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Abstract

This paper presents a multi-product multi-period stochastic program for an integrated blood supply chain that considers red
blood cells and platelets while accounting for multi-product interactions, demand uncertainty, blood age information, blood
type substitution, and three types of patients. The aim is to minimize the total cost incurred during the collection, production,
inventory, and distribution echelons under centralized control. The supply chains for red blood cells and platelets intertwine
at the collection and production echelons as collected whole blood can be separated into red blood cells and platelets at the
same time. By adapting to a real-world blood supply chain with one blood center, three collection facilities, and five hospitals,
we found a cost advantage of the multi-product model over an uncoordinated model where the red blood cell and platelet
supply chains are considered separately. Further sensitivity analyses indicated that the cost savings of the multi-product
model mainly come from variations in the number of whole blood donors. These findings suggest that healthcare managers
are able to see tremendous improvement in cost efficiency by considering red blood cell and platelet supply chains as a whole,
especially with more whole blood donations and a higher percentage of whole blood derived platelets pooled for transfusion.
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Highlights

e A multi-product stochastic program for an integrated 1 Introduction
blood supply chain is presented.

e Multi-product interactions, demand uncertainty, and
platelet pooling are considered.

e The multi-product model performs better than the unco-
ordinated RBC and PLT single product models.

e Cost savings mainly come from variations in the number
of whole blood donors.

e Increasing the use of pooled platelets can reduce cost and

Blood is an unmanufacturable and irreplaceable product that
is necessary for surgeries and treatment of patients suffer-
ing from illnesses and accidents [38]. There are more than
4000 different kinds of components contained in blood. Of
all these blood components, the three most important are
red blood cells (RBC), platelets (PLT), and plasma (PLS).
According to American Red Cross [6], daily demands for

wastage. RBCs, PLTs, and PLS are approximately 36,000, 7000, and
10,000 units respectively in the United States. RBCs are the

most abundant cell type and can be stored for up to 42 days

>4 Yuan Xu after collection [5]. Although demand of PLTs only accounts
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for around 1/5 of RBCs, they play an important role in organ
transplants, bone marrow transplants, cancer treatment, and
general surgeries. PLTs are the most perishable blood prod-
uct and have a shelf life of 5 days [5]. Unlike RBCs and
PLTs, PLS is not a perishable product and can be stored for
nearly 1 year [5]. Despite the importance of blood products,
blood is a scarce resource and can only come from human
donations. These features add the difficulty to optimize the
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blood supply chain especially for perishable blood products
in terms of balancing wastage and shortage. As an unper-
ishable product, handling the operational process of PLS is
significantly less complex than RBCs and PLTs. Therefore,
this research only focuses on optimizing the supply chain
management of RBCs and PLTs in the US.

Generally, the blood supply chain is divided into four
echelons: collection, production, inventory, and distribution.
There are several similarities and differences between the
RBC and PLT supply chains for each echelon. Both supply
chains start with blood collection from donors. There are
two ways of collecting RBCs or PLTs: through whole blood
or apheresis. Whole blood donation is the most common
donation type. One whole blood donation can produce one
transfusable unit of RBC and 1/5 transfusable unit of PLT.
While one apheresis donation can contribute two transfus-
able units of RBCs or up to three transfusable units of PLTs
[7]. Here, a transfusable unit indicates a therapeutic adult
dose for blood transfusion. Whole blood is usually collected
by bloodmobiles. Then, it will be transported to a local blood
center where whole blood is processed to extract RBCs and
PLTs. However, in the US, whole blood is mainly used for
producing RBCs, and the PLT components extracted from
whole blood at the same time could exceed that needed for
transfusions, as the demand for RBCs is much larger than
PLTs. According to the AABB and National Blood Collec-
tion and Utilization surveys, in the US only around 13% of
PLT transfusions use whole blood derived PLTs [10] with
each transfusable unit of PLT requiring pooling of whole
blood derived PLTs from 4 to 6 different donors. Pooling
PLTs from different donors could increase the risk of infec-
tions; however, proper testing procedures should be able to
avoid this. RBCs and PLTs are also collected by apheresis
at blood centers and hospitals. Bloodmobiles can also col-
lect apheresis derived RBCs, but are not capable to collect
apheresis derived PLTs. Collected whole blood, RBCs, and

or apheresis, are appropriate for use and will be allocated to
inventories at blood centers or hospitals. RBCs need to be
stored in refrigerators at a temperature between 2 to 6 °C.
In contrast, PLTs can be kept at room temperature but need
to be agitated constantly to avoid clumping. These blood
products, if stored at blood centers, are then distributed to
hospitals to fulfill orders. Before transfusion at hospitals,
blood compatibility between the donor and the patient needs
to be determined. This process is called crossmatching.
For RBC:s, it is necessary to consider crossmatching of
blood types between donors and patients before transfusion
as not all blood types are compatible. There are eight main
blood types: A, B, AB, and O, each of which can be rhesus
positive or negative. Table 1 shows the compatibility chart
for substitution of blood types for RBCs [15]. As illustrated
in Table 1, a person with blood type AB+ is a universal
recipient who can receive blood from donors with any blood
type. In an analogous fashion, a person with blood type O- is
known as a universal donor. But for PLTs, while transfusing
the same ABO type as the patient is the first choice, any ABO
and rhesus type is possible. However, PLT demand can be
classified into three types based on patients’ needs as shown
in Table 2 [18]. Fresh, young, and old PLTs are defined as
PLTs with an age of one day old, two to three days old, and
four to five days, respectively. Fresh PLTs are needed for
organ or bone marrow transplantation. Fresh or young PLTs
are needed for oncology and hematology cases or cancer
treatment. Other patients can use fresh, young, or old PLTs.
Most literature regarding blood supply chain management
considers a single blood product such as RBCs or PLTs,
we are unaware of any study that discusses a multi-product

Table 2 Demand type for PLTs

Demand type Age Usage

PLTs need to be tested to ensure free from hepatitis viruses, ~ 1esh ldayold  Organ transplantation and bone marrow
HIV, and other infectious diseases that can be transmitted ~ YoUng 2-3 days old Hematology, oncology, and cancer
. . . treatment

through blood transfusion. Once negative testing results are old 45 days old Traumatology and general surgery

obtained, RBCs and PLTs, either derived from whole blood

;a];alcesl Compatibility chart for f; ag; ent blood Donor blood type

A+ A- B+ B- AB+ AB- O+ O-

A+ Y Y - - - - Y Y
A- - Y - - - - - Y
B+ - - Y Y - - Y Y
B- - - - Y - - - Y
AB+ Y Y Y Y Y Y Y Y
AB- - Y - Y - Y - Y
O+ - - - - - - Y Y
0- - - - - - - - Y
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blood supply chain that considers whole blood production
and apheresis production at the same time. According to
Barbee [9], in 2011 donation of whole blood was approxi-
mately 13,744,000 units, in addition, nearly 1,978,000 units
of RBCs and 2,516,000 units of PLTs were collected by
apheresis. As an important source of blood supply, whole
blood donation has great effects on both the RBC and PLT
supply chains. Therefore, it is necessary to consider multiple
products for accurate modeling of the supply of the blood
supply chain so as to reduce the wastage of whole blood
derived PLTs in the US.

Is it possible to develop a comprehensive model that com-
prises both the RBC and PLT supply chains, their opera-
tional processes, and connections? If it is possible, does this
multi-product model perform better than an uncoordinated
model where the RBC and PLT supply chains are considered
separately? If it does, what are the drivers of the difference?

