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Abstract
In this paper, we develop a multiclass, multiproduct equilibrium model for convales-
cent plasma donations in the Covid-19 pandemic. The potential donors are situated 
at different locations and the donor population at each location can be separated into 
different classes based on their motivation and the product for which they provide 
donations at a collection site. The model captures the competition between nonprofit 
and for-profit organizations seeking convalescent plasma donations, which is a char-
acteristic of this new market. A variational inequality formulation of the equilibrium 
conditions and qualitative properties of the model are provided. We also present 
a capacitated version of the model. Numerical examples of increasing complexity 
are presented and solved using the modified projection method. The results reveal 
multiclass, multiproduct donor behavior under different scenarios which can inform 
policy makers during this pandemic and beyond.

Keywords  Convalescent plasma · Pandemic · Covid-19 · Blood donations · 
Networks

1  Introduction

In the first quarter of 2020, the Covid-19 pandemic disrupted the globe, severely com-
promising economic, educational, and social activities as well as healthcare. Although 
the vaccination process has been ongoing steadily since the beginning of 2021 in the 
USA and several other countries across the world, we are a long way from fully vacci-
nating the entire world’s population. Thirty-eight percent of the population in the USA, 
40 percent of the population in Israel, and 32 percent of the population in UK are fully 
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vaccinated, as of May 2021. However, for many countries this number is still in the 20s 
or even lower. For a complete list of countries and vaccination rates, please refer [1]. 
The economic losses, pain, suffering, and the number of deaths, on the other hand, still 
continue to rise with new cases, the discovery of new variants in various countries such 
as India, UK, Brazil [2, 3], and the catastrophic impact of the second wave in India [4].

1.1 � Covid‑19 and Convalescent Plasma Therapy

One treatment that has been implemented in this time of crisis, especially when and 
where vaccines were not available, is that of convalescent plasma therapy [5–8]. 
Such convalescent plasma is the plasma or liquid part of blood obtained from recov-
ered Covid-19 patients which contains antibodies that can fight the virus SARS-
CoV-2 causing the disease [9]. The treatment gained prominence in the fight against 
coronavirus when studies including one on 39 Covid-19 patients by researchers at 
Mount Sinai Medical Center in New York found a trend towards better survival rates 
for patients who received convalescent plasma [10]. Following these research find-
ings in 2020 the US Food and Drug Administration allowed the use of convalescent 
plasma during the pandemic because there was no approved treatment for Covid-
19. As more Covid-19 patients recovered from the coronavirus, which originated in 
Wuhan, China, the supply of convalescent plasma from willing donors increased.

While there is consensus that there is no adverse effect, the extent of the impact 
of convalescent plasma therapy on the recovery of Covid-19 patients is inconclu-
sive and complicated, depending on factors such as the severity of infection, amount 
of convalescent plasma transfused and the antibody status and titers in donors and 
recipients [11, 12]. Investigations in clinical trials are still going on [13] and some 
recent studies have even found no significant benefits of the treatment on patients 
[14]. Many of these trials focused on severely ill hospitalized patients despite find-
ings and theoretical considerations supporting administration of convalescent 
plasma at the onset of infection rather than at a later stage [12]. Convalescent plasma 
therapy has also been used to treat other infectious diseases in the past [15]. In [16] 
the authors reported findings from a study on 80 patients who were given conva-
lescent plasma in Hong Kong during the 2003 SARS outbreak. A higher discharge 
rate at day 22 was observed among patients who received convalescent plasma 
before day 14 of illness and among those who were PCR positive and seronegative 
for coronavirus at the time of plasma transfusion. However, this was not a rand-
omized trial and the antibody titers and plasma transfusion volumes varied but did 
not appear to correlate with clinical response. Several studies were carried out to 
test the effectiveness of convalescent plasma treatment in the case of the Ebola virus 
infection [17, 18]. Mair-Jenkins et al. [19] conducted an exploratory meta-analysis 
that showed the positive effects of using convalescent plasma for the treatment of 
severe acute viral respiratory infections, including those caused by related coronavi-
ruses (SARS-CoV and MERS-CoV).

Convalescent plasma therapy received attention globally for Covid-19, as gov-
ernments desperately looked for any possible treatments and clinical trials for this 
investigational therapy got approved in several parts of the world. The European 
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Commission, jointly with the European Blood Alliance (EBA), the European Center 
for Disease Prevention and Control (ECDC), and healthcare professionals is driv- 
ing the study on convalescent plasma treatment in Europe. EBA is emphasizing  
data reporting and information sharing among blood banks and clinicians through 
an open database that they are developing to ensure immediate availability of criti- 
cal information on donor selection, plasma collection processes, etc. [20].  
At present, several studies are being conducted focusing on early transfusion of 
high potency convalescent plasma supported by European Union research fund-
ing [21]. At the beginning of May 2020, the National Ethics Committee in India 
also approved the Indian Council of Medical Research’s (ICMR) request to conduct 
clinical trials in 21 hospitals across the country to study the effectiveness of con-
valescent plasma treatment [22]. As India’s healthcare system struggled to manage 
the disastrous impact of the second wave of the pandemic, relatives of patients and 
even government agencies such as Delhi Police put out desperate calls for convales-
cent plasma donations in large numbers [23]. However, on May 17, 2021, the Indian 
Health Ministry and AIIMS-ICMR Covid-19 National Task Force withdrew con-
valesecnt plasma therapy from their Covid-19 treatment protocol in light of recent 
findings that do not show any therapeutic benefits of the treatment on Covid-19 
patients [14].

In 2020, the US Food and Drug Administration (FDA), in partnership with aca-
demics and industry, began a nation-wide effort to facilitate the development of 
two investigational therapies: one on convalescent plasma treatment and the other 
on hyperimmune globulin [24]. Hyperimmune globulin is a concentrated antibody 
serum derived from plasma that can possibly prevent or terminate infection in the 
future [25]. There exists a possible third treatment, monoclonal antibody therapy. 
This therapy uses antibody-producing cells from high-antibody donors to produce 
laboratory-produced molecules to battle Covid-19. According to some scholars, 
until herd immunity is attained, either through mass vaccination and/or natural 
infection, these products have the potential to provide passive antibody-based immu-
nity to individuals who were previously unexposed to reduce the risk of disease or to 
reduce its clinical impact in case an individual is already infected [26].

In the USA, researchers, physicians, nonprofit organization such as blood banks, 
hospitals, the Mayo Clinic, and government regulatory bodies came together to 
investigate the merits of this therapy. In order to drive collections, they tried to 
raise awareness about convalescent plasma treatment among recovered individu-
als through announcements on their websites and initiatives such as the National 
Covid-19 Convalescent Plasma Project. In April 2020, the FDA launched a web-
site to guide recovered Covid-19 patients to plasma collection centers and issued 
guidelines for plasma collection by nonprofit blood banks such as the American 
Red Cross, the New York Blood Center, as well as hospitals, for treating severely 
ill patients [27]. The American Red Cross started collecting convalescent plasma at 
over 170 locations across the country [28]. On August 23, 2020, the FDA issued an 
emergency use authorization (EUA) for the use of convalescent plasma in treating 
hospitalized Covid-19 patients, which was reissued on December 1 [29]. As sev-
eral areas across the USA experienced an increase in the number of Covid-19 cases, 
blood banks continued to recruit and call for recovered patients to donate plasma 
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[30, 31]. Blood banks such as the MEDIC blood bank in East Tennessee expanded 
convalescent plasma collection at its donor centers and added mobile centers in 
order to meet the surge in demand [32]. In the USA, over 250,000 units of conva-
lescent plasma have been administered either as part of EUA or through a clinical 
trial [26]. However, in January and February of 2021, the FDA revised the terms and 
conditions of the EUA, cutting back on the use of convalescent plasma therapy as 
the number of infections and, subsequently, demand decreased steadily in the coun-
try [33]. It is evident the market for convalescent plasma has been rapidly evolving 
over the past year with changes in the severity of the pandemic and emerging results 
on the efficacy of the therapy from various clinical trials. Nevertheless, it is impor-
tant to have an inventory for use in case of future outbreaks or subsequent waves of 
the Covid-19 pandemic.

