

t
shccct ∗ sccct +

∑

j

∑

t

(

crcst ∗ mcrjt
)

+
(

adcst ∗ madjt
) (

edcst ∗ medjt
)
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Objective function (1) minimizes the total cost of integrated network including move-
ment cost of mobile collection centers, collection cost of regular plasma from regular 
donors, collection cost of convalescent plasma from recovered donors, location cost of 
processing facilities, location cost of fixed collection centers, production cost of regular 
plasma, production cost of convalescent plasma, inventory holding cost of regular plasma 
in processing facilities, inventory holding cost of convalescent plasma in processing facili-
ties, transportation cost between fixed collection centers and processing facilities, transpor-
tation cost between mobile collection centers and processing facilities, transportation cost 
between processing facilities and pharmaceutical companies, transportation cost between 
processing facilities and hospitals, transportation cost between processing facilities and 
medical centers for COVID-19 patients, convalescent plasma transshipment cost between 
processing facilities, regular plasma expiration cost in pharmaceutical companies, regular 
plasma expiration cost in hospitals, convalescent plasma expiration cost in medical centers 
for COVID-19 patients, regular plasma shortage cost in pharmaceutical companies, regular 
plasma shortage cost in hospitals, convalescent plasma shortage cost in medical centers for 
COVID-19 patients, and the cost of motivational programs for recovered donors.

The second objective function to minimize is the total carbon emission:

The second objective (2) goal is to minimize the total carbon emission in the plasma 
supply chain network. This consists of the resulted carbon emission from the movement 
of mobile collection centers, the transformation of flow from fixed collection centers to 
processing facilities, the transformation of flow from mobile collection centers to process-
ing facilities, transshipment between processing facilities, the transformation of flow from 
processing facilities to pharmaceutical companies and hospitals, and transformation from 
processing facilities to medical centers for COVID-19 patients.

The constraints of the mathematical formulation are:

There should not be more than one mobile collection center in a candidate location. 
Constraint (3) puts an upper bound on the number of mobile collection centers in a loca-
tion. It ensures that only one mobile collection center is located in a specific node in each 
period.

(2)

MinTE =
∑

m1

∑

m2

∑

t
lcmm1m2 t ∗ cemmm1m2

+
∑

f

∑

p

∑

r

∑

t
cefpfp ∗ tfpfprt +

∑

m

∑

p

∑

r

∑

t
cempmp ∗ tmpmprt

+
∑

p

∑

p′

∑

t
cecppp′ ∗ tcppp′ t +

∑

p

∑

e

∑

t

∑

t′
cepepe ∗ qnepett′

+
∑

p

∑

h

∑

t

∑

t′
cephph ∗ qnhphtt′ +

∑

p

∑

c

∑

t

∑

t′
cepcpc ∗ qccpctt′

(3)
∑

m1

lcmm1m2t
≤ 1;∀m2, t

(4)
∑

r

adf ifrt ≤ 1;∀i, f , t

(5)
∑

r

admjmrt ≤ 1;∀j,m, t
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Constraints (4) and (5) provide that one donation method (apheresis or whole blood) is 
used for each group of regular donors and recovered donors in the considered fixed and mobile 
collection centers in a period.

Constraint (6) implies that the relocation of a mobile collection center in a period is pos-
sible for the facilities located in the previous period.

The flow of regular plasma and convalescent plasma between two facilities in the sup-
ply chain is possible when the considered facilities are allocated in a period. Constraints (7) 
and (8) are the allocation constraints of regular donors and recovered donors to the fixed and 
mobile collection centers. The possibility of flow to the allocated collection centers and pro-
cessing facilities is limited via constraints (9) and (10). Constraints (11)–(13) are the alloca-
tion constraints between the processing facilities and the demand points.

Constraints (14) and (15) limit the collection capacity of each fixed collection center and 
mobile collection center for collecting the donated regular/convalescent whole blood/plasma 
through each donation method in each period.

(6)
∑

m2

lcmm1m2t
≤
∑

m

lcmmm1t−1
;∀m1, t ≥ 2

(7)cdf ifrt ≤ M ∗ adf ifrt;∀i, r, f , t

(8)cdmjmrt ≤ M ∗ admjmrt;∀j, r,m, t

(9)tfpfprt ≤ M ∗ afpfprt;∀f , r, p, t

(10)tmpmprt ≤ M ∗ ampmprt;∀m, r, p, t

(11)qnepett� ≤ M ∗ apepet;∀p, e, t, t
�

(12)qnhphtt� ≤ M ∗ aphpht;∀p, h, t, t
�

(13)qccpctt� ≤ M ∗ apcpct;∀p, c, t, t
�

(14)
∑

i

cdf ifrt ≤ fcnmfr;∀f , r, t

(15)
∑

j

cdmjmrt ≤ mccmmr;∀m, r, t

(16)
∑

f

cdf ifrt ≤ dcnmirt;∀i, r, t

(17)
∑

m

cdmjmrt ≤ dccmjrt +
(

crcf t ∗ mcrjt + adcf t ∗ madjt + edcf t ∗ medjt
)

;∀j, r, t
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Constraint (16) shows the maximum donation capacity of each group for regular plasma 
donation in a period, where the donation capacity of recovered groups considering the impact 
of motivational programs in each period is expressed via constraint (17).