To answer these questions, this paper presents a novel
multi-product multi-period stochastic program for a four-
echelon blood supply chain that considers RBCs and PLTs
while accounting for blood type substitution and three types of
patients. The objective of the proposed model is to minimize
total costs, including production, transportation, inventory,
and wastage costs, under a centralized control system where
any decision regarding production and allocation is made
with a system-wide perspective. By adapting our model to a
real-world case study from the Fargo-Moorhead area, North
Dakota and Minnesota, USA, we found the cost advantage of a
multi-product blood supply chain over an uncoordinated model
where the RBC and PLT supply chains are considered sepa-
rately. Further sensitivity analyses on exploring the impacts
of donors and pooling percentage on system performance
indicated that cost savings of the multi-product model mainly
come from variations in the number of whole donors and a
higher pooling percentage for whole blood derived PLTs.

2 Literature Review

There is a wealth of literature on the blood supply chain
especially in recent years. Belién and Forcé [11] and Oso-
rio et al. [30] summarized relevant articles from 1966 to
2010 and 2014, respectively. The newest literature review
of the blood supply chain was presented by Piraban et al.
[33]. Piraban et al. [33] classified existing literature pub-
lished between 2005 and February 2019 based on a new
taxonomy including decision making and forecasting envi-
ronments, network structure, blood products, operational
processes, type of problem/planning decisions, modeling
techniques, and data characteristics. Several important
characteristics of the blood supply chain have been high-
lighted by Piraban et al. [33] and considered by the exist-
ing literature, such as demand uncertainty[17], blood type

compatibility/ABO-substitution for RBCs [22], and age-
dependent demand for PLTs [20]. Pirabén et al. [33] also
identified some gaps and potential directions in the blood
supply chain. These gaps include consideration of multiple
blood products, choosing collection methods (apheresis and
whole blood donation), and multiple echelons that comprise
the blood supply chain. Our research fills these gaps and
considers these identified characteristics of the blood sup-
ply chain. In the following parts, we present the relevant
literature on the RBC and PLT supply chains respectively,
as well as the multi-product blood supply chain.

RBCs are the mostly demanded blood components. A
considerable amount of research has been dedicated to the
RBC supply chain [1, 21, 23, 26, 37]. However, all of these
studies ignored the important characteristic of blood type
compatibility for RBCs which makes them less applicable as
not all blood collected is suitable to be transfused to patients
with a certain blood type. Most recent works consider blood
type compatibility and substitution when formulating mod-
els for RBCs [15, 17, 25, 29]. Dillon et al. [15] introduced
a two-stage stochastic program for RBC inventory manage-
ment that focused on minimizing operational costs, as well
as blood shortage and wastage. However, this paper focused
only on a single echelon which is inventory. It would be
better to consider the multiple echelons of the blood supply
chain so as to manage coordination and cooperation among
different echelons to avoid myopic view and the bullwhip
effect. Hamdan and Diabat [25] presented a mathematical
model for an integrated RBC supply chain that seeks to
minimize total system cost, processing and transportation
time, and number of outdated units. The model accounts for
blood type substitution, product perishability, stochastic sup-
ply, and stochastic demand. Though this research considered
perishability of RBCs, it didn’t provide age information of
RBCs in the inventory. Another limitation is that only whole
blood donation was considered as a source of supply for
RBCs without considering apheresis donation. Hamdan and
Diabat [25] provides a good reference for us when develop-
ing our model to include the ABO substitution characteristic
of RBCs, though we take age information and two sources
of supply into account.

Compared to RBCs, PLTs are much more perishable as
they have a very short shelf life. Most recent studies con-
sider age-based PLT supply chains or inventory models [2,
16, 34, 35]. Besides much shorter shelf life, another impor-
tant difference of PLTs compared to RBCs is age-depend-
ent demand as certain types of patients may require certain
ages of PLTs [13]. This characteristic has been addressed
by several papers working on PLT supply chain [18, 19, 23,
24, 36]. Gunpinar and Centeno [23] developed a stochastic
integer program for a two-level supply chain consisting of
one blood center and one hospital that explicitly accounts for
the age of blood units, demand for two types of patients, and
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demand uncertainty. On the basis of Gunpinar and Centeno
[23], Ensafian and Yaghoubi [18] enlarged the PLT supply
chain both horizontally and vertically by considering four
echelons including collection, production, inventory, and
distribution with 18 collection facilities, one blood center,
and 10 hospitals. They considered two collection approaches
of PLTs and three different types of patients. Our considera-
tion of two sources of supply and three types of demand are
mainly derived from the above two articles.

After examining the literature on the RBC and PLT
supply chains respectively, let’s focus on the multi-
product supply chain. Although research regard-
ing multi-product supply chains for nonperishable
items is common [3, 27, 28], there is little work that
addresses perishable products. The first study that
considered multiple perishable products was Deuer-
meyer and Pierskalla [14]. They considered a new
system with two products and two production pro-
cesses where one of the production processes was
capable to produce both products. This is exactly
what we saw in the blood supply chain in which
whole blood donation can generate both RBCs and
PLTs while apheresis donation can generate either
RBCs or PLTs. There is very limited research in the
blood supply chain that considers multiple products.
Arvan et al. [8] presented an integrated supply chain
that includes donation sites, testing and processing
labs, blood banks, and demand points. Four blood
products were considered in the proposed model:
whole blood, RBCs, PLS, and PLTs. The goals were
minimizing the total operational cost and the total
time that blood products remain in the network
before being consumed. However, this model didn’t
account for apheresis donation as well as shortages
and outdates of blood products. Osorio et al. [31]
presented a combination of an integrated simulation-
based model and an integer linear optimization model
focusing on the collection and production echelons
that account for blood type substitution and perish-
ability. This study considered four blood products:
RBCs, PLS, PLTs, and cryoprecipitate, and five pro-
duction processes: whole blood fractionation using
triplex bag, quadruple bag A, and quadruple bag B
respectively, and apheresis production for RBCs and
PLTs. However, the proposed optimization model
was limited to the collection and production stages
and the age information of products in the inventory
was unknown. Zahiri and Pishvaee [39] formulated a
novel multi-period location allocation problem for a
blood supply chain that focused on minimizing total
costs and unmet demand. This research considered
multiple blood products, which are RBCs, PLTs, and
PLS. In addition, blood type substitution for RBCs
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and PLS were taken into account. However, the model
didn’t consider the time spent on inventory at the
main center for blood products when talking about
perishing, which limits its usefulness. None of these
articles consider the multiple production processes
including whole blood separation and apheresis pro-
duction in a multi-product blood supply chain. As
both RBCs and PLTs can be produced through whole
blood and apheresis, and whole blood separation can
generate both blood products, it is necessary to con-
sider a multi-product blood supply chain that coor-
dinates different types of production processes and
maintains an appropriate inventory level.

In this study, we formulate a multi-product multi-period
stochastic program for an integrated blood supply chain that
accounts for demand uncertainty, blood type substitution for
RBCs, and age-dependent demand for PLTs. The aim is to
provide tactical and operational decisions on blood collec-
tion, production, and allocation and explore the benefits of a
coordinated multi-product model on performance improve-
ment. Our study contributes to the literature in two ways.
First, we present the first multi-product stochastic program
for an integrated blood supply chain that considers the coor-
dination of different types of blood production processes.
Considering the common supply of RBCs and PLTs through
whole blood separation, it is realistic to consider a multi-
product model in the blood supply chain. This paper enriches
the limited literature in the blood supply chain that consid-
ers multiple products, multiple echelons, and multiple col-
lection methods. Second, we investigate the benefits of the
multi-product model on reducing total cost and shortage by
comparing it to an uncoordinated model where the RBC and
PLT supply chains are considered separately.