1.2 � Convalescent Plasma Donation

According to FDA’s guidelines [34], individuals who have fully recovered from 
Covid-19 and have shown no symptoms for at least 2 weeks prior to donation are 
eligible to donate plasma. The donors must have had a prior diagnosis of Covid-19 
documented by a laboratory test. Those who did not have a prior positive diagnos-
tic test and/or never had symptoms of COVID-19 may also be eligible to donate if 
they have had positive results in two different tests approved, cleared, or authorized 
by FDA to detect SARS-CoV-2 antibodies. In addition, all donors must meet the 
regular donor criteria of age and weight and have passed a medical history screen-
ing in order to maintain public health safety. The time of donation is also crucial. 
In [35] the authors identified the optimal time window for donation before virus-
neutralizing antibodies start decreasing in recovered Covid-19 patients and impor-
tant characteristics of ideal donors such as antibody titers. As of May 2020, eligible 
donors could give convalescent plasma to blood banks once every 28 days. Since 
August 31, 2020, the American Red Cross has been accepting donations from indi-
viduals once every seven days for up to three months, but a maximum of eight times 
[36]. Nevertheless, the donor pool for convalescent plasma is limited. The plasma 
collection process involves drawing blood from one arm of the donor and sending 
it through a high-tech machine. The machine collects the plasma separating it from 
whole blood and then safely returns the red cells back to the donor. According to 
the Blood Bank of Delmarva the apheresis process takes 45–50 minutes. However, 
the total visit time including medical screening is over at around 75 minutes. After 
collection, similar to Fresh Frozen Plasma (FFP), convalescent plasma should be 
frozen within 8 hours and stored at -18 C or colder. The manufacturing process for 
Covid-19 convalescent plasma also includes putting the expiration date of one year 
from the date of collection on the label [34]. However, once thawed, plasma must be 
transfused within 5 days.

While nonprofit blood banks and hospital blood programs have been seeking 
convalescent plasma for clinical trials conducted by research groups and for treat-
ment of severely ill patients, profit-making companies also started collecting this 
potentially life-saving product for supplying blood samples to laboratories and test 
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manufacturers with monetary compensations [37,  38]. Profit-making companies 
typically offer $50 to donors for Covid-19 plasma donations. However, the Takeda 
Pharmaceuticals’ BioLife Plasma Services Center, which is part of an industry pro-
ducing plasma protein therapies crucial for treating certain rare chronic conditions, 
has reportedly provided gift cards worth $800 to a couple for making two donations 
[25]. In times of crisis such as this, it is natural for many people to act altruistically 
to help the community. For example, in the aftermath of 9/11, there was a surge of 
blood donations, especially from first time donors which eventually led to wastage 
of collected blood [39]. However, in the current pandemic scenario, donors may not 
only derive satisfaction or utility from their altruistic behavior but also receive mon-
etary benefits if they choose to donate to a profit-making company such as Cantor 
BioConnect, which sells the plasma at high prices to laboratories and test manufac-
turers even overseas [37].

It is evident from the above discussion that an interesting market for convalescent 
plasma, which can be used to treat patients and to develop products such as hyper-
immune globulin and other critical therapies, has emerged. This market involves 
multiple players with different objectives and a limited donor pool. Donors, hence, 
have several options for donation in terms of the product and the organization. In 
some cases, individuals who are not eligible to donate plasma for direct treatment 
due to safety concerns, such as Hasidic women who have recovered from Covid-19, 
can still choose to donate for hyperimmune globulin creation [25]. Donors are able 
to distinguish among the competing organizations collecting convalescent plasma 
based on their purpose and also the product and its use as well as their own condi-
tions to meet the eligibility criteria for donation for a particular product.

Several studies across different disciplines, including economics, psychology, 
medicine, and operations research [40–44], have been conducted in order to better 
understand the motivation behind blood donations. In their paper, Evans and Fer-
guson [42] reported on a psychometric assessment of altruism that can inform and 
guide donor recruitment strategies. They used five theoretical dimensions of altru-
ism; namely, impure altruism, kinship, self-regarding motives, reluctant altruism, 
and egalitarian warm glow to differentiate between donors and non-donors. Their 
findings suggest that pure altruism is often not the sole motivation for voluntary 
blood donors, and that blood donor behavior is rather complex. Based on this analy-
sis, we can assume that the blood or, in this case, the convalescent plasma donor 
population is not homogeneous and can be separated into several classes on the 
basis of their motivation as well as appropriate fit for a specific product.

1.3 � Contributions

Convalescent plasma has proved to be a crucial component in the healthcare sys-
tem during a global pandemic in the absence of vaccine and approved treatments. 
On the other hand, the market for convalescent plasma in the for-profit sector is 
expected to grow from 0.026 billion USD in 2020 to 0.028 billion USD in 2021  
at a compound annual growth rate (CAGR) of 7.7 percent according to a report 
by The Business Research Company published in March 2021. Concerned by the  
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growing competition between the nonprofit and for-profit organizations Farrugia et al. in  
[45] wrote “We apprehend that potential CP (convalescent plasma) donors who may 
approach the community blood sector for altruistic reasons may be deflected to the com- 
mercial sector through the high remuneration offered. This may be accentuated during  
this period as the traditionally low-resource population of paid plasma donors may 
be further augmented through the difficult economic situation, as occurred in pre-
vious economic crises”. Hence, it is important to study the behavior of donors in 
this competitive scenario that can also help government agencies prepare for future 
waves of the Covid-19 pandemic or other infectious disease outbreaks. In this paper, 
we develop a novel multiclass, multiproduct donor model for convalescent plasma 
donations. To the best of our knowledge, this is the first model to capture competi-
tion between nonprofit organizations and for-profit organizations for the collection 
of convalescent plasma. The model is an equilibrium model and consists of different 
classes of recovered Covid-19 survivors who meet the criteria for donating conva-
lescent plasma for one or more of the plasma products. The donors are located at 
origin locations whereas the plasma collection sites are located at destination loca-
tions. Each class of donors at an origin location has an associated utility function of 
donating the plasma for a particular purpose/product at a collection site. There is 
also a generalized cost, which includes, time, money, potential risk, etc., of going 
from the origin location to each collection site for a class of donor at an origin. We 
assume a fixed population of recovered donors of each class at each origin location. 
The donors reflect their preferences through their utility functions.

We now provide a discussion of the existing literature of relevance to our con-
tributions in this paper. We do emphasize that the topic under consideration in this 
paper is especially timely and novel as the events surrounding the Covid-19 pan-
demic rapidly evolve. Furthermore, the unusual market for convalescent plasma with 
both nonprofits and for-profit organizations involved in competing for the plasma in 
the blood of recovered is quite special and merits investigation.