Constraints (18)–(26) enforce that the flow of convalescent and regular plasma is possi-
ble only for the established facilities in each period. Constraints (18) and (19) ensure that the 
regular donor and recovered donors only refer to the established fixed collection centers and 
located mobile collection centers. Constraints (20) and (21) limit the flow of regular plasma 
between the established fixed collection centers and process facilities. Similarly, constraints 
(22) and (23) are the flow restriction constraints of convalescent plasma between the located 
mobile collection centers and the established processing centers. Constraints (24)–(26) state 
that the transformation of regular and convalescent plasma is possible only from the estab-
lished processing centers to the demand points.

All the received regular whole blood/plasma from the regular donors in the fixed 
collection centers should be transformed to the processing centers. Constraints (27) and 
(28) control the inflow and outflow of received regular whole blood/plasma in fixed col-
lection centers in each period.

(18)adf ifrt ≤ lcf f ;∀i, r, f , t

(19)admjmrt ≤
∑

m1

lcmm1mt
;∀j, r,m, t

(20)afpfprt ≤ lcf f ;∀f , r, p, t

(21)afpfprt ≤ lcpp;∀f , r, p, t

(22)ampmprt ≤
∑

m1

lcmm1mt
∀m, r, p, t

(23)ampmprt ≤ lcpp ∀m, r, p, t

(24)apepet ≤ lcpp ∀p, e, t

(25)aphpht ≤ lcpp ∀p, h, t

(26)apcpct ≤ lcpp ∀p, c, t

(27)
∑

i

cdf ifrt =
∑

p

tfpfprt ∀f , r, t

(28)
∑

i

adf ifrt =
∑

p

afpfprt ∀f , r, t
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The flow constraint of received convalescent whole blood/plasma in mobile collec-
tion centers in each period is formulated by Eqs. (29) and (30). Regarding these equa-
tions, the total convalescent whole blood/plasma delivered to the processing centers 
should equal the received quantity from the recovered donors in each period.

The total received and convalescent plasma from the collection centers (fixed and 
mobile) should be equal to or less than the processing centers’ storage capacity. Con-
straint (31) limits the capacity of each processing facility in each period.

The production and transformation of received regular plasma and convalescent 
plasma in each processing facility in each period are shown by constraints (32) and (33). 
The total production is obtained by multiplying the received regular and convalescent 
plasma by the production rate of each item.

In the processing centers, the inflow of convalescent plasma should equal this prod-
uct’s outflow for each period. Constraints (34) is the inventory balance equation of con-
valescent plasma in the processing facilities in each period.

The balance of regular plasma inventory in processing facilities in each period is 
limited by constraints (35). These constraints specify the inflow and outflow of regular 
plasma in processing centers in each period.

Constraint (36) ensures that the minimum safety stock of convalescent plasma in an 
established process center is provided in each period. In other words, the convalescent 
plasma inventory level should be equal to or more than the specified safety stock.

(29)
∑

j

cdmjmrt =
∑

p

tmpmprt ∀m, r, t

(30)
∑

j

admjmrt =
∑

p

ampmprt ∀m, r, t

(31)
∑

f

∑

r

tfpfprt +
∑

m

∑

r

tmpmprt ≤ lcpp ∗ pctpp ∀p, t

(32)
∑

f

cppmrp ∗ tfp
fprt

= ppnrpt ∀r, p, t

(33)
∑

m

cppmrp ∗ tmpmprt = ppcrpt ∀r, p, t

(34)
∑

r

ppcrpt + icppt−1 = icppt +
∑

c

∑

t
�
≥t

qccpctt� −
∑

p
�
≠p

tcpp�pt +
∑

p
�
≠p

tcppp� t ∀p, t

(35)
∑

r

ppnrpt + inppt−1 = inppt +
∑

e

∑

t
�
≥t

qnepett� +
∑

h

∑

t
�
≥t

qnhphtt� ∀p, t

(36)sscppt ≤ icppt ∗ lcpp ∀p, t

(37)icppt ≤ innpp∗ lcpp ∀p, t
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The storage capacity of processing centers is limited for regular and convalescent 
plasma in each period. Constraints (37) and (38) demonstrate that each processing facility’s 
stored inventory of plasma and convalescent plasma should be less than the storage capac-
ity for each product in each period.

If the product delivery be less than the demand rate, a shortage occurs. Constraints (39) 
and (40) calculate the shortage quantity of regular plasma in each pharmaceutical com-
pany and hospital in each period, respectively. The shortage of convalescent plasma in each 
medical center for COVID-19 patients in each period is formulated by Eq. (41).

If the time interval between the production and delivery of plasma or convalescent 
plasma unit is more than the shelf life that unit would be expired. Constraints (42)–(44) 
reveal the expiration of plasma and convalescent plasm in pharmaceutical companies, hos-
pitals, and medical centers for COVID-19 patients in each period, based on the shelf life of 
plasma products.