3 Problem Description

In this study, we investigate a centralized blood supply chain
system with multiple perishable products within multiple
periods considering one regional blood center, several blood
collection facilities, and hospitals. The aim is to minimize
the total cost incurred in the collection, production, inven-
tory, and distribution echelons. As a multi-product system,
two supply chains are considered: the RBC supply chain and
the PLT supply chain. The two supply chains intertwine at
the collection and production echelons through whole blood
donation and separation.

3.1 Problem Description
The structure of the blood supply chain is depicted in Fig. 1.

There are three types of facilities considered: bloodmobiles,
the blood center, and hospitals. All of these facilities can be
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Fig. 1 Multi-product supply chain network

used for collecting blood, but bloodmobiles can only collect
whole blood and apheresis derived RBCs, and the blood
center and hospitals mainly collect apheresis derived RBCs
and PLTs. Blood units collected through bloodmobiles are
then transported to the blood center and separated into RBCs
and PLTs. Thus, the inventory of whole blood is considered
to be zero. After performing bacterial testing, suitable blood
products are either put into inventory or distributed to differ-
ent hospitals. Three types of patients are taken into account
for PLTs and blood type crossmatching and substitution are
considered for RBCs.

Within the multi-period supply chain, the demand
for both blood products differs day by day, as does the
production schedule at the blood center. Each hospital
orders each blood product based on estimated demand
and remaining inventory before the start of each day.
At the beginning of each day, the blood center dis-
tributes ordered blood products to different hospitals,
then updates its current inventory by adding newly
collected or produced units and removing any expired
units as well as units that have been distributed,
and finally making a new production plan based on
remaining inventory and estimated total orders from
the hospitals. On the other hand, hospitals receive dif-
ferent blood products with different age distributions
from the blood center. These received units together
with the units stored at the inventory of each hospi-
tal are used for satisfying different types of demand.
Since demand for RBCs and PLTs fluctuates day by
day and is unknown when operational decisions are
made, it is necessary to address the issue of demand
uncertainty. According to Birge and Louveaux [12],
stochastic programming is a useful and popular

Table 3 Sequence of daily events at the blood center and hospitals

Sequence Blood Center Hospitals

1 Distribute RBCs and PLTs Receive RBCs and PLTs
2 Blood collection and produc- Blood collection

tion
3 - Satisfy demand
4 Remove outdated units Remove outdated units
5 Update inventory status Update inventory status
6 Determine production plan Place order

approach to deal with uncertainty. Therefore, a multi-
period stochastic program is applied to the blood sup-
ply chain. For each day, the supply of whole blood and
apheresis derived blood products is decided prior to
the realization of uncertainty, while other decisions
including production, distribution, and inventory are
made without knowing the specific demand for each
product. Table 3 shows the sequence of daily events
at the blood center and hospitals.

According to the above description, the main assump-
tions of the blood supply chain are:

e [t takes two days to process and test whole blood units
[18], while only one day is needed for performing bac-
terial tests on apheresis derived blood products. This
later assumption is based on conversations with a man-
ager at a local blood center.

e Demand for RBCs is much larger than demand for
PLTs [6]. Therefore, to satisfy demand for RBCs, a
large amount of whole blood units will be collected as
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an important source of supply. We assume that all the
PLTs produced in the whole blood collection will be
pooled and utilized for transfusion.

e Lead time for transportation between any two facilities
is zero and does not influence the age of transported
blood units. As we are considering a blood supply
chain in a local area, the geographic distance between
the collection sites and the blood center or between the
blood center and hospitals is relatively small.

e Shortage is not allowed for both RBCs and PLTs. This
indicates that the blood supply is sufficient to fulfill the
demand of the blood supply chain. Generally, blood
donated by voluntary unpaid donors is enough to main-
tain daily blood demand under non-disaster situations.
But if unexpected sudden demand occurs for a short time
period, like a serious car accident, blood centers and hos-
pitals can pay some money to recruit donors or encourage
family/friend donors to avoid blood shortage.

3.2 Two-stage stochastic programming approach

The demand for RBCs and PLTs at hospitals is not
fixed and may change day to day, so demand uncer-
tainty must be taken into consideration. Birge and
Louveaux [12] pointed out that stochastic program-
ming is a popular approach in dealing with uncer-
tainty in modeling problems.

This paper presents a scenario-based two-stage sto-
chastic program to account for demand uncertainty
for the multi-product blood supply chain. In the two-
stage framework, decision variables are categorized as
first stage and second stage variables. The first-stage
decisions, also called “here-and-now” decisions, are
independent of scenarios and are made before reveal-
ing uncertainty. In our study, the first-stage decisions
include the collection and production of whole blood
and apheresis derived RBCs and PLTs at different
collection facilities, the blood center, and hospitals.
The second-stage decisions, also referred as “wait-
and-see” decisions, are scenario-dependent and are
determined to account for changes after the realization
of uncertainty. The second stage decisions are those
referring to the daily operation of the blood center
and hospitals, specifically, the distribution, inventory,
demand fulfillment, and wastage.

4 Mathematical Formulation
4.1 Model notation

The complete notation for the multi-product supply chain
model is summarized as follows.

@ Springer

Parameters

4

B,

86

Age of blood products, nEN

Demand type for blood products,
kEK

Hospitals, i€/

Blood collection facilities, jE€J
Time periods, t€ET

Blood types, a, dEE

Different blood product types,
c€Erl

Scenarios, eEE

Fraction of valid whole blood
units used for separation process

Quantity of blood product type
o obtained from one apheresis
donation

Quantity of blood product type ¢
obtained from one whole blood
separation

Lifetime of blood product ¢

Number of whole blood donors
with blood type « at collection
facility j on day ¢

Number of apheresis donors with
blood type a for blood product
o at collection facility j on day 7,
c=RBC

Number of apheresis donors with
blood type a for blood product ¢
at hospital i on day ¢

Number of apheresis donors with
blood type a for blood product ¢
at the blood center on day ¢

Fixed cost of producing blood
components from whole blood
at the blood center

Operation cost per unit of whole
blood separation at the blood
center

Procurement cost per unit of
whole blood

Pooling cost per transfusable unit
of PLTs derived from whole
blood

Apheresis production cost per unit
of blood product o

Unit holding cost of blood product
o per day

Unit transportation cost from
blood collection facility j to the
blood center

Unit transportation cost from the
blood center to hospital i

Wastage cost per unit of blood
product ¢
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d

itkace

(o

T

aa’

C.

o

CO(;
Initial
Ci o

w

P

Variables
A

itac

AOrazr

jtac

jta

Qma

I

itnace

f Otmace

R

ithaoce

itoe

Patient demand of type k and
blood type a for blood product
o at hospital i on day ¢ under
scenario €

Set of ages for blood product ¢
associated with demand type k

1 if the demand for blood type
a can be alternatively fulfilled
with blood type ', 0 otherwise