2 � Literature Review

2.1 � Charitable Donations and Donor Behavior

We begin the discussion in this section by highlighting existant literature on the 
modeling of charitable donations, donor behavior, and preferences. Toyasaki and 
Wakolbinger [46] compared two common fundraising techniques using optimization 
models: fundraising with the option of earmarking donations and fundraising with-
out an earmarking option. They modeled the donor’s behavior as well as the relief 
agency’s behavior to analyze the effect of earmarking donations on fundraising 
costs. Saxton and Zhuang [47] proposed a game theory model that showed that the 
amount of charitable contributions made by donors is positively dependent on the 
amount of disclosure by the nongovernmental organizations (NGOs). The authors 
distinguish between two core donor preferences: the desire for impact and the desire 
for publicity, with donors choosing between organizations based on how well the 
organization satisfies these preferences. Zhuang et al. [48] further showed that the 
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disclosure of financial performance, donor relations, and fundraising information is 
an important tool for nonprofit organizations to attract greater donations as it boosts 
accountability and public trust. Game theory has also been used to investigate other 
types of charitable donations such as organ donations [49].

2.2 � Human Migration Models

There exists a rich body of literature on equilibrium models with varied applications 
and using the formalism of variational inequalities (cf. Kinderleher and Stampacchia 
[50]), originating in such classical contributions as those of [51,  52] on traffic net-
work equilibrium; that of [53] on oligopolistic market equilibria, as well as that of [54] 
on spatial price equilibria. For recent contributions and applications, see the edited 
volumes by [55–58], and the references therein. In this paper, we focus specifically 
on equilibrium models developed for humanitarian and public policy issues that have 
significant societal impact (cf. Muggy and Stamm [59] and the references therein). 
Our modeling framework is related to that being utilized in models of human migra-
tion. For example, [60, 61] studied human migration with multiclass equilibrium mod-
els. Nagurney et al. [62, 63], subsequently, expanded the work in this area and devel-
oped multiclass human migration models with movement/migration costs and class 
transformation. Causa, Jadamba, and Raciti [64] also built on the model of [61] to 
incorporate uncertainty in the utility functions, the migration cost functions, and the 
populations. More recently, [65] developed a network model with regulations for inter-
national human migration problems. Their analysis provides insights on the effects of 
regulations on the utilities of different classes of migrants.

However, although the models in this paper make use of utility functions and gen-
eralized costs associated with origin and destination pairs, as has been done in vari-
ous migration network models with migration costs (see also Nagurney [66]), here, 
we have added features uniquely relevant to convalescent plasma donations in the 
pandemic. These features include the purpose/product of the donation at each col-
lection site plus the capacities at the sites. Furthermore, in this paper, the collection 
sites can be nonprofit or profit ones, which has no analogue in migration models.

2.3 � Blood Supply Chains

In the domain of the blood supply chain literature, of specific relevance to this paper, 
is the work of [67]. That paper developed a multitiered integrated blood supply 
chain competition model with different stakeholders, namely blood banks, hospitals, 
and patient payer groups such as Medicare, Medicaid, private insurance companies, 
etc. The model is based on a blood product pricing scheme aimed at ensuring the 
economic sustainability of the blood banking industry which is essential for main-
taining a steady supply of safe blood in the country. The results of their analysis 
reveal the benefit of a cost-based pricing scheme for blood products that takes into 
account the volume of blood transfused and the actual costs of all the supply chain 
operations can inform policymakers.
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While financial stress on blood banks due to increased competition, reduced 
demand, and cost-intensive testing operations has been a concern in the blood 
banking industry in recent times, the challenges associated with blood supply 
chain management are vast and varied. For a broad literature review on this topic 
see Nagurney and Dutta [44] and Dutta and Nagurney [67]. In this paper, we men-
tion a few recent works on this topic. Piraban et al. [68] provide an up-to-date lit-
erature review on blood supply chain management. Osorio et al. [69] use discrete-
event simulation to capture flows through the blood supply chain consisting of 
collection, production, storing, and distribution and an integer linear optimization 
model running over a rolling horizon to decide the required number of donors, col-
lection methods, and production planning. As the authors point out in their paper, 
blood supply chain research often deals with specific stages of the supply process. 
There are few works that integrate all the operations comprising the supply chain 
(cf. Masoumi et al. [70]). Given the life-saving properties of blood products there 
has been a growing emphasis on research focusing on designing robust blood sup-
ply chains in the case of emergencies and disasters [71–74].

Although the above mentioned studies tackle interesting and significant issues, 
there is a clear dearth of modeling research on blood donor behavior which is 
a critical and unique part of supply chain management of this life-saving prod-
uct, which cannot be produced but must be donated. Hosseini-Motlagh et al. [75] 
developed a novel mixed possibilistic-stochastic flexible robust model that takes 
into consideration the critical role played by blood donors. Their study included 
motivational initiatives aimed at encouraging blood donors in order to maintain 
a sufficient blood supply. The authors incorporate factors such as advertisement, 
education, and medical credits in constructing the motivational function.

There has been extensive research on blood donor recruitment and reten-
tion drawing from theories in social and behavioral sciences [76]. Much of that 
research is empirical work [41, 77, 78]. While the theoretical framework of blood 
donation focuses on altruism [40] as the driving force behind blood donations, 
there have been studies that investigate other potential sources of motivation. 
Lacetera et al. [79] discussed the effect of rewards and incentives on blood dona-
tions to mitigate shortages. In [80] the authors proposed two incentive schemes to 
drive convalescent plasma donation where under the first scheme, donors obtain 
treatment vouchers that can be transferred to patients of their choosing and under 
the latter scheme, patients obtain priority for convalescent plasma therapy in 
exchange for a future pledge to donate plasma if possible. Analytical results in 
the paper show that in steady state, both principles can increase overall treatment 
rates for all patients in need of convalescent plasma therapy. Nagurney and Dutta 
[44] modeled the competition among blood banks for donations from voluntary 
donors using the level of service quality provided at the blood collection sites as 
factors driving donations. In this paper, we advance the work on the modeling of 
donor behavior, specifically, in the case of convalescent plasma in relation to the 
Covid-19 pandemic, which has unique features, including nonprofit as well as for-
profit organizations collecting the plasma.
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2.4 � Covid‑19

