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In response to emergencies, it is critical to investigate how to deliver emergency supplies efficiently and securely to disaster-
affected areas and people. (ere is no doubt that blood is deemed one of the vital relief supplies, and ensuring smooth blood
delivery may substantially alleviate subsequent impacts caused by the disaster. Taking red blood cell products as the research
object, this work proposes a four-echelon blood supply chain model. Specifically, it includes blood donors, blood donation houses,
blood centres, and hospitals. Furthermore, numerical analysis is provided to test the feasibility of blood collection and distribution
schemes and conduct sensitivity analysis to test the impacts of the relevant parameters (e.g., apheresis donation proportion of red
blood cells (RBCs), distance between blood donors and blood facilities, and times of blood donation) on the scheme.(is research
provides some scientific and reasonable support for decision makers andmanagerial implications for emergency departments and
contributes to the study of emergent blood supply chain.

1. Introduction

As multidimensional conflicts in politics, economy, and
environment become increasingly evident, the world has
witnessed an increase in the number of natural and man-
made disasters. For instance, the terrorist attack in New
York City on 11 September 2001 shocked the entire world
and inspired other countries to pay more attention on
emergency response. (is was followed by a number of
similar events, such as Wenchuan Earthquake in China in
2008, the earthquake and tsunami in Japan in 2011, the Nice
terrorist attack in France in 2016, and mountain fire in
Greece in 2018. (ese occurrences cause considerable hu-
man casualties and economic losses and impose dramatic
negative impacts on people’s psychological states and lives.
In this context, the response to such complex emergent
events requires a normative response-guaranteed system. As
one of the critical materials for emergency rescue, the
delayed supply of blood in an emergency poses threats to
people’s lives and health, whereas an excessive supply leads
to waste and even subsequent “blood famine.” (is suggests

the importance of incorporating a timely, adequate, and low-
cost blood supply into emergency response and manage-
ment decisions.

(e study of emergent blood supply is one hot branch
in the field of emergent management.(ere is an increasing
number of literatures in emergent blood supply, most of
which mainly focused on the downstream blood supply
chain [1] and less of which investigated the blood collection
and distribution from the perspective of the supply chain
[2].

(e aim of this study is to explore the optimal operations
of a multinode and four-echelon blood supply chain in
emergency, based on the status quo of emergency rescue in
China. Specifically, given the low hazard level of emer-
gencies, a four-echelon blood supply chain is established,
including blood donors, blood donation houses, blood
centres, and hospitals. (rough numerical analysis, an op-
timal blood collection and distribution scheme is acquired
for the blood supply chain. Sensitivity of the parameters
(e.g., proportion of RBC apheresis donation, average volume
of blood supply, number of blood donation, and distance
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between blood donors and blood facilities) is tested to ex-
plore the impacts on the optimal schemes.

(e contribution of this work is to enrich the study of
emergent blood collection and distribution in the field of
emergent management and provide more scientific support
for practical decision makers.

(e remainder of this study is organized as follows.
Section 2 summarizes relevant literatures on material supply
and blood supply chain operations in response to emer-
gencies. With respect to these literatures, it highlights that
this work expands the previous research model of blood
supply chain in several aspects, such as the selected targets,
supply chain layers, dynamic stochastic demand, and blood
collection and distribution models. In Section 3, a self-
collection model is established for the blood supply chain in
response to emergencies. Section 4 conducts the numerical
analysis so as to validate the feasibility of the proposed
model. Finally, Section 5 concludes this study and provides
some managerial implications.

2. Literature Review

Previous studies on emergency management can have two
main categories with respect to the evacuation direction,
including victim evacuation [3–5] and supply of emergency
relief materials. Blood product is one type of emergency
relief. In the following, it reviews the aspects of general
material supply and blood product supply, respectively.

2.1. General Material Supply in Emergencies. Materials
scheduling during emergencies covers emergency relief
material distribution and transhipment routing. A multi-
period linear programmingmodel was proposed for food aid
layout optimization in Africa [6]. It aimed at minimising
food transhipment and inventory costs. Goods delivery and
victim evacuation were investigated under the circumstance
that a limited number of transporting resources could be
distributed to multiple destinations from diverse places [7].
(is research involved three models with the goal of re-
ducing the late deliveries. (e earthquake in Turkey was
taken for example to explore how the system cost could be
minimised [8]. In the case where the supplied materials were
limited and the demand for the material was known, they
put forward an emergency supplies scheduling problem with
a limited time window in emergency. Özdamar et al. [9]
proposed a different model from traditional vehicle routing
problems. Instead of returning vehicles that had completed
their tasks to the place of departure and enabling them to
wait there, the vehicles needed to wait for the next delivery
command where they are. By combining network flow
problems with