Capacity of blood product ¢ at
hospital i

Capacity of blood product ¢ at the
blood center

Upper bound for initial inventory
of blood product ¢ at hospital i

Percentage of whole blood derived
PLTs used for pooling

Maximum percentage of apheresis
donation for blood product o

Probability of scenario &

Quantity of apheresis donation for
blood product ¢ with blood type
a at hospital i on day ¢

Quantity of apheresis donation for
blood product ¢ with blood type
«a at the blood center on day ¢

Quantity of apheresis donation for
blood product ¢ with blood type
«a at collection facility j on day ¢,
¢=RBC

Quantity of whole blood donation
with blood type « at collection
facility j on day ¢

Quantity of blood product ¢ with
blood type a produced from
whole blood at the blood center
on day ¢

Quantity of blood product ¢ aged
n with blood type « in the inven-
tory of hospital i at the begin-
ning of day ¢ under scenario &

Quantity of blood product ¢
aged n with blood type « in the
inventory of the blood center
at the beginning of day 7 under
scenario €

Quantity of blood product ¢
aged n with blood type a
shipped to hospital i on day ¢
under scenario €

Outdated quantity of blood prod-
uct ¢ at hospital i on day ¢ under
scenario &

Ooipe Outdated quantity of blood prod-

U,

maa’ ce

uct o at the blood center on day ¢
under scenario €

Quantity of blood product ¢
aged n with blood type & in the
inventory of hospital i used to
satisfy demand of blood type
a on day f under scenario &,
Vi, t,n,0,myy =1

1 if blood products are produced
from whole blood at the blood
center on day ¢, 0 otherwise

4.2 Mathematical model

Based on the defined parameters and variables, a multi-
stage multi-product stochastic model is formulated. The
objective is to minimize the expected total operational
cost of the multi-product blood supply chain across all
scenarios. This cost comprises of 15 cost components in
the multi-stage blood supply chain:

Production costs on day t:

Whole blood procurement cost with blood type « at
collection facility j: L B,

Fixed production cost of blood products derived from
whole blood: F*Z,

Variable whole blood production cost with blood type

J

aV s« ijlBjm xy

Pooling cost of whole blood derived PLTs with blood
type a: Yxw*Q,,.,, 6 =PLT

Apheresis production cost of product ¢ with type « at
the blood center: p,* Ay * f

Apheresis production cost of product ¢ with type « at
hospital i: p, %A, * B,

Apheresis production cost of product ¢ with type a at
collection facility j: p,* A, % B,
Transportation costs on day t:

Transportation cost from collection facility j to the
blood center for blood type a: G;* (Bjj,+ XA 100 * o)

Transportation cost from the blood center to hospi-
tal i for product ¢ aged n with type a under scenario &:
Pe * Hi * Riln(ws
Inventory holding costs on day 7 under scenario &:

Holding cost of product ¢ aged n with type a at hospi-
tal it Poxh Ly

Holding cost of product ¢ aged n with type a at the
blood center: P, % h 1,00

Wastage costs on day ¢ under scenario &:
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Wastage cost of discarded whole blood derived PLTs
with blood type a: P, v * (1 —w) * Q,,,, c=PLT

Wastage cost of outdated product ¢ at hospital i:
Ps *V,k O[t()‘&‘

Wastage cost of outdated product ¢ at the blood center:
Ps *V, ok O()t(rs

e Other costs under scenario &:
Initial inventory cost of Sroduct o aged nwith type a:

P * <101na0'6 + Zl 1 zlnaae * (L+ V+hg)

The cost for initial inventory is estimated to be produc-
tion cost adds one-day holding cost.

Eq. (1) shows the final objective function for the multi-
stage multi-product stochastic blood supply chain model.

Miny 3 ]LIL* B+ Y Fez+ 3 3 VB,
Dt D Zf_ Vs Oyt 2 Y I byt Ay B

XD IDYD D VIRV ST RS VWD WD I ST Y2

D DGyt (Bt Y A By )

SDIDIDID DI Y AT Ty .

SDIDIDID DI Yl AT Ay -

EDIDID DD INN AT Ay -

2 T r Do D Pe Ve # (=) % Oy

D IDIDIED VN AT

+ 2. 2, X P % vy % O

+Z 2 Z 2,,2 e (101mm'5+zl lllmwe) (L+V+h,).
ey
The blood supply chain model contains the following
constraints:

(1) Supply limitations at collection facilities, the blood
center, and hospitals

Blood can be supplied through whole blood donation
and apheresis donation. Whole blood is mainly collected
using bloodmobiles at different collection sites. Constraint
(2) represents the number of whole blood donation does not
exceed the available whole blood donors of each blood type
at collection facilities on each day. Bloodmobiles can also
collect apheresis derived RBCs. Constraint (3) put an upper
limit on the number of apheresis donation for RBCs at each
collection site. The blood center and hospitals mainly collect
apheresis derived RBCs and PLTs. Constraints (4) and (5)
indicate the number of apheresis donation cannot exceed the
available apheresis donors at the blood center and hospitals,
respectively.

Bi < Wiy, V.10 @
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(2) Production ratio between whole blood and apheresis

Apheresis donation requires an apheresis machine to col-
lect a particular blood component, such as RBCs or PLTs,
and return the other components back to the donor. This pro-
cess takes much longer compared to a whole blood donation.
Hence, more donors tend to make a whole blood donation
instead of an apheresis donation. In addition, the number of
apheresis machines is limited at different facilities. There-
fore, we set a maximum percentage (u,) for apheresis dona-
tion for each blood product. Constraint (6) ensures that the
number of whole blood donations takes a minimum percent-
age of (1 —u).

1
ZJ 17jta = (1 —U ) (Zj 17jta + Zi:]AiZan +A()ttm' + Z A/tmr)
Vt,a, 0

(6)

(3) Capacity restrictions at the blood center and each hos-
pital

Whole blood collected at each bloodmobile is used to
produce RBCs and PLTs at the blood center. Constraint (7)
ensures that the number of RBCs and PLTs derived from
whole blood do not exceed capacity of the blood center for
each product. Constraints (8) and (9) guarantee the number
of remaining inventories for each blood product at the end
of each day do not exceed the storage capacity of the blood
center and hospitals, respectively.

ZaQtaa < COo' * Zt Vt,o @
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(4) Production loss constraint

Production loss is considered for whole blood extraction
as some collected whole blood units may fail the test and
some may not be rich enough to extract RBCs and PLTs.
Usually, the blood center can determine an estimated fixed
percentage for production loss (y). It is noted that two days
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are need for collected whole blood to undergo infectious
disease testing and component separation. Therefore, the
number of RBCs/PLTs derived from whole blood for each
blood type on each day is based on the percentage of produc-
tion loss times the number of whole blood donation two days
ago. Constraint (10) represents this relationship.

Qo < XjoiBia % 8 ¥y Vayo,0=1,...,T =2 (10)

(5) Inventory balance constraints at the blood center

Constraints (11)—(15) are balance constraints that
update the inventory status of blood products at the blood
center for each age group and blood type at the start of
each day under each scenario. Constraint (11) states that
the inventory level of blood products more than four days
old equals the inventory level of the previous day minus
the number of blood units transported to hospitals on the
previous day. Constraints (12) and (13) update the inven-
tory status of three-day-old RBCs and PLTs respectively.
Blood products derived from whole blood are assigned to
the three-day-old inventory on each day considering two
days are required for processing and testing. The inventory
level of three-day-old blood products equals the original
two-day-old inventory of the previous day and newly pro-
duced whole blood derived products minus the number
of two-day-old blood units transported to hospitals on
the previous day. Apheresis derived blood products are
assigned to the two-day-old inventory because one day
is needed for testing apheresis derived blood products. In
this regard, one-day-old blood products are not available.
Therefore, at the start of each day, the inventory level of
two-day-old blood products equals the quantity of blood
products produced by apheresis on the previous day at the
blood center and blood collection facilities as given by
constraint (14). Constraint (15) enforces that the inventory
level of two-day-old blood products on each day should
be greater than the number of two-day-old blood products
transported to hospitals on that day under all scenarios.