We would also like to mention research pertaining to the Covid-19 pandemic. 
Kabir and Tanimoto [81] use the framework of evolutionary game theory to 
model behavioral dynamics associated with economic shutdowns implemented by 
governments in response to the spread of Covid-19. They obtain valuable insights 
that can help governments in decision making, one of them being that “shield 
immunity takes hold in a population most easily when a lockdown is enacted with 
relatively low costs to the individuals.” Kaplan [82] presents probability models 
that are used to assess the effectiveness of two policies adopted by countries to 
contain the outbreak of the infectious disease; namely, case isolation and quar-
antine within a community during the initial phase of outbreak. Baveja et al. [83] 
propose a plan with four strategies to be implemented over a period of 90 days in 
order to stop the spread of the infectious disease while mitigating its economic 
repercussions: (a) stop all international, domestic passenger air and intercity bus/
train travel; (b) create administrative zones of about 1 million people; (c) stop 
all non-emergency cross-zonal travel except for transportation of goods, and (d) 
deploy an information-driven service value chain to control the spread of the pan-
demic within a zone. In another recent publication, Ivanov [84] develops a new 
concept of Viable Supply Chain (VSC) drawing from the principles of agility, 
resilience, and sustainability. The author mentions that the VSC model can help 
firms make decisions on recovery and re-building of their supply chains in the 
aftermath of a global crisis such as the Covid-19 pandemic. Rassia [85] presents 
an interesting perspective on the need to focus on human values and human inter-
action with nature in case of architectural designs to create safe spaces protecting 
people in conditions of crisis. The Covid-19 outbreak is a good example to study 
since the best way to avoid the infection is to stay indoors; specifically, at home. 
Nagurney [86], in turn, constructs a game theory supply chain network model, 
which includes labor as a critical resource, and which includes labor productivity 
associated with supply chain economic activities. The framework considers three 
different sets of constraints on labor availability, and is inspired by the Covid-
19 pandemic. The author also presents numerical examples associated with pan-
demic labor disruptions. Choi [87] discusses how the powerful methodologies of 
operations research can “come to the rescue” in the pandemic and classifies the 
literature into before the pandemic, during the pandemic, and after the pandemic. 
He also highlights what specific actions governments, healthcare, various non-
profit-making organizations, and businesses should take to deal with Covid-19.

The remainder of the paper is organized as follows. In Section 3, we construct 
the multiclass, multiproduct convalescent plasma donor model, state the equilibrium 
conditions, and provide the variational inequality formulation. We also present an 
extension that includes capacity-like constraints. In Section 4, we provide qualita-
tive properties of the model, along with an algorithm. In Section 5, we apply the 
algorithm to compute solutions to numerical examples in order to illustrate the mod-
eling and algorithmic framework and the types of insights that can be gained. Sec-
tion 6 summarizes the results and present our conclusions, along with suggestions 
for future research.
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3 � The Multiclass, Multiproduct Convalescent Plasma Donor 
Equilibrium Model

3.1 � The Uncapacitated Equilibrium Model

The model consists of m locations at which recovered Covid-19 individuals are 
located with a typical such origin location denoted by i. There are also n locations at 
which the convalescent plasma is collected that the donors need to go to, with a typi-
cal such destination location denoted by j. As mentioned in the Introduction, there 
are different types of products that can be produced from the donated convalescent 
plasma, including that for transfusion into Covid-19 patients. We denote a conva-
lescent plasma product by l and there are r such products. Also, there are o different 
classes of convalescent plasma donors, with a typical class denoted by k. The net-
work structure for the model is shown in Fig. 1.

All vectors are column vectors. The notation for the model is given in Table 1. 
Note that we assume that there is a utility function associated with each donor class 
located at a location and associated with a convalescent plasma product and dona-
tion location. In addition, since convenience, safety, risk, time, familiarity, and com-
fort with a collection site, and possible monetary expenditure are important, we 
associate a generalized cost for each class at each location in donating for a specific 
convalescent plasma product at a particular donor site.

The convalescent plasma donations must be nonnegative, that is,

It is to be noted that the amount of plasma that can be collected from each donor 
depends on their height, weight, and gender [88]. The flows here denote the number 
of units of convalescent plasma donated by each class of donors from each location 
to an organization for a particular purpose.

The convalescent plasma donors seek to identify the product towards which their 
convalescent plasma will be used as well as the location for their donations. There 

(1)Qkl
ij
≥ 0, ∀i, j, k, l.

Fig. 1   Donor Model
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is a fixed amount of convalescent plasma Q̄k
i
 in the recovered population at a loca-

tion i and class k. The equilibrium conditions which reflect the choices made by the 
convalescent plasma donors guarantee that if the cost exceed the utility, then the 
associated flow of convalescent plasma donations will be zero. Also, since the con-
valescent plasma donor population may not be sufficiently high to clear the market, 
there is a Lagrange multiplier associated with a class and origin location that will be 
positive, in equilibrium, if the market clears, and zero, otherwise.

We assume that the utility functions and the generalized cost functions are continu-
ous with the former being monotonically decreasing in Q and the latter—monotonically 
increasing. It makes sense to have these cost functions be monotone increasing since the 
greater the volume of those moving from an origin node to a donor destination node, 
the greater the chance of contagion of various diseases and other associated risks; the 
longer it can take to get to the donor site and to get processed (which would include the 
waiting time), and it also “costs” more due to the opportunity cost, the cost of gas or 
using public transportation, etc. On the other hand, having the utility functions be mono-
tone decreasing is not unreasonable due to analogues of our framework with models of 
human migration networks, where monotone decreasing utility functions have been his-
torically utilized in the literature.

Note that we allow the utility functions and the generalized cost functions to 
depend upon, in general, vectors of variables. Of course, a special case would be that 
of separable functions. We emphasize that one can expect that the utility of a donor 
in a class at a donation node would clearly depend on the volume of donors not only 
of the same class but of other classes. Also, if the donor sites are in proximity, one 
can expect some interaction. In fact, the role played by word-of-mouth in charitable 
donations has been studied in the existing literature. Sundermann [89] reported the 
positive impact of word-of-mouth on commitment, satisfaction, and loyalty of blood 
donors. Martin et al. [90] examined survey data on blood donors of the Austrian Red 
Cross and found evidence to support that a strong relationship exists between word-
of-mouth and awareness of blood services and willingness to donate. Williams and 

Table 1   Notation for the Multiclass, Multiproduct Convalescent Plasma Donor Model

Notation Definition

Qkl
ij

the donation flow of convalescent plasma for purpose l of class k donor from location i to  
collection site j. The {Qkl

ij
} elements for all i, j, k, and l are grouped into the vector Q ∈ Rmnor

+
.

Q̄k
i

the nonnegative amount of convalescent plasma from potential donors of class k at location i; 
k = 1,… , o ; i = 1,… ,m.

U kl
ij
(Q)   the utility perceived by class k at location i to donate convalescent plasma at location j for 

product/purpose l; i = 1,… ,m ; j = 1,… , n ; k = 1,… , o ; l = 1,… , r . We group all the utili- 
ties into the vector U(Q) ∈ Rmnor.

ckl
ij
(Q) the generalized cost of class k at location i to go to location j to donate product l of their  

convalescent plasma, which includes financial cost, time, and risk of class k for i = 1,… ,m ; 
j = 1,… , n ; k = 1,… , o ; l = 1,… , r . We group all the generalized costs into the vector 
c(Q) ∈ Rmnor.

�
k
i

the nonnegative Lagrange multiplier, in effect, associated with the available amount of 
convalescent plasma potentially to donate by class k located at location i; i = 1,… ,m ; 
k = 1,… , o . We group all the Lagrange multipliers into the vector � ∈ Rom

+
.
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Buttle [91] also point out the important role played by word-of-mouth in the case 
of donor behavior and donations to nonprofit organizations. Hence, it is reasonable 
to assume that the utility perceived by donors is influenced and affected by other 
classes of donors donating at the same location and/or those who choose to donate 
plasma to other locations. Clearly, the generalized costs are also influenced by the 
volume of flow of donors not only of the same class but also of different classes on a 
link, and, very likely, at the very least of neighboring links.

We define the feasible set K ≡ {(Q, �)| such that Q ∈ Rmnor
+

and � ∈ Rom
+
} . Note 

that the feasible set K is closed and convex.
The full statement of the governing equilibrium conditions is below.