Constraint (45) considers the limits on the maximum available budget for motivational 
programs for recovered donors in the planning horizon.

(38)inppt ≤ incpp ∗ lcpp ∀p, t

(39)sneet = dmneet + sneet−1 −
∑

t−pshl≤t
�
≤t

∑

p

qnepet� t ∀e, t

(40)snhht = dmnhht + snhht−1 −
∑

t−pshl≤t
�
≤t

∑

p

qnhpht� t ∀h, t

(41)sccct = dmccct + sccct−1 −
∑

t−pshl≤t
�
≤t

∑

p

qccpct� t ∀c, t

(42)eneet ≤
∑

t−t
�
>pshl

∑

p

qnepet� t ∀e, t

(43)enhht ≤
∑

t−t
�
>pshl

∑

p

qnhpht� t ∀h, t

(44)eccct ≤
∑

t−t
�
>pshl

∑

p

qccpct� t ∀c, t

(45)
∑

j

∑

t

(

crcst ∗ mcrjt
)

+
(

adcst ∗ madjt
)

+
(

edcst ∗ medjt
)

≤ BMOT

(46)
lcf f , lcmm1m2 t , adf ifrt , admjmrt , lcpp, afpfprt , ampmprt , apepet , aphpht , apcpct ∈ {0, 1}∀i, j, f ,m,m1,m2, r, p, e, h, c, t

(47)

mcrjt,madjt,medjt, cdfifrt, cdmjmrt, tfpfprt, tmpmprt, ppnrpt, ppcrpt, inppt, icppt,

qnepett�sneet, eneet, qnhphtt�,snhht, enhht, qccpctt� , sccct, eccct,tcppp�t ≥ 0

∀i, j, f ,m, r, p, p�, e, c, t, t�
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Constraints (46) and (47) present the types of decision variables.

5 � The solution approach

In many real-world situations, the decision-makers usually deal with different goals 
and intend to trade-off multi-objectives in their problem (Mokhtari & Hasani, 2017). In 
this condition, the classic optimization approaches are not practical. Therefore, vari-
ous approaches and methods are discussed for optimizing multi-objective optimization 
problems.

One of the main approaches for handling different objective functions in an optimization 
problem is the epsilon constraint method which tries to construct a single-objective model 
by converting other objectives to model constraints with predefined bounds (Haimes, 
1971). By changing the bounds of the constraints, Pareto solutions are obtained, and the 
decision-maker can select the preferred solution based on their preference.

Consider the following model as a general multi-objective problem:

Subject to:

The epsilon constraint method transforms the objective functions of this problem into a 
single objective as:

Subject to:

where fh(x) is the hth objective function preferred to others, R is the total number of objec-
tive functions of the problem, and �r is considered the upper bound on the rth objective 
function. For solving the proposed plasma supply chain network during the COVID-19 
pandemic, the solving procedure of the epsilon constraint method can be summarized in 4 
steps:

Step 1 Obtain a payoff table by solving the model with each objective function sepa-
rately to find each objective function’s best and worst value.
Step 2 Select TC (total cost of the supply chain) or TE (total emission of the supply 
chain) as the objective function of the model and let the other be the model constraint.

(48)MinZ = [f1(x), f2(x),… , fR(x)]

(49)gj(x) ≥ 0;∀j = 1, 2,… , J

(50)x ∈ RD

(51)MinZ = fh(x)

(52)gj(x) ≥ 0;∀j = 1, 2,… , J

(53)fr(x) ≤ �r;∀r = 1, 2, h − 1, h + 1,… ,R

(54)x ∈ RD,
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Step 3 Calculate the range between the best and worst value of the bounded objective 
function, and divide the range to �1, �2,… , �k
Using the obtained information from the above steps, establish the single-objective 
model as:

Subject to:
Eqs. (3)–(47)

where BE and Wo are the best and worst obtained values from the payoff table for the 
constrained objective function.
Step 4 Solve the resulted problem in the previous section with different epsilon values to 
find the Pareto solutions.

6 � Case description

In this section, a real-world case study from Tehran, the capital of Iran, is solved, to illus-
trate the efficiency and performance of the proposed multi-objective model in plasma sup-
ply chain planning during the COVID-19 pandemic.

Tehran is selected due to its high importance in three main dimensions of current 
research:

•	 Regarding the official reports, 2,739,875 cases were identified in Iran until May 15, 
2021, and Iran is among the top 15 countries with high identified COVID-19 patients. 
The high population and various socioeconomic and cultural activities in Tehran have 
caused many people to be infected at any peak of the disease, which caused growing 
concerns about managing COVID-19.

•	 Tehran accounts for about 24% of Iran’s supply and 27% of its total blood demand. 
There is high demand in Tehran, considering particular regular plasma products. For 
example, a recent global survey confirmed that Iran is one of the countries with a high 
rate of hemophilia, about 12,000 per year. In this respect, Tehran is among the top three 
cities that need regular plasma to treat patients (Hosseini-Motlagh et al., 2020a).