I
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I
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Ve,a, 0 =PLT,t=1,...,T -1

T -1
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(6) Inventory balance constraints at each hospital

Constraints (16) and (17) are balance constraints that
update the inventory status of blood products at each hos-
pital for each age group and blood type at the start of
each day under each scenario. Constraint (16) shows that
the inventory level of two-day-old blood products equals
the quantity of blood products produced by apheresis at
hospitals on the previous day. Note that those two-day-
old blood products from the blood center have not arrived
at hospitals at the point of status updating. They will be
considered on the next day for updating inventory status
of three-day-old products. Constraint (17) states that the
inventory level of blood products more than two days old
equals the previous inventory level and the quantity of
blood products received from the blood center on the pre-
vious day minus the quantity of blood units used to satisfy
demand on the previous day.

4
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(7) No shortage at hospitals

Constraint (18) ensures that no shortage occurs for
each demand type and blood type at hospitals on each day
under each scenario. ¥, 3, ) Ujyrao. calculates the total
number of blood product ¢ with different ages and blood
types used to satisfy patient demand of type k and blood
type a at hospital i on day ¢ under scenario . All demand
is fulfilled. Note that only PLTs need to consider differ-
ent demand types. Fresh PLTs are permitted to be trans-
fused to patients that require fresh, young, or old PLTs and
young PLTs are suitable to be transfused to patients that
require young or old PLTs.

Za’ ZnEDk Uitna’a6£ = deitkaae VE’ i’ La,o (18)

(8) Expired blood products at the blood center and each
hospital

The leftover blood products with maximum age after
fulfilling daily demand are outdated at the end of each day.
Constraints (19) and (20) capture the outdated quantity for
each blood product on each day at the blood center and each
hospital, respectively.
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(9) Initial inventory at the blood center and each hospital

Constraints (21) and (22) put upper bounds for initial
inventory of blood products at the blood center and hospitals,
respectively. Constraint (23) ensures that the number of blood
products derived from whole blood on the second day of plan-
ning horizon equals zero.

Zivz_]ll()lnade < ZLlC{gitial VE’ 9 (21)
SV e < CIiIE fj g 5 22

n=1 tilnace = “js () ( )
QZao‘ = 0 Va,O' (23)

(10) Non-negativity and binary constraints.

Constraints (24) and (25) define the domains of variables.

Bjm’ Qmm Aimm" AOfazr’ Ajtao" Oito‘E’ 0()[0'2’
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(24)
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In this section, a real-world multi-product blood supply
chain with one blood center, three blood collection facili-
ties, and five hospitals in the Fargo-Moorhead area is applied
to test and evaluate the proposed model. This area mainly
includes Fargo, North Dakota, Moorhead, Minnesota, and
the surrounding communities in the United States as shown
in Fig. 2, in which the geographical locations of collection
sites, the blood center, and hospitals are also presented.

In accordance with the literature as shown in Ensafian and
Yaghoubi [18] and Haijema et al. [24], we assume that daily
demand for PLT units at each hospital follows a Poisson
distribution and the mean values of daily demand at a regular
hospital with around 100-150 beds are 12, 8, 16, 8, 12, 4

Table 4 Number of available donors

Type of donors Value (unit)

‘Whole blood donors at collection sites Uniform ~ [80,100]
Uniform ~ [5,10]
Uniform ~ [30,50]
Uniform ~ [10,20]
Uniform ~ [10,20]

Uniform ~ [0,5]

Apheresis RBC donors at collection sites
Apheresis RBC donors at the blood center
Apheresis PLT donors at the blood center
Apheresis RBC donors at hospitals
Apheresis PLT donors at hospitals

Fig.2 The geographical loca-
tions of collection sites, the
blood center, and hospitals in
the Fargo-Moorhead area
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and 4 for Monday through Sunday respectively. For RBCs,
the mean daily demand at a regular hospital are 100, 93, 56,
59, 44, 18, and 17 for Monday through Sunday respectively
as mentioned in Gunpinar and Centeno [23]. The demand
for each blood type of RBCs is estimated to be a proportion
of total demand and the proportion equals the approximate
distribution of each blood type in the US population [4].
To estimate mean daily demand of RBCs and PLTs at each
considered hospital, a demand coefficient is assigned based
on the number of beds at the relevant hospital. The upper
bound for initial inventory of RBCs and PLTs at each hospi-
tal equals the mean daily demand of RBCs and PLTs at that
hospital on Monday respectively.

Both RBCs and PLTs can be collected from apheresis
donation at the blood center and hospitals as well as whole
blood donation at collection facilities. In this study, one
unit of whole blood is assumed to produce one unit of RBC
and 1/5 unit of PLT. One apheresis production can obtain
two units of RBCs or two units of PLTs. Apart from these
approaches, RBCs can also come from apheresis donation
at collection sites. Table 4 presents the number of available

donors for different blood products on each day in these
three sites. The uniform distribution is estimated based
on real data collected at different locations for available
appointments under a four-month period. The number of
available donors at each facility is generated randomly using
the corresponding uniform distribution. Not all whole blood
units collected at collection facilities are suitable for produc-
ing RBCs and PLTs, thus we adopt the value of 98% for y
to represent the percentage of appropriate whole blood in
accordance with Ensafian and Yaghoubi [18]. The pooling
percentage is assumed to 1.

Table 5 summarizes the values of cost parameters used to
demonstrate the proposed model. Most values are obtained
from Ensafian and Yaghoubi [18], Barbee et al. [10], and
Gunpinar and Centeno [23].

5.2 Numerical results
To better capture the variability of demand for both RBCs

and PLTs and simulate a real blood supply chain, it is neces-
sary to consider an appropriate number of demand scenarios

Table 5 Cost parameters

Cost parameter Value Units Reference

Whole blood procurement cost 100 $/unit Ensafian and Yaghoubi [18]
Fixed production cost 1 $/unit Ensafian and Yaghoubi [18]
Variable production cost 50 $/unit Ensafian and Yaghoubi [18]
Pooling cost 50 $/unit Barbee et al. [10]
Apheresis production cost (PLT) 538 $/unit Barbee et al. [10]
Apheresis production cost (RBC) 219 $/unit Barbee et al. [10]

Inventory holding cost 1.25 $/day*unit Gunpinar and Centeno [23]
Wastage cost 150 $/unit Gunpinar and Centeno [23]
Transportation cost 0.19 $/mile*unit Ensafian and Yaghoubi [18]

Fig.3 Average daily cost for
different numbers of demand
scenarios with a 60-day plan-
ning horizon
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Fig.4 Average daily cost for
different lengths of the plan-

ning horizon with 20 demand
scenarios
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and length of the planning horizon. Thus, we tested different
numbers of demand scenarios including 5, 10, 15, and 20
based on a planning horizon of 60 days, and we assessed
planning horizon of 50, 60, and 75 days based on 20 demand
scenarios. We selected the average daily cost, which is cal-
culated as total cost divided by the length of the planning
horizon, as the performance measure for the proposed multi-
product blood supply chain model under different situations.
The demand dataset was generated using the R language and
the experimental results were obtained using IBM ILOG
CPLEX solver on a Dell XPS8940 desktop with 2.50 GHz
CPU and 16 GB of RAM. To assess the variability of the
outputs with different numbers of demand scenarios, the
experiments were repeated ten times with different demand
datasets that were randomly generated based on daily mean
values for each day of the week. We use Gi (i=1, 2, ..,
10) to denote the group of demand datasets for the i th run
of the experiments. In Appendix 1, Tables 12 and 13 pre-
sent the computational results of average daily cost for the
experiments.