Definition 1  The Multiclass, Multiproduct Convalescent Plasma Donor Equilibrium 
Conditions

A vector of multiclass, multiproduct convalescent plasma donations (flows) and 
a vector of Lagrange multipliers (Q∗, �∗) ∈ K are in equilibrium if they satisfy the 
equilibrium conditions: for each class k; k = 1,… , o and each product l; l = 1,… , r:

and

We now provide a deeper interpretation of equilibrium conditions (2). Specifi-
cally, we note that they can be rewritten as follows: for each class k; k = 1,… , o and 
each product l; l = 1,… , r:

From (4) we can see that, for a given class at an origin location, the utility minus 
the generalized cost is equalized for all plasma product / destination choices that 
are selected, that is, for those for which there is a positive volume of convalescent 
plasma donated. And that difference between the utility and the generalized cost 
exceeds the analogous values for the not selected options, that is, those with zero 
convalescent plasma donations (flows).

We now provide the variational inequality (VI) formulation of the equilibrium 
conditions (2) and (3) in the following theorem.

Theorem 1  Variational Inequality Formulation

The vectors of convalescent plasma donations (flows) and Lagrange multipliers 
satisfy the equilibrium conditions (2) and (3) if and only if they satisfy the vari-
ational inequality problem: determine (Q∗, �∗) ∈ K such that

(2)ckl
ij
(Q∗)

{
= Ukl

ij
(Q∗) − 𝜆

k∗
i
, if Qkl∗

ij
> 0,

≥ Ukl
ij
(Q∗) − 𝜆

k∗
i
, if Qkl∗

ij
= 0,

(3)Q̄k
i

�
=
∑n

j=1

∑r

l=1
Qkl∗

ij
, if 𝜆

k∗
i

> 0,

≥
∑n

j=1

∑r

l=1
Qkl∗

ij
, if 𝜆

k∗
i

= 0.

(4)𝜆
k∗
i

{
= Ukl

ij
(Q∗) − ckl

ij
(Q∗), if Qkl∗

ij
> 0,

≥ Ukl
ij
(Q∗) − ckl

ij
(Q∗), if Qkl∗

ij
= 0.
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Proof  We first establish necessity, that is, we show that if (Q∗, �∗) ∈ K satisfies 
equilibrium conditions (2) and (3), then it also satisfies VI (5).

If (Q∗, �∗) ∈ K satisfies (2), then, for a fixed i, j, k, l, we know that

Indeed, if Qkl∗
ij

> 0 , then the above holds true and the same for Qkl∗
ij

= 0.
Summing (6) over all i, j, k, l, we have that

Similarly, we know from equilibrium conditions (3), that, for a fixed i and k:

Since (8) holds for any i, k, summation of (8) over all i, k yields:

Finally, summation of inequalities (7) and (9) yields VI (5).
We now establish sufficiency, that is, a solution (Q∗, �∗) ∈ K to VI (5), also satis-

fies equilibrium conditions (2) and (3).
In (5), we make the following substitutions: we set �s

q
= �

s∗
q

 for all q ≠ i and s ≠ k 
and Qkl

ij
= Qkl∗

ij
 , for all i, j, k, l. This results in:

which implies that equilibrium condition (3) holds.
Now, we set �k

i
= �

k∗
i

 for all i,  k,   in VI (5) and we set Qsh
qt
= Qsh∗

qt
 for all 

q, t, s, h ≠ i, j, k, l and substitute into VI (5), which yields:

and inequality (11) clearly implies that equilibrium condition (2) holds. The proof is 
complete.

m∑

i=1

n∑

j=1

o∑

k=1

r∑

l=1

[
ckl
ij
(Q∗) − Ukl

ij
(Q∗) + �

k∗
i

]
×

[
Qkl

ij
− Qkl∗

ij

]

(5)+

m∑

i=1

o∑

k=1

[
Q̄k

i
−

n∑

j=1

r∑

l=1

Qkl∗
ij

]
×
[
𝜆
k
i
− 𝜆

k∗
i

]
≥ 0, ∀(Q, 𝜆) ∈ K.

(6)
[
ckl
ij
(Q∗) − Ukl

ij
(Q∗) + �

k∗
i

]
×

[
Qkl

ij
− Qkl∗

ij

]
≥ 0, ∀Qkl

ij
≥ 0.

(7)
m∑

i=1

n∑

j=1

o∑

k=1

r∑

l=1

[
ckl
ij
(Q∗) − Ukl

ij
(Q∗) + �

k∗
i

]
×

[
Qkl

ij
− Qkl∗

ik

]
≥ 0, ∀Q ∈ Rmnor

+
.

(8)

[
Q̄k

i
−

n∑

j=1

r∑

l=1

Qkl∗
ij

]
×
[
𝜆
k
i
− 𝜆

k∗
i

]
≥ 0, ∀𝜆k

i
≥ 0.

(9)
m∑

i=1

o∑

k=1

[
Q̄k

i
−

n∑

j=1

r∑

l=1

Qkl∗
ij

]
×
[
𝜆
k
i
− 𝜆

k∗
i

]
≥ 0, ∀𝜆 ∈ Rmo

+
.

(10)

[
Q̄k

i
−

n∑

j=1

r∑

l=1

Qkl∗
ij

]
×
[
𝜆
k
i
− 𝜆

k∗
i

]
≥ 0, ∀𝜆k

i
≥ 0,

(11)
[
ckl
ij
(Q∗) − Ukl

ij
(Q∗) + �

k∗
i

]
×

[
Qkl

ij
− Qkl∗

ij

]
≥ 0, ∀Qkl

ij
≥ 0,
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3.2 � An Extension to Include Capacities

It is important to recognize that some collection sites may be capacitated. Hence, 
we introduce some new notation. We let capj denote the maximum amount of 
plasma donations that can be handled at collection site j and we let S be the set 
of such sites j. We assume that there are nS elements in the set S . Also, we intro-
duce the Lagrange multiplier �j for each collection site j ∈ S and we group 
the Lagrange multipliers �j into the vector � ∈ R

nS
+  . We define the feasible set 

K2 ≡ {(Q, �, �)| such that Q ∈ Rmnor
+

, � ∈ Rom
+
, � ∈ R

nS
+ }.

In the capacitated extension of the above model, the equilibrium conditions are 
now as below.

Definition 2  The Capacitated Multiclass, Multiproduct Convalescent Plasma Donor 
Equilibrium Conditions

A vector of multiclass, multiproduct convalescent plasma donations (flows) and 
vectors of Lagrange multipliers (Q∗, �∗, �∗) ∈ K2 are in equilibrium if they satisfy 
the equilibrium conditions: for each class k; k = 1,… , o , each product l; l = 1,… , r , 
for donors at i; i = 1,… ,m , and for j ∈ S:

whereas for each class k; k = 1,… , o , each product l; l = 1,… , r , for donors at i; 
i = 1,… ,m , and for j ∉ S:

and for j ∈ S:

with (3), as before, holding for all j, that is,

The following variational inequality formulation of the above equilibrium condi-
tions is immediate.