•	 Tehran is facing various environmental and air pollution problem which is caused by 
carbon emissions. Official statistics from the Tehran Municipal Air Quality Control 
company state that there were 123 days in the previous year that the air in Tehran was 
unhealthy due to greenhouse gas emissions (airnow.​tehran.​ir).

Tehran metropolis is the most populated city in Iran, with an 8,693,706 population 
according to a census in 2016 (Samani & Hosseini-Motlagh, 2019; Samani et al., 2019). 
Tehran has 22 municipal districts, and the disparity between these districts and their popu-
lation is shown in Fig. 3.

Iranian Blood Transfusion Organization (IBTO) manages the supply chain of regular and 
convalescent plasma in Tehran. The data of our case study are gathered from three primary 

(55)MinZ = TC (TE)

(56)TE (TC) ≤ �

(57)Wo ≤ � ≤ BE

https://airnow.tehran.ir/
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sources as (1) the opinion of experts in the field, (2) IBTO and Tehran municipality docu-
ments, and (3) relevant published studies (Dehghani Ashkezari & Yaghoubi, 2020; Hosseini-
Motlagh et al., 2020a; Nikpouraghdam et al., 2020; Samani et al., 2019; Yousefi Nejad Attari 
et al., 2017). Noteworthy, the dimension of the parameters of the model is presented in Table 3.

As mentioned, Tehran metropolitan has 22 municipal districts. Each city district is con-
sidered one group that can donate regular and convalescent plasma donors. The donation 
capacities of the districts are estimated based on their population. The geographical coordi-
nation of the districts and the estimated donation in a month are provided in Table 4.

There are two fixed collection centers in districts 5 and 6 to donate regular plasma in 
Tehran. To increase the collection capacity of the network, three more fixed centers in 
areas 1, 2, and 4 have been considered candidate points for donation. Since the beginning 
of the pandemic, the IBTO has been deemed the Vesal center and a center in district two as 
temporary centers for receiving recovery plasma. Two new candidate locations for locating 
new mobile centers exist in districts 1 and 3. Tehran’s current plasma supply chain works 
with one processing facility, i.e., the Vesal center. Establishing more processing facilities is 
necessary due to the high demand rate in Tehran. Three other points in districts 14, 19, and 
22 are assumed as the candidate locations for establishing new processing facilities. There 
are ten medical centers for COVID-19 patients in Tehran. The features of these medical 
centers are provided in Table 5.

Fig. 3   Geographical location and population of Tehran’s municipal districts

Table 3   Dimension of the main 
parameters in the case study

Parameter Unit

Plasma Liter
Cost Million Rials 

(Iran cur-
rency)

Distance Kilometer
Carbon emission Gram
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Currently, there is a demand for regular plasma from eight hospitals in Tehran. The 
detailed properties of these hospitals are shown in Table 6.

Finally, one pharmaceutical company in Tehran utilized regular plasma to produce some 
plasma-based drugs. The properties of this single-center are presented in Table 7.

The geographical location of the established and candidate facilities and the demand 
points in Tehran’s current plasma supply chain is schematically provided in Fig.  4. The 
transportation cost between facilities is estimated at 0.22 Million Rials per kilometer. The 
distance between each pair of nodes is calculated using the following distance formula 
(Jabbarzadeh et al., 2014):

where Lat and Long are the geographical latitude and longitude, respectively, and should 
be converted to radian by multiplying �

180
 . The carbon emission coefficients of transpor-

tation between nodes are calculated regarding the travel distance and the vehicle’s load 
as 0.062 g/kilogram/ton. The location cost for the established facilities is set to zero, and 
the total available budget for motivational programs for recovered donors is assumed to be 
about 500 Million Rials. This case study is analyzed for three months planning horizon.

(58)
Δij = 6371.1 × cos−1

[

sin
(

Lati
)

× sin
(

Latj
)

+ cos
(

Lati
)

× cos
(

Latj
)

× cos
(

Longj − Longi
)]

Table 4   Properties of Tehran municipal districts

District Population Geographical coordinates Regular plasma supply Convalescent plasma 
supply