Figures 3 and 4 show the average daily cost for the
ten groups of datasets with different numbers of demand
scenarios and different lengths of the planning horizon,
respectively. From Fig. 3, the average daily cost increases
as the number of scenarios increases from 5 to 15 for all
groups, but the average daily costs for the 15 and 20 sce-
narios look similar. The convergence of decision variables
was checked with 15 and 20 scenarios. When the number
of scenarios increases from 15 to 20, average daily produc-
tion of apheresis RBCs increases by 1.68%, average daily
production of apheresis PLTs increases by 2.92%, whole
blood donation decreases by 0.002%, average daily inven-
tory of RBCs increases by 0.24%, and average daily inven-
tory of PLTs increases by 1.01%. It is clear that decisions

@ Springer
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Table 6 Results for daily cost of multi-product model

Production Cost Holding Cost Trans- Total Cost
portation
Cost
Day 1 173,237 1938 320 175,495
Day 2 70,627 340 481 71,449
3-58 Avg. 52,010 347 405 52,761
Day 59 9482 138 237 9857
Day 60 5692 62 - 5753
Total 3,171,585 21,888 23,716 3,217,189

are converging with 15 and 20 scenarios. Based on Appen-
dix 1, Table 12, the Bootstrapping method was used to cal-
culate confidence intervals for the optimal average daily
cost for different numbers of demand scenarios. The confi-
dence intervals for 5, 10, 15, and 20 demand scenarios are
($52,428-$52,819), (852,973-$53,222), ($53,169-$53,428),
and ($53,296-$53,556), respectively. From Fig. 4, we can
see that the average daily cost increases as the length of
the planning horizon increases from 50 to 60 days for all
the groups, but the average daily costs for the 60-day and
75-day planning horizon look similar. Based on Appen-
dix 1, Table 13, the confidence intervals for 50-day, 60-day,
and 75-day planning horizons are ($51,772-$52,001),
($53,296-$53,556), and ($53,331-$53,507), respectively.
Therefore, it is enough to consider 15 demand scenarios and
a planning horizon of 60 days for the proposed blood supply
chain. In this research, we consider 20 demand scenarios
within a 60-day planning horizon to perform the remaining
analyses.

The proposed multi-product blood supply chain model
considers production, inventory holding, transportation, and
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Fig.5 Total cost between Day 3
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wastage costs for both RBCs and PLTs. To examine the spe-
cific daily cost within the 60-day planning horizon consider-
ing 20 demand scenarios, we use G1 dataset as an illustra-
tion. Table 6 summarizes the optimal daily cost that allows
the model to satisfy both demand for RBCs and PLTs in all
20 scenarios within the 60-day planning period. Because
daily cost during the third day to the fifty-eight day fluctu-
ates up and down within a certain range, we use the average
value to show the numerical results. In addition, the fluctua-
tion of total cost from day 3 to day 58 is shown in Fig. 5.
As can be seen in Fig. 5, total cost ranges from $42,680 to
$63,463 with a mean value of $52,761 during these days.
There is a weekly pattern with peaks on Tuesdays.

From Table 6, we can see that the minimum total cost
for the multi-product blood supply chain is $3,217,189
during the planning horizon. This mainly comes from pro-
duction cost which takes a proportion of approximately
98.58%. The production cost involves both whole blood
and apheresis blood production costs of RBCs and PLTs
and production cost for initial inventory. The average ini-
tial inventory is about 686 units for RBCs and 90 units for
PLTs in all 20 demand scenarios. The number of RBCs pro-
duced on average is 16,079 units with 92.77% from whole
blood production. The total production of PLTs on aver-
age is 3696 units with 80.71% being derived from whole
blood. There are more than four times as many RBCs being
produced as PLTs. For both products, there are no outdates
which suggests that all the units produced are used for ful-
filling demand. All the platelets derived from whole blood
are assumed to be pooled together and put into inventory in
the blood center. As one unit of whole blood can produce
one unit of RBC and 1/5 unit of PLT at the same time, the
amount of whole blood derived RBCs will equal the amount
of whole blood derived PLTs times 1/5. On one hand, if

13

18 23 28 33

Days

38 43 48 53 58

this quantity is too small, there may not be enough RBCs to
satisfy demand and shortage occurs. On the other hand, if
this quantity is too big, PLTs maybe overproduced because
of the big demand difference between RBCs and PLTs. As
shortage is not allowed, the optimal production is a tradeoff
between whole blood production and apheresis production
for RBCs and PLTs to minimize overproduction and wast-
age. Transportation cost is the second largest at 0.74%. The
inventory holding cost is the third largest, about 0.68% of
the total. This includes an additional one day holding cost
for initial inventory of RBCs and PLTs. Wastage costs are
zero and are thus not shown in the table.

5.3 Comparing the multi-product model
to an uncoordinated model

In this section, the proposed multi-product supply chain
model is compared with an uncoordinated model which han-
dles the RBC and PLT supply chains separately. The uncoor-
dinated model includes two single product models: the RBC
model and the PLT model. The objective of the RBC model
is to minimize total cost in the RBC supply chain and the
objective of the PLT model is to minimize total cost in the
PLT supply chain. For the uncoordinated model, there are
several assumptions:

e  Whole blood donors and apheresis RBC donors are both
considered in the RBC supply chain. According to the
AABB and National Blood Collection and Utilization
surveys, around 85% of RBCs collected are derived from
whole blood in the US, but only 8% of PLTs transfused
are derived from whole blood [10]. Thus, whole blood is
an important source for RBC supply.
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e Most of the PLTs, which are produced when producing
RBCs through whole blood, will be discarded directly
instead of being pooled together to create a transfusable
PLT unit. This is reasonable considering the real situa-
tion in the US blood supply chain as only 8% of PLTs
transfused are derived from whole blood despite the large
amount of whole blood collected and separated.

e The PLT supply chain only considers apheresis PLT
donors, but PLT supply also includes pooled PLTs that
are produced in the RBC supply chain. Whole blood
derived PLTs that are pooled will be put into inventory
in the blood center and can be used for PLT transfusion.
The pooling percentage is assigned to be 0.25 according
to Barbee et al. [10].

The multi-product model is used to run the RBC and PLT
supply chains, respectively. First, the RBC supply chain is
considered. Demand for RBCs is the same as the multi-prod-
uct model but demand for PLTs is set to zero. The remaining
parameters are the same as the multi-product model. Total
cost for the RBC supply chain only includes the different
types of costs for RBCs. Though PLTs are also produced
through whole blood, any cost regarding PLTs such as pool-
ing cost, holding cost, and wastage cost will not be consid-
ered in the RBC supply chain. Instead, these costs will be
considered in the PLT supply chain. Further, we add the
quantity of whole blood derived PLTs from the RBC sup-
ply chain to the inventory of the PLT supply chain on the
corresponding days. For the PLT supply chain, demand for

Table 7 Results for daily cost of the RBC supply chain

PLTs is the same as the multi-product model while demand
for RBCs is set to be zero. In addition, available whole blood
donors are also set to zero. Total cost for the PLT supply
chain only includes the different types of costs for PLTs.