Theorem 2  Variational Inequality Formulation of the Capacitated Model

A vector of multiclass, multiproduct convalescent plasma donations (flows) and 
a vector of Lagrange multipliers (Q∗, �∗, �∗) ∈ K2 satisfy the equilibrium conditions 

(12)ckl
ij
(Q∗)

{
= Ukl

ij
(Q∗) − 𝜆

k∗
i
− 𝛾

∗
j
, if Qkl∗

ij
> 0,

≥ Ukl
ij
(Q∗) − 𝜆

k∗
i
− 𝛾

∗
j
, if Qkl∗

ij
=,

(13)ckl
ij
(Q∗)

{
= Ukl

ij
(Q∗) − 𝜆

k∗
i
, if Qkl∗

ij
> 0,

≥ Ukl
ij
(Q∗) − 𝜆

k∗
i
, if Qkl∗

ij
= 0,

(14)capj

�
=
∑m

i=1

∑o

k=1

∑r

l=1
Qkl∗

ij
, if 𝛾

∗
j
>,

≥
∑m

i=1

∑o

k=1

∑r

l=1
Qkl∗

ij
, if 𝛾

∗
j
= 0,

(15)Q̄k
i

�
=
∑n

j=1

∑r

l=1
Qkl∗

ij
, if 𝜆

k∗
i

> 0,

≥
∑n

j=1

∑r

l=1
Qkl∗

ij
, if 𝜆

k∗
i

= 0.
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(12), (13), (14), and (15) if and only if they satisfy the variational inequality prob-
lem: determine (Q∗, �∗, �∗) ∈ K2 such that

We now put variational inequality (5) into standard form (cf. Nagurney [66]): 
determine X∗ ∈ K such that

where F is a given continuous function from K to RN , K is a given closed convex set, 
and ⟨⋅, ⋅⟩ denotes the inner product in N-dimensional Euclidean space.

We set K ≡ K , X ≡ (Q, �) , and N = mnor + mo . Also, we define the vector 
F ≡ (F1,F2) , where the components of F1 consist of the elements: ckl

ij
(Q) − Ukl

ij
(Q) + �

k
i
 , 

∀i, j, k, l , and the components of F2 consist of the elements: Q̄k
i
−
∑n

j=1

∑r

l=1
Qkl

ij
 , ∀i, k . 

Then, clearly, VI (5) coincides with VI (17), with the above definitions.
VI (16) can, analogously, also be put into standard form (17), but with the expan-

sion of the definitions of the vectors X and F(X) and also of RN since in the con-
strained case we have additional Lagrange multipliers in the vector �.

4 � Qualitative Properties and the Algorithm

We now discuss some properties of the model, specifically, those that guarantee that 
the conditions for convergence of the modified projection method (cf. Korpelevich 
[92] and Nagurney [66]) that we use to compute solutions to numerical examples 
in this next section are met. Specifically, the algorithm is guaranteed to converge 
to a solution of variational inequality (17) if the function F(X) that enters the VI 
is monotone and Lipschitz continuous, and that a solution exists. It was recently 
applied to compute solutions to a stochastic game theory model for disaster relief by 
[93].

(16)

m∑

i=1

∑

j∈S

o∑

k=1

r∑

l=1

[
ckl
ij
(Q∗) − Ukl

ij
(Q∗) + 𝜆

k∗
i
+ 𝛾

∗
j

]
×

[
Qkl

ij
− Qkl∗

ij

]

+

m∑

i=1

∑

j∉S

o∑

k=1

r∑

l=1

[
ckl
ij
(Q∗) − Ukl

ij
(Q∗) + 𝜆

k∗
i

]
×

[
Qkl

ij
− Qkl∗

ij

]

+
∑

j∈S

[
capj −

m∑

i=1

o∑

k=1

r∑

l=1

Qkl∗
ij

]
×

[
𝛾j − 𝛾

∗
j

]

+

m∑

i=1

o∑

k=1

[
Q̄k

i
−

n∑

j=1

r∑

l=1

Qkl∗
ij

]
×
[
𝜆
k
i
− 𝜆

k∗
i

]
≥ 0, ∀(Q∗, 𝜆∗, 𝛾∗) ∈ K2.

(17)⟨F(X∗),X − X∗⟩ ≥ 0, ∀X ∈ K,
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Recall that the function F(X) is said to be monotone, if

The function F(X) is Lipschitz continuous, if there exists a constant L > 0 , known as 
the Lipschitz constant, such that

We now write ⟨F(X1) − F(X2),X1 − X2⟩ for F(X) as defined for VI (5) and obtain, 
after algebraic simplification:

And, under our previously imposed assumptions that c(Q) is monotone increasing 
and that U(Q) is monotone decreasing it follows that the term in (19) is greater than 
or equal to zero for all (Q1,Q2) ∈ K , and, hence, F(X) is monotone. Under the same 
assumptions, the F(X) for VI (15) is also monotone.

As for Lipschitz continuity, if both the generalized cost and the utility functions have 
bounded second order partial derivatives, then F(X) will be Lipschitz continuous (see 
also Nagurney and Zhang [94] and Nagurney [66]).

The iterative steps of the modified projection method, with � denoting an iteration 
counter, are as follows:

The Modified Projection Method
Step 0: Initialization
Initialize with X0 ∈ K . Set the iteration counter � ∶= 1 and let � be a scalar such 

that 0 < 𝛽 ≤
1

L
 , where L is the Lipschitz constant.

Step 1: Computation
Compute X̄𝜏 by solving the variational inequality subproblem:

Step 2: Adaptation
Compute X� by solving the variational inequality subproblem:

Step 3: Convergence Verification
If |X� − X�−1| ≤ � , with 𝜖 > 0 , a pre-specified tolerance, then stop; otherwise, set 

� ∶= � + 1 and go to Step 1.
The modified projection method for both the model governed by VI (5) and that 

capacitated extension one governed by VI (16) yields closed form expressions for the 
convalescent plasma product donations and for the Lagrange multipliers in both Steps 
(21) and (22). hence, these are nice features for implementation.

(18)⟨F(X1) − F(X2),X1 − X2⟩ ≥ 0, ∀X1,X2 ∈ K.

(19)‖F(X1) − F(X2)‖ ≤ L‖X1 − X2‖, ∀X1,X2 ∈ K.

(20)
m∑

i=1

n∑

j=1

o∑

k=1

r∑

l=1

((ckl
ij
(Q1) − Ukl

ij
(Q2)) − (ckl

ij
(Q2) − Ukl

ij
(Q2)) × (Qkl1

ij
− Qkl2

ij
).

(21)⟨X̄𝜏 + 𝛽F(X𝜏−1) − X𝜏−1,X − X̄𝜏⟩ ≥ 0, ∀X ∈ K.

(22)⟨X𝜏 + 𝛽F(X̄𝜏) − X𝜏−1,X − X𝜏⟩ ≥ 0, ∀X ∈ K.
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5 � Numerical Examples

In this Section, we apply the modified projection method to compute solutions 
to numerical examples. The algorithm was implemented in FORTRAN and the 
computer system used was a Linux system at the University of Massachusetts 
Amherst. We initialized the algorithm by setting all the donation flows and the 
Lagrange multipliers to 0.00. The convergence condition for all the examples was 
that the absolute value of two successive variable iterates was less than or equal 
to 10−7.