Latitude Longitude Whole Apheresis Whole Apheresis

1 420,409 35.8025 51.45972 36,292.12 18,146.06 10.19 4.37
2 649,260 35.7575 51.36222 56,047.86 28,023.93 15.73 6.74
3 331,173 35.75444 51.44806 28,588.76 14,294.38 8.02 3.44
4 836,026 35.74194 51.49194 72,170.57 36,085.29 20.26 8.68
5 719,555 35.74889 51.30028 62,116.13 31,058.06 17.44 7.47
6 277,738 35.73722 51.30028 23,975.94 11,987.97 6.73 2.88
7 350,631 35.72194 51.40583 30,268.48 15,134.24 8.50 3.64
8 419,171 35.72444 51.44611 36,185.25 18,092.63 10.16 4.35
9 206,350 35.68361 51.49833 17,813.32 8906.66 5.00 2.14
10 356,065 35.68361 51.31722 30,737.58 15,368.79 8.63 3.70
11 315,688 35.67944 51.36667 27,252.00 13,626.00 7.65 3.28
12 288,494 35.68000 51.39583 24,904.46 12,452.23 6.99 3.00
13 286,171 35.70778 51.42639 24,703.93 12,351.96 6.93 2.97
14 523,878 35.67444 51.51417 45,224.16 22,612.08 12.69 5.44
15 684,706 35.63083 51.47028 59,107.76 29,553.88 16.59 7.11
16 331,615 35.63944 51.47361 28,626.91 14,313.46 8.04 3.44
17 296,469 35.65389 51.40917 25,592.91 12,796.45 7.18 3.08
18 357,634 35.65167 51.36306 30,873.02 15,436.51 8.67 3.71
19 290,233 35.62056 51.29278 25,054.58 12,527.29 7.03 3.01
20 376,080 35.59028 51.36694 32,465.39 16,232.69 9.11 3.91
21 200,240 35.69056 51.25778 17,285.87 8642.93 4.85 2.08
22 149,120 35.74722 51.20417 12,872.90 6436.45 3.61 1.55
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6.1 � Implementation

Tehran’s green plasma supply chain case study is coded in the GAMS programming envi-
ronment on a laptop with a Core i7 CPU 2.6 GHz and 8 GB RAM, where the solver is 
CPLEX. The corresponding payoff Table 8 shows the obtained results where the value in 
this table is calculated by optimization of each objective function separately.

As seen, the minimum value for the total emission function is zero, which is the case 
where there is no flow of plasma and convalescent plasma in the network. In contrast, the 
maximum amount of carbon emission has happened when there is no attention to the envi-
ronmental concerns, and the total cost is considered the network’s objective.

The total cost function is considered the objective function, and the total emission func-
tion is bounded in model constraints with different upper bounds, implementing the epsilon 
constraint method. The obtained Pareto solutions are reported in Table 9.

Regarding the provided results in Table 9, the dimension of the problem is not increased 
by changing the bound for the total carbon emission, and the computational time is similar. 

Table 7   Properties of pharmaceutical company

Center Num Name Geographical coordinates Demand for regular plasma

Latitude Longitude

1 Delta pharmacy center 35.76244 51.33486 16,200

Fig. 4   Geographical location of concerned facilities and demand points

Table 8   Payoff table of the case 
study

Total cost Total carbon emission

TC∗ 46,879,718.74 67,623.66
TE∗ 829,270,873.00 0
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Fig. 5   The Pareto frontier of the 
case study

Table 10   Optimal locations of 
mobile collection centers in each 
period

Period Mobile collection center

District 1 District 2 District 3 Vesal

t = 1 1 1 1 1

t = 2 1 1 1 1

t = 3 1 1 1 1

Table 12   Optimal establishment decision of processing facilities

Candidate processing facility Vesal District 4 District 19 District 22

Establishment state Established Established Non established Non established

Table 11   Optimal establishment decision of fixed collection centers

Candidate fixed collection center District 1 Destrict2 District 4 District 5 District 6

Establishment state Established Established Established Established Established

Moreover, the gap between the obtained solutions is zero, which confirms that the CPLEX 
solver is able to reach the global optimum solutions for this case study.

The Pareto frontier is also drawn in Fig. 5, representing the total cost against the total 
carbon emission. As evident, the total cost behaves against the total carbon emission. The 
rationale for this behavior is that while increasing the flow of regular and convalescent 
plasma reduces the shortage quantity and the system’s overall cost; it hurts the system’s 
total carbon emission by increasing transportation activities.

For further analysis of the results, the 8th Pareto solution 
( � = 79066.94, TC∗ = 53014784.77 ) is selected. For this solution, established mobile 
collection centers, fixed collection centers, and processing facilities are shown in 
Tables 10, 11 and 12. As seen, the current network states require locating all candidate 
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mobile and fixed collection centers. In addition, there is a need to build a new process-
ing facility in district 4.

Such a need for establishing new facilities shows the pandemic’s imposed load and 
proves the necessity of proper planning by considering the special features of COVID-19.

The assignment pattern of supply chain facilities, including regular donors and recov-
ered donors, to the related collection centers, collection centers to processing facilities, 
and processing facilities to demand points, is presented in Tables 13, 14, 15, 16, 17, 18 
and 19. Note that the donation method r = 1 shows the whole blood donation method, 
and r = 2 is the apheresis method. Besides, m = 1 to m = 4 offers the mobile collection 
centers 1, 2, 3, and Vesal, and f = 1 to f = 5 are the indices of the fixed collection cent-
ers in districts 1, 2, 4,5, and 6. The processing facilities Vesal, district 4, district 19, and 
district 22 are indexed by p = 1 to 4. The indices of the demand points are according to 
the mentioned number in Tables 5, 6 and 7.