Tables 7 and 8 show results of daily cost for the RBC
supply chain and corresponding PLT supply chain, respec-
tively. The total cost is on average $2,813,332 for the RBC
supply chain and $1,432,196 for the PLT supply chain. The
two single product models have similar cost distributions as
the multi-product model where production cost takes over
75% of total cost. For the RBC supply chain, 16,079 units
of RBCs are produced and around 92.77% are derived from
whole blood. At the same time, approximately 2983 units
of PLTs are produced. For these whole blood derived PLTs,
around 2237 units are discarded as whole blood is primar-
ily used for producing RBCs in the US, and the remaining
units are put into inventory for the PLT supply chain. For the
PLT model, an additional 2006 units of PLTs are produced
through apheresis to satisfy demand.

To examine the differences between the multi-product
model and the uncoordinated model, it is necessary to
sum up the results for the RBC and the PLT supply chains
and compare it to the multi-product model under differ-
ent realized demand within the 60-day planning horizon.
Therefore, we select production cost, holding cost, wast-
age cost, transportation cost, and total cost as perfor-
mance measures, and run the models on all ten groups of
demand datasets. The value of each cost measure under
each group for the RBC supply chain is added with the
corresponding value for the PLT supply chain to consti-
tute a new data table. As a representation, we select and

Production Cost - Holding Cost Trans-. Total Cost Table 9 Comparisons of different costs for multi-product model and
lé?)rstfnon sum of single product models
Multi-product Sum of single product Change
Day 1 150,725 1714 329 152,769
Day 2 63,633 278 429 64,341 Production cost 3,159,731 3,859,651 22.15%
3-58 Avg. 45,592 265 373 46,230 Holding cost 22,136 21,843 -1.32%
Day 59 4640 35 187 4861 Wastage cost 23,696 22,998 -2.95%
Day 60 2464 - - 2464 Transportation cost 0 335,571 -
Total 2,774,625 16,875 21,832 2,813,332 Total cost 3,205,563 4,240,063 32.27%
Table8 Results for. daily cost of Production Cost Holding Cost Wastage Cost Transportation Total Cost
the PLT supply chain Cost
Day 1 43,527 184 - 5 43,716
Day 2 28,448 93 - 20 28,561
3-58 Avg. 17,905 84 5787 20 23,797
Day 59 6994 103 5998 36 13,131
Day 60 8608 15 5541 - 14,165
Total 1,090,282 5113 335,605 1195 1,432,196
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compare the total costs from the multi-product model and
the total costs for the sum of the two single product mod-
els using a paired sample T-test. The mean and standard
deviation are $3,205,563 and $3438, respectively, for the
multi-product model and $4,240,063 and $6016, respec-
tively, for the sum of the single product models. The
mean difference is $1,034,500 and its 95% confidence
interval is between $1,022,751 and $1,046,249. In addi-
tion, the p-value equals 0.000, which is less than 0.05.
Thus, we conclude that there is a statistically significant
difference between the means of total cost for the multi-
product model and the sum of the single product models.

Table 9 shows the comparisons of different costs for
the multi-product model and sum of the single prod-
uct models, where the results are the averages on ten
groups of demand data. The total cost for the multi-
product model is $3,205,563, while it is $4,240,063
for the uncoordinated model, an increase of 32.27%. A
coordinated multi-product model can save $1,034,500 in
60 days, that is about $6.29 million annual savings. The
cost difference between both models mainly comes from
differences in production cost. As demand is the same
for both models, this suggests that average unit produc-
tion cost is lower for the multi-product model. Both
RBCs and PLTs can be produced through whole blood
and apheresis. Using cost parameters stated in Table 5,
we find that unit apheresis production cost is $219 for
RBCs, and $538 for PLTs, but the unit production cost is
around $125 (150/1.2) since one unit of whole blood can
produce 1.2 units of blood products. Therefore, whole
blood production is a preferred approach for both mod-
els. However, for the uncoordinated model, PLTs are

Table 10 Comparisons of total cost for multi-product and uncoordi-
nated models under different numbers of donors

Donor  Multi-product  Single product Change
multi-

ples RBC PLT Sum

0.8 3,363,372 2,957,755 1,444,511 4,402,265 30.89%
1 3,205,563 2,805,553 1,434,510 4,240,063 32.27%
1.2 3,142,336 2,744,654 1,429,547 4,174,201 32.84%

mainly produced through apheresis. The ratio of whole
blood derived PLTs to total produced PLTs is 80.89% for
the multi-product model and 59.74% for the PLT supply
chain. This explains why average unit production cost
for the multi-product model is lower than the uncoordi-
nated model. In addition to production cost, increases
in wastage cost also play an important role in the total
cost difference between the multi-product model and the
uncoordinated model. A large amount of whole blood
derived PLTs are wasted for the uncoordinated model
as the pooling percentage is set at 0.25 to simulate the
current PLT supply chain. From these results, we can
conclude that considering a coordinated multi-product
model is important in reducing production and wastage
costs for the blood supply chain.

5.4 Sensitivity Analysis

In this section, we perform sensitivity analyses to explore
the impacts of donors and pooling percentage on system
performance with total cost as the performance indicator.

5.4.1 Impact of donors on total cost

As demand for RBCs is much larger than PLTs, changing
the supply of RBCs should significantly influence the per-
formance of both the coordinated and uncoordinated blood
supply chains. We consider three different situations to eval-
uate the impact of donors on total cost: decreasing supply of
RBCs by multiplying by 0.8, the base case, and increasing
supply by multiplying by 1.2.

We firstly evaluate the impact of changing both
whole blood and apheresis RBC donors on total cost.
Table 10 shows the average total cost for the multi-
product model and two single product models under
three situations with ten groups of demand data. When
the supply of RBCs decreases from 1 to 0.8, total cost
for the multi-product model increases by 4.92%. How-
ever, total cost for the RBC supply chain increases by
5.43% and increases by 0.70% for the PLT supply chain,
which leads to an increase of 3.83% in total cost for
the uncoordinated model. The increases on total cost

Table 11 Comparisons of total

X . Donor multiples Multi-product Single product Change
cost for multi-product and
uncoordinated models under RBC PLT Sum
different numbers of whole
blood donors or apheresis Whole blood 0.8 3,361,287 2,955,670 1,444,512 4,400,182 30.91%
donors 1 3,205,563 2,805,553 1,434,510 4,240,063 32.27%
1.2 3,142,336 2,744,654 1,429,547 4,174,201 32.84%
Apheresis 0.8 3,205,720 2,805,710 1,434,512 4,240,222 32.27%
1 3,205,563 2,805,553 1,434,510 4,240,063 32.27%
1.2 3,205,494 2,805,484 1,434,510 4,239,994 32.27%

@ Springer



456

Y. Xu, J. Szmerekovsky

Fig. 6 Comparisons of total cost

for multi-product and uncoor-

dinated models with different 1
pooling percentages

0.75

0.5

Pooling Percentage

0.25

o

B Sum of single product

mainly come from higher unit production cost for both
models, and the cost difference between the two mod-
els decreases to 30.89%. When the supply of RBCs
increases from 1 to 1.2, total cost for the multi-product
model decreases by 1.97%, and total cost for the uncoor-
dinated model decreases by 1.55%. The cost difference
between the multi-product model and the uncoordinated
model enlarges to 32.84%. These results suggest that a
coordinated multi-product blood supply chain performs
much better than an uncoordinated single product sup-
ply chain as the number of donors increases.