The model developed in this paper can be applied to any region or country 
that is recruiting convalescent plasma donors. The examples here, although styl-
ized, are inspired by the Covid-19 outbreak in New York City, the areas that have 
been affected, the number of recovered patients, and also the availability of col-
lection sites for convalescent plasma products as of May 2020. We assume the 
time frame for the model to be a month. Hence, the flows obtained here denote 
the number of units of convalescent plasma donated in a month. The American 
Red Cross which began collection with FDA’s approval in early April reportedly 
had collected around 200 units of convalescent plasma towards the end of the 
month [95]. The values we obtain from the numerical examples are close to the 
above figure.

The series of numerical examples are constructed in increasing order of 
complexity.

Example 1: Single Class, Two Origin Locations, and a Single Nonprofit Collection 
Location 

The first example consists of a single class of donor at two locations: Williamsburg, 
Brooklyn, corresponding to origin location 1 and Corona, Queens, corresponding to 
origin location 2. These location areas are among the most severely affected neigh-
borhoods in New York [25, 96]. There is a single collection site for convalescent 
plasma as depicted in Fig. 2 which we associate with a nonprofit organization such 
as Mount Sinai Hospital which spearheaded the convalescent plasma treatment in 
New York City [76].

For completeness, and easy reference, we also map the donation flow variable 
with the numbered link in Fig. 2. Specifically, Q11

11
 is the flow on link 1 and Q11

21
 is 

the flow on link 2. Recall that we use Qkl
ij

 notation for the convalescent plasma 
donations of those located at origin location i of class k donating at collection site 
j for use in product l.

The available supplies (bounds) at the origin locations of the convalescent 
plasma that can be donated are:

The generalized cost functions are:

Q̄1

1
= 100.00, Q̄1

2
= 150.00.
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The utility functions are:

The modified projection method converged to the following equilibrium solution:

with

The utilities at the equilibrium solution are:

In this example, we can see that the donors at both origin locations choose to donate 
all their available convalescent plasma. The Lagrange multipliers are, hence, posi-
tive. We are seeing this in practice, that those who have recovered from Covid-19 
are seeking to give back and help others through donations of convalescent plasma.

Example 2: Single Class, Two Origin Locations, and Two Nonprofit Collection Locations 

Example 2 is constructed from Example 1 and has the same data but with the addi-
tion of new data to handle a new collection site for convalescent plasma for another 
nonprofit. This new collection site, at destination location 2, is perceived as the New 

c11
11
(Q) = 2Q11

11
+ 2, c11

21
(Q) = 3Q11

21
+ 3.

U11

11
(Q) = −1Q11

11
+ 1000, U11

21
(Q) = −1Q11

21
+ 1500.

Q11∗
11

= 100.00, Q11∗
21

= 150.00,

�
1∗
1

= 698.00, �
1∗
2

= 897.00.

U11

11
(Q∗) = 900.00, U11

21
(Q∗) = 1350.00.

Fig. 2   Network Topology for 
Example 1

Sites for Plasma Collection
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York Blood Center site in Long Island City which is closer to the donor origin loca-
tions. The network topology for this example is depicted in Fig. 3.

Note that new links 3 and 4 have been added joining the origin locations with the 
new collection site in Fig. 3. The plasma donation variable associated with link 3 is: 
Q11

12
 , whereas that for link 4 is: Q11

22
.

The generalized cost functions associated with the added collection site (and the 
new links) are:

The utility functions, in turn, are

The utility functions have higher fixed terms at the new collection site than at the 
first one since the class of donors feels that the specialization in blood services is a 
positive feature of the site. Since there could be traffic, even in the pandemic, this is 
captured by a higher coefficient of “4” preceding the donation flow Q11

22
.

The modified projection method converged to the following equilibrium solution:

and

The utilities at the equilibrium solution are:

c11
12
(Q) = 2Q11

12
+ 1, c11

22
(Q) = 4Q11

22
+ 2.

U11

12
(Q) = −2Q11

12
+ 2000, U11

22
(Q) = −1Q11

22
+ 2000.

Q11∗
11

= 0.00, Q11∗
21

= 27.67, Q11∗
12

= 100.00, Q11∗
22

= 122.33,

�
1∗
1

= 1599.00, �
1∗
2

= 1386.33.

U11

11
(Q∗) = 1000.00, U11

21
(Q∗) = 1472.33, U11

12
(Q∗) = 1800.00, U11

22
(Q∗) = 1877.67.

Fig. 3   Network Topology for 
Example 2
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Observe that with the new collection site, the donors at the first origin location 
now donate all their convalescent plasma to the new collection site. Also, the donors 
at the second origin site donate the majority of their plasma to the new site. Again, 
all the available plasma is donated and the Lagrange multipliers are positive.

Example 3 ‑ Single Class, Two Origin Locations, and Three Collection Locations, with One 
Being a For Profit One Collecting for Another Product

Example 3 has the same data as Example 2 but now we consider the following sce-
nario. A for-profit organization such as Grifols or Takeda has heard of the number 
of convalescent plasma donations at the second collection point and has decided to 
locate very near there. The convalescent plasma will not be for use soon thereafter in 
patients but, rather, for a new product. The new collection site 3 and the associated 
links (links 5 and 6) destined to it are depicted in the network topology representing 
this example in Fig. 4. The plasma donation variable associated with link 5 is: Q12

13
 

and that with link 6: Q12

23
.

The data for Example 3 was the same as that for Example 2 with the following addi-
tions for the new collection site which collects for a different product geared to making 
a profit.

The added generalized cost functions associated with the new collection site associ-
ated with a for-profit organization are:

The added utility functions, in turn, are:

Note that the utility function fixed terms associated with donating to the new col-
lection site are higher than those fixed terms associated with the other nonprofit collec-
tion sites since donors now get financial compensation for their convalescent plasma 
donations at the third destination site. Also, note that the analogous generalized cost 

c12
13
(Q) = 2Q12

13
+ 1, c12

23
(Q) = 4Q12

23
+ 2.

U12

13
(Q) = −1Q12

13
+ 2500, U12

23
(Q) = −1Q12

23
+ 2500.

Fig. 4   Network Topology for 
Example 3
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functions are the same since the location of the collection site is essentially at the same 
place as the second collection site.

The modified projection method converged to the following equilibrium solution:

and

The utilities at the equilibrium solution are:

The donors at origin location 1 now donate all their convalescent plasma to 
the for profit collection site. The donors at the second origin location donate the 
majority of their convalescent plasma also to the for profit collection site, and a 
much smaller amount to the second collection site. Clearly, the nonprofits lose 
in terms of convalescent plasma donations due to the competition from the profit 
organization.

Example 4 ‑ Variant of Example 3

In Example 4, we consider the following scenario. The donors at the second origin 
location are now a bit embarrassed by those in their community in that they are 
donating so much convalescent plasma to the for-profit organization.

Hence, their utility function associated with donating to the for profit has now 
been modified to:

The modified utility function reflects that the utility function is also decreasing 
in the number of convalescent plasma donations from that origin location to the 
second donation site.

The modified projection method now yielded to the following equilibrium 
solution:
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23
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and

Once can now that there is a positive amount of convalescent plasma that is 
being “switched” from being donated to the for-profit organization to the non-
profit one at the second collection site. All the plasma at both origin locations is 
fully donated with the Lagrange multipliers, again, being both positive.

The utilities at the equilibrium solution are now:

Example 5 and Variant ‑ Addition of a New Class

Example 5 has the same data as Example 4 but now we introduce a new class 2 that, 
because of specific criteria that must be satisfied, is not able to donate their conva-
lescent plasma for direct infusion into Covid-19 patients but, rather, can still donate 
for another product and that product is managed by the for-profit organization at its 
collection site 3. The network topology is as in Fig. 5. The new link is link 7 and it is 
associated with the plasma donation variable: Q22

23
.