Table 14   Optimal allocation of recovered donors groups to mobile collection centers

Period Optimal allocation pattern (j,m, r)

t = 1 (1,1,1), (1,3,2), (2,2,2), (2,4,1), (3,3,1), (4,2,1), (4,4,2), (5,2,1), (5,4,2), (8,1,2), (8,3,1), (14,1,1), 
(14,3,2), (15,2,2), (15,4,1), (20,1,2)

t = 2 (1,1,2), (1,3,1), (2,1,1), (2,2,2), (3,2,1), (3,3,2), (4,1,1), (4,4,2), (5,3,2), (5,4,1), (8,2,2), (8,3,1), 
(14,1,2), (14,4,1), (15,2,1), (15,4,2)

t = 3 (1,4,2), (2,2,1), (2,3,2), (3,3,1), (4,3,2), (4,4,1), (5,1,1), (5,2,2), (8,1,2), (8,2,1), (10,1,2), (14,1,1), 
(14,2,2), (15,3,1), (15,4,2), (20,4,1)

Table 15   Optimal allocation of mobile collection centers to processing facilities

Period Optimal allocation pattern (m, p, r)

t = 1 (1,1,1), (1,1,2), (2,1,1), (2,1,2), (3,1,1), (3,1,2), (4,1,1), (4,1,2)
t = 2 (1,1,1), (1,1,2), (2,1,1), (2,2,2), (3,1,1), (3,1,2), (3,2,2), (4,1,1), (4,2,2)
t = 3 (1,1,1), (1,1,2), (2,1,1), (2,1,2), (3,1,1), (3,1,2), (4,1,1), (4,1,2), (4,2,2)

Table 16   Optimal allocation 
of fixed collection centers to 
processing facilities

Period Optimal allocation pattern (f , p, r)

t = 1 (1,1,1), (1,1,2), (2,1,1), (2,2,1), (2,2,2), 
(3,1,2), (4,2,1), (4,2,2), (5,1,1), 
(5,1,2)

t = 2 (1,1,2), (2,2,2), (3,1,2), (4,2,2), (5,1,2)
t = 3 (1,2,2), (2,2,2), (3,1,2), (4,2,2), (5,1,2)

Table 13   Optimal allocation of 
regular donors groups to fixed 
collection centers

Period Optimal allocation pattern (i, f , r)

t = 1 (5,1,1), (5,4,1), (7,5,2), (8,2,1), (8,3,2), 
(9,2,2), (13,4,2), (14,1,2), (14,5,1)

t = 2 (5,2,2), (6,4,2), (7,3,2), (13,5,2), (21,1,2)
t = 3 (1,3,2), (1,5,2), (4,4,2), (9,1,2), (18,2,2)
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The total cost is divided into its main parts to provide more insights into the cost 
performance of the network. The results are shown in Table 20. As seen in this table, 
the limited supply of convalescent plasma, high demand in the COVID-19 pandemic, 
and the high unit shortage cost of these products have led to a large part of the chain’s 
total cost.

The percentage of each component is also graphically shown on a pie chart in Fig. 6. 
The shortage cost of products encompasses approximately 55% of the network cost. The 
donation cost accounts for about 40% of the total cost and ranks second. As can be seen, 
a small portion of the total cost is caused by transshipment cost, and this is because 
only a small portion of the convalescent plasma flow is transshipped in the case study’s 
network.

The total carbon emission of the supply plasma chain is divided into sub-elements, 
and the results are provided in Table 21. We can conclude that the volume flow of the 
regular plasma causes a significant portion of the emitted carbon. As all the mobile col-
lection centers remain fixed during the planning horizon, there is no carbon emission 
from the movement of these facilities.

The schematic representation of the total carbon emission components and the rel-
evant percentage is shown in Fig. 7.

The role of each donation method is analyzed by comparing the collected quantity 
of each product through these methods in Fig.  8. Interestingly, most of the conva-
lescent plasma volume is received through the whole blood method. In contrast, the 

Table 17   Optimal allocation of 
processing facilities to medical 
centers for COVID-19 patients

Period Optimal alloca-
tion pattern (p, 
c, t″)

t
�

= 1 (1,1,1), (2,1,1)

t
�

= 2 (1,1,2), (2,1,2)

t
�

= 3 (1,1,3), (2,1,3)

Table 18   Optimal allocation 
ofprocessing facilities to 
hospitals

Period Optimal allocation pattern (p, h, t″)

t
�

= 1 (1,1,1), (1,2,1), (1,3,1), (1,4,1), (1,6,1), (1,7,1), (1,8,1), (2,5,1)

t
�

= 2 (1,1,2), (1,2,2), (1,3,2), (1,4,2), (1,5,2), (1,6,2), (1,7,2), (1,8,2)

t
�

= 3 (1,1,3), (1,2,3), (1,3,3), (1,4,3), (1,5,3), (1,6,3), (1,7,3), (1,8,3)

Table 19   Optimal allocation 
of processing facilities to 
pharmaceutical company

Period Optimal alloca-
tion pattern (p, 
h, t″)

t
�

= 1 (1,3,1)

t
�

= 2 (1,3,2), (2,9,2)

t
�

= 3 (1,8,3)
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total amount of received regular plasma through the apheresis method is higher than 
in the whole blood method. From this, it can concluded that none of these methods 
are superior to each other, and each may be selected regarding the features of the 
network.