As RBCs can be obtained from both whole blood
donors and apheresis RBC donors, it is useful to iden-
tify which type of donor has a higher impact on system
performance. Therefore, we evaluate the impact of whole
blood donors and apheresis donors on total cost respec-
tively. The impact of whole blood donors on total cost
is examined through multiplying the number of whole
blood donors by 0.8, 1, and, 1.2 respectively. Similarly,
the impact of available apheresis donors of RBCs on
total cost is examined through multiplying the number
of total apheresis RBC donors by 0.8, 1, and, 1.2 respec-
tively. The corresponding average result of total cost for
the multi-product model and two single product models
under ten groups of demand data is shown in Table 11.
The result for whole blood donors is quite similar to
the previous analysis on both whole blood and apher-
esis RBC donors, but the impact of apheresis donors on
total cost for both the multi-product model and sum of
the single product models are negligible. This indicates
that whole blood donors have a major influence on the
cost efficiency of the blood supply chain and changes in
apheresis donors do not have much impact on total cost.
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5.4.2 Impact of pooling percentage on total cost

To capture the impact of pooling percentages on system
performance, we introduce pooling percentage w, which
measures the percentage of whole blood derived PLTs used
for pooling and transfusion. This parameter directly affects
the production of PLTs and the production costs of the entire
blood supply chain. The impact of pooling percentage on
total cost is evaluated by assigning values of 0.25, 0.5, 0.75,
and 1 to the pooling percentage. Figure 6 shows the cor-
responding average result of total cost for the multi-product
model and sum of total costs for the two single product
models with ten groups of demand data. When the pooling
percentage increases, the total costs for both the multi-prod-
uct model and sum of the single product models decrease.
With the same pooling percentage, the multi-product model
always performs better than the sum of the single product
models, and the cost difference increases as the pooling
percentage decreases. This indicates that increasing pool-
ing percentage and applying the multi-product model are
effective ways to improve system performance for the blood
supply chain.

6 Conclusion

This paper presents a multi-product multi-period stochastic
program for an integrated blood supply chain which includes
two perishable blood products. The blood supply chain
consists of one regional blood center, several blood collec-
tion facilities, and hospitals with consideration of demand
uncertainty, blood age information, blood type substitu-
tion of RBCs, three demand types of PLTs, and centralized
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operational decisions. The aim of the model is to minimize
the total cost incurred during the collection, production,
inventory, and distribution by making optimal decisions on
the quantity of collected whole blood and apheresis derived
RBCs and PLTs, the quantity of whole blood separation,
and the quantity of blood distribution to different hospi-
tals. In the multi-product system, the RBC and PLT supply
chains intertwine at the collection and production stages as
whole blood donated can be separated into RBCs and PLTs
at the same time. The sharing of a production process and
the demand differences between RBCs and PLTs may result
in excess PLTs that can’t be absorbed by the current supply
chain system.

The formulated model was applied to a real case study
from the Fargo-Moorhead area, North Dakota and Minne-
sota, USA. The results were analyzed and compared with
that of an uncoordinated model where the RBC and PLT
supply chains were considered separately. Our numerical
result for the multi-product model indicated that production
cost takes over 90% of overall cost and optimal decision
on production is a tradeoff between whole blood produc-
tion and apheresis production for RBCs and PLTs. We also
found that a coordinated multi-product model outperforms
an uncoordinated model, and coordinating decisions can
save $1,034,500 in 60 days, that is about $6.29 million
annual savings. Furthermore, sensitivity analyses were
implemented to explore the impacts of donors and pooling
percentage on system performance of both coordinated and
uncoordinated supply chains. The analyses showed that the
coordinated multi-product model performs much better than
an uncoordinated model as the number of donors increases
and these cost savings mainly come from changes in the
number of whole blood donors. In addition, increasing pool-
ing percentage can positively affect the system performance
of both models.

It is important for administrators and decision makers to
make optimal tactical and operational decisions in the blood
supply chain that account for cost efficiency along with con-
trolling shortage and wastage. Therefore, we provide the fol-
lowing managerial insights:

e Considering a multi-product supply chain for RBCs and
PLTs is an effective strategy to save total operational cost
along with reducing wastage for the blood supply chain
network. We encourage decision makers in charge of RBC
and PLT supply chains at blood centers to coordinate pro-
duction plans of blood products.

e Whole blood production is a more cost-effective way on
producing both RBCs and PLTs. If recruiting donors is a
necessity, then recruiting whole blood donors is a better
choice.

e Despite the advantages of apheresis PLTs, increasing the
use of pooled PLTs through whole blood donation is an

effective way to save total cost and reduce wastage of the
blood supply chain. It is better for decision makers to take
use of as many PLTs that is produced while producing
whole blood derived RBCs for PLT transfusions.

However, this study still exhibits some limitations. First,
though stochastic demand was considered, the proposed multi-
product model only works for normal situations in the blood
supply chain, but it doesn’t work for a disaster situation when
demand increases dramatically and lasts for a period of time.
Second, the model was considered for a centralized system.
This requires that hospitals and the blood center maintain
mutual trust and information transparency and make deci-
sions regarding production and distribution with a system-
wide perspective.

There are several future research directions. First, develop-
ing efficient solution algorithms to solve a large-scale problem
within a reasonable time. The computational complexity of
the problem increases dramatically if considering more facili-
ties sites and hospitals. Second, the consideration of a larger
blood supply chain with more blood centers, collection sites,
and hospitals. It is normal to have multiple blood centers in
large cities such as New York and it is necessary to consider
the interactions among these blood centers. Third, considering
weekends and holidays when normal blood collection and pro-
duction activities are not conducted. Finally, the consideration
of supply uncertainty with respect to the number of different
types of donors at different facilities.

Appendix 1

Table 12 Average daily cost for different numbers of demand scenarios
with a 60-day planning horizon for ten group of demand datasets

5 scenarios 10 scenarios 15 scenarios 20 scenarios

Gl 52,597 53,126 53,297 53,620
G2 52,612 52,961 53,133 53,115
G3 52,602 53,036 53,146 53,171
G4 52,643 53,030 53,315 53,473
G5 52,824 53,401 53,479 53,560
G6 52,480 53,076 53,384 53,472
G7 52,645 53,080 53,528 53,595
G8 52,129 52,857 52,965 53,355
G9 53,211 53,393 53,491 53,590
G10 52,491 53,015 53,245 53,310
Average 52,623 53,098 53,298 53,426
Variance 74,537 30,295 32,742 32,830
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Table 13 Average daily cost for different lengths of the planning hori-
zon with 20 demand scenarios for ten group of demand datasets

50-day 60-day 75-day
Gl 51,801 53,620 53,442
G2 51,683 53,115 53,253
G3 51,749 53,171 53,219
G4 51,944 53,473 53,451
G5 52,163 53,560 53,493
Go6 51,986 53,472 53,469
G7 52,068 53,595 53,500
G8 51,765 53,355 53,337
GY 51,960 53,590 53,632
G10 51,743 53,310 53,394
Average 51,886 53,426 53,419
Variance 25,660 32,830 15,120
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