The additional data associated with link 7 are as follows.
The generalized link cost is:

and the utility function is:

Also, we have:

�
1∗
1

= 2199.00, �
1∗
2
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11
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22
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13
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23
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c22
23
(Q) = 6Q22

23
+ 5

U22

23
(Q) = −1Q22

23
+ .4Q12

23
+ 2000.

Fig. 5   Network Topology for 
Example 5
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The above generalized link cost captures culture barriers in that this class may be 
reluctant to travel, whereas the utility function captures that there is a positive effect, 
due to familiarity, associated with the other class from the same origin location 
donating to the for profit collection site.

The modified projection method yielded the equilibrium solution:

and

The new class of donor donates its entire supply of convalescent plasma and the 
equilibrium Lagrange multiplier is positive.

The utilities at the equilibrium solution are now:

We then modified the new class donors’ utility function to signify a decrease in 
utility associated with donating as follows:

The modified projection method converged to an equilibrium solution, which dif-
fered from the one immediately above in that:

with U22

23
(Q∗) = 471.50.

Observe that now class 2 does not donate all of the convalescent plasma that it 
can and, hence, the associated Lagrange multiplier is equal to 0.00.

Example 6 ‑ Bound On Location 3 Collection Site

Example 6 was inspired by the following scenario. The workers at collection site 3 
have been falling ill with Covid-19 and there are, hence, fewer labor resources avail-
able for handling the convalescent plasma donations at this for-profit organization 
collection site.

The solutions to all the preceding examples satisfied the unconstrained version 
VI (5), whereas the governing equilibrium conditions for this constrained example 
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satisfy VI (15), where recall that we have an additional Lagrange multiplier � asso-
ciated with the bound on the flows to the destination location under the capacity 
constraint.

There is, hence, a capacity at this site of: cap3 = 300.00 , which is imposed on 
donations/flows to node (3, 2) in Fig. 5. Hence, links 5, 6, and 7 may be affected 
with associated variables of: Q12

13
 , Q12

23
 , and Q22

23
.

The remainder of the data is as in Example 5.
The computed equilibrium solution for this example is:

and �∗
3
= 366.21.

Observe that all the Lagrange multipliers are positive and, therefore, on the sup-
ply side all of the convalescent plasma available is donated and on the demand side, 
the for profit collection site is at its capacity for handling the plasma donated there.

We see that, as compared to the results in Example 5, now there is a positive 
amount of convalescent plasma donated by class 1 and origin location 2 to nonprofit 
collection site 1 and an increase in convalescent plasma donations from this class 
and location to collection site 2. However, because of the capacity on collection site 
3, the volume of plasma donations there decreases from donors of class 1. Class 2, 
which is unable to donate for immediate transfusion purposes, again, donates all of 
its plasma to the for profit site 3.

Some of the insights gained from the above numerical examples, although styl-
ized, are: 

1.	 It is important to make the experience of donating convalescent plasma as positive 
as feasible since a decrease in a utility function fixed term can impact donations.

2.	 Care should be taken when a for profit moves in since convalescent plasma donors 
may shift their donations from nonprofit organizations to a for profit one.

3.	 Proximity matters and convenience of collection sites.
4.	 Availability of labor needed for the collection process during the pandemic and 

capacities of the collection sites play an important role. Organizations collecting 
convalescent plasma need to have the resources to collect from the donors.

6 � Summary and Conclusions and Suggestions for Future Research

In this paper, we developed a multiclass, multiproduct equilibrium model to 
study the behavior of convalescent plasma donors in the Covid-19 pandemic. As 
more and more countries across the globe approve clinical trials for convales-
cent plasma therapy to fight the Covid-19 pandemic and as collections of this 
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life-saving product gain momentum, it will be critical to understand how different 
classes of donors located at different sites choose to donate to different organiza-
tions. Antibody-rich plasma from recovered Covid-19 patients has not only been 
used in severely ill patients, but also to develop other products such as hyperim-
mune globulin. Each location in our model has a fixed population of convales-
cent plasma donors who meet the eligibility criteria. The donor population can be 
separated into several classes based on their motivation to donate and the product 
for which they are donating at a specific location. Preferences of each class of 
donor at an origin location for donating for a convalescent plasma product at a 
collection site is captured in the utility functions. While people make charitable 
donations driven by altruism, there are tangible factors associated with the effort 
to donate that might deter donors. It requires time and cost to travel to a plasma 
collection site to provide donations. Often donors have to wait for their turn and 
the collection process itself takes about an hour. Moreover, during a pandemic 
there are risks of infection associated with traveling, specially if the collection 
sites are far from the donor’s location as well as the possibility of an accident. All 
these important factors affecting donor decisions are captured in our generalized 
cost functions.

To the best of our knowledge this is the first model to capture competition for 
convalescent plasma between nonprofit organizations such as blood banks and hos-
pitals, and for-profit organizations such as pharmaceutical companies that are work-
ing on the development of plasma derived products. An extension of the convales-
cent plasma model is provided to include capacity restrictions at collection sites. 
We provide equilibrium conditions for both capacitated and uncapacitated models. 
Qualitative properties of the model and the algorithmic framework of modified pro-
jection method are also outlined. The algorithm is implemented and applied to solve 
a series of numerical examples that explore several scenarios with varying levels of 
complexity. The results obtained from these numerical examples reveal how non-
profit organizations might lose donations due to competition from for-profit organi-
zations that provide monetary compensations to donors. The insights obtained from 
this analysis can help policy makers understand the behavior pattern of convalescent 
plasma donors under different circumstances.

As the studies on convalescent plasma therapy make progress and more data are 
accessible on the availability and collection of convalescent plasma, our model can 
be further tested using real data. Another possible extension of this work would 
involve capturing the stochastic nature of the supply and demand for convalescent 
plasma. Furthermore, since there is the possibility of repeat donations of convales-
cent plasma, adding that feature to the model would be interesting. Constructing 
a game theory model with objective functions for the nonprofit and the for-profit 
organizations competing for a limited amount of convalescent plasma would also 
be worthwhile. Furthermore, it is important to emphasize that the model can also 
inform in future disease outbreaks and pandemics, in which convalescent plasma 
may play a role in medical treatments.

Every global tragedy in human history dating back to World War II has paved 
the way for scientific innovation, technological advancement, and better understand-
ing of the psyche of society at large. This Covid-19 pandemic is not any different. 
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The Operations Research and Management Science community has the skill set and 
mathematical and computational tools needed to analyze the evolving situation with 
the outbreak of the disease. Research on the pandemic using Operations Research 
and Management Science tools is important and can help inform and guide decision 
makers also in the area of public policy. With this paper we contribute to the litera-
ture with the development of a new model for convalescent plasma in a unique mar-
ket that has arisen in the Covid-19 pandemic. The model handles different classes of 
donors, as well as different convalescent plasma products, and allows for the inves-
tigation, in its computational form, a multiplicity of scenarios such as the impact 
of the addition of classes, the addition of donor origin locations, and the addition 
of nonprofit collection sites and a for profit competitor collection site. Of course, 
changes to the underlying functions is also made possible and we illustrated this as 
well in the form of changes in utility functions.
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