The role of each fixed and mobile center in the collection of products is investigated 
to see which center is more active in the collection process from the donors. The results 
in Fig. 9 show that the established fixed collection center in district 5 and the mobile 
collection center in district 2 receive a higher amount of plasma and convalescent 
plasma, respectively.

The production portion of each product in the processing facilities is different, as 
demonstrated in Fig. 10. The Vesal center is more active in the production of convales-
cent plasma. Furthermore, more regular plasma should be produced in the production 
facility in district 2, compared to the Vesal center.

The state of demand satisfaction in the medical centers for COVID-19 patients is 
shown in Fig. 11, where the total shortage and the service level are presented. The lim-
ited donation of convalescent plasma made a huge impact on these demand points, and 
many of them are incapable of meeting the demand of their patients. As can be seen, 
there is a high volume of convalescent plasma shortages in most of these centers. Seven 
out of ten available medical centers for COVID-19 patients are unable to meet their 
demand, which shows the reason for the high shortage cost of the network.

The demand points for regular plasma can meet more demand than medical centers for 
COVID-19 patients. Due to the importance of the hospitals, more plasma is delivered to 
them in these conditions, and pharmaceutical companies consume the remaining plasma. 
As presented in Fig. 12, all hospitals can meet their demand, and there is a shortage only 
for a single pharmaceutical company in the network. The average service level of the 
demand points for regular plasma is about 95.8 percent. Here, all hospitals are capable of 
meeting their demand for regular plasma. The reason for such a high service level is the 
sufficient flow of regular plasma in the network.

Fig. 6   Percentage of the total 
cost function components
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Fig. 7   Percentage of the total 
carbon emission function com-
ponents

Fig. 8   Comparing the donation quantity of regular plasma and convalescent plasma by the considered dona-
tion methods

Fig. 9   Comparing the collected quantity of regular plasma and convalescent plasma in the collection cent-
ers
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6.2 � Sensitivity analyses

Sensitivity analyses are performed on some basic input parameters of the model, including 
the supply and demand of plasma and convalescent plasma, to obtain more insights into 
the performances of the presented model. The impact of parameter variation in the −30% 
to + 30% interval is investigated on the system’s total cost and total carbon emission in the 
implemented analysis.

Fig. 10   Comparing the production quantity of regular plasma and convalescent plasma by the established 
processing facilities

Fig. 11   Level of demand satisfaction in Medical centers for COVID-19 patients
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The demand for convalescent plasma may change during the pandemic. Some reasons, 
such as national social distancing or shutdowns, may reduce the rate of disease. In contrast, 

Fig. 12   Level of demand satisfaction in demand points for regular plasma

Fig. 13   Sensitivity of plasma supply chain objectives with respect to variation in demand of convalescent 
plasma
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ignoring the alerts, making trips, and normalizing the activities may increase the infec-
tion rate. Each increase in the rate of infected people increases the demand for convales-
cent plasma. The impact of changing the demand for convalescent plasma is illustrated 
in Fig. 13. A slight increase trend can be observed in the total emission of the network. 

Fig. 14   Sensitivity of plasma supply chain objectives with respect to variation in demand for regular plasma

Fig. 15   Sensitivity of plasma supply chain objectives with respect to variation in the supply of convalescent 
plasma
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Fig. 16   Sensitivity of plasma supply chain objectives with respect to variation in the supply of regular 
plasma

Fig. 17   Sensitivity of plasma supply chain objectives with respect to variation in the unit carbon emission 
parameters
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However, the system’s total cost is much dependent on this parameter. Causing more 
demand in a limited supply situation results in more shortage and overall cost of the 
system.

The changing trends of the total cost and total carbon emission, when the demand for 
regular plasma change is the same as the demand for convalescent plasma, are demon-
strated in Fig.  14. Demand increasing in the condition of limited supply imposes more 
shortage on the system, and the overall cost will be increased. In this figure, the positive 
relation of the parameter with the objective functions can be seen. However, the primary 
difference is that the demand for regular plasma significantly impacts the supply chain’s 
total cost and total carbon emission.

According to Fig.  15, increasing the donation of the convalescent plasma reduces 
the total cost of the network to a reasonable level. When the donation rate rises, more 
infected patients can be treated, and as a result, the shortage cost and total cost of the 
system are decreased. Moreover, the more convalescent plasma flow positively corre-
lates with the total carbon emission. This can be rationalized by the fact that the more 
flow of convalescent plasma in the network, the more carbon emission results from the 
transportation activities.

Contrary to the supply of convalescent plasma, variation in the supply of regular 
plasma in the considered interval has no meaningful effect on the objective functions 
of the system. This is illustrated in Fig. 16. This can be the result of several factors, 
such as the low shortage cost of regular plasma in the pharmaceutical company and the 

Table 22   Insights for managing the plasma supply chain of Tehran during the COVID-19 pandemic

Network component Managerial insights

Total cost A high cost of the network has resulted from the shortage of products in the 
network

Total carbon emission High carbon emission of the network has resulted from the flow of regular 
plasma between fixed collection centers and processing facilities

The total carbon emission of the systems is highly sensitive to the emission 
units between the network nodes

Collection centers The mobile facility in district 2 and fixed facility in district 5 have a more active 
role in the collection of donors

Donation method A higher proportion of regular plasma is collected through the whole blood 
method, while most recovered donors donate convalescent plasma through the 
apheresis method

Management must pay due attention to the provision of the desired equipment at 
the right time

Mobile collection centers The collection center should be placed in all four collection centers on the plan-
ning horizon, and there should be no movement or removal of facilities

Fixed collection centers The current collection capacity is not sufficient to meet the demand, and three 
new fixed collection centers should be established

Processing facilities To adequately meet the demand of patients, there is a need to establish a new 
processing facility in district 2, in addition to the Vesal center

A higher proportion of convalescent plasma production takes place in the Vesal 
center, while the new center in district 2 accounts for more blood production

Supply and demand The system has a high sensitivity to the demand for regular plasma and less 
sensitivity to the supply of regular plasma

Increasing the donation rate of convalescent plasma by assignment of more 
budget can reduce the overall cost meaningfully
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overall lower demand rate for the regular plasma product. In other words, when there 
is an adequate flow in the network, there is no need to receive more plasma from the 
donors.

Finally, we analyze the impact of changing the unit carbon emission multiplier of 
nodes on the objective functions of the network. The sensitivity analysis result of this 
parameter is graphically shown in Fig. 17.

As can be seen, reducing the unit carbon emission can significantly reduce the total 
carbon emission of the systems. In contrast, the parameters do not have any impact on 
the total cost of the system. The unit carbon emission parameters can be controlled by 
the type of vehicles used or investment in the other infrastructures of the network.

In the end, the summary of computational results is presented in Table 22 to provide 
better insights into the performance of Tehran’s plasma supply chain network for man-
aging this network during the COVID-19 pandemic.

7 � Conclusions

This research presented a four-echelon multi-objective multi-product multi-period 
model to design a plasma supply chain network under the COVID-19 pandemic. The 
aim was simultaneous incorporation of convalescent plasma as a critical subsistence 
for treatment of infected patients and regular plasma, which is required by therapy 
and pharmacy sectors, as well as some other features of the COVID-19 pandemic in 
a plasma supply chain network for the first time. The arising environmental concerns 
from carbon emissions attracted attention in recent years. Hence, the resulted carbon 
emission of network activities was also considered to design a green supply chain. The 
objectives of the mixed-integer linear model were to minimize both the total cost and 
total carbon emission. A wide range of decisions, including location, allocation, pro-
duction, inventory, and motivational programs, can be made by solving this model. The 
epsilon constraint method is adapted to make a trade-off between the objectives and 
handle the multi-objective nature of the problem. A real-world case study was investi-
gated to examine the applicability and efficiency of the model. The exact Pareto solu-
tions were obtained through solving the model by the CPLEX solver in the GAMS pro-
gramming environment. A sensitivity analysis was carried out to get insights into the 
impact of some crucial parameters. The results showed that the shortage of plasma and 
convalescent plasma imposes a considerable cost on the network. In addition, a signifi-
cant portion of carbon emission is imposed by the flow of regular plasma from the col-
lection centers to the processing facilities. The sensitivity analysis results demonstrated 
that both objective functions are affected negatively by the increasing demand for prod-
ucts. The total cost increase is mainly due to the limited supply sources and the shortage 
cost. Here, the total carbon emission is increased because of increasing the transporta-
tion flow in the network.

This is not the endpoint, and various enhancement and development options exist. 
Researchers can investigate the following recommendations to extend the current work:

	 I.	 Considering uncertainty in some model parameters such as the donation and demand 
(Samani et al., 2018). This research assumed a high degree of certainty for the dona-
tion and demand of the network. The pandemic status may not remain fixed, and 
the number of infected and recovered people can violate. Moreover, the donation 
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and demand for regular plasma may not have a regular pattern. The extension of the 
proposed model under uncertainty can efficiently address these concerns.

	 II.	 Discussing the impact of investment on carbon emission reduction (Lou et al., 2015). 
Investment in the network’s infrastructures, such as transportation modes, can sig-
nificantly reduce carbon emissions. Therefore, an investigation of the problem with 
emission investment seems interesting.

	 III.	 Developing the model under different carbon emission regulations, including cap-
and-trade and carbon tax (Huang et al., 2020). Several countries use these regula-
tions to curb carbon emissions. These policies can affect the optimal decision of the 
network. Reformulating the problem under these environmental policies is another 
suggestion for future works.

	 IV.	 Presenting solution methods such as benders decomposition, Lagrangian relaxa-
tion, and metaheuristics for solving the problem for large-size networks (Fallahi 
et al., 2022b). The presented model is solved for Tehran’s case study via a commer-
cial solver. However, there may be more extensive supply chain networks that the 
commercial solver is not efficient in solving the problem. More advanced solution 
approaches can assist the managers in decision-making for such networks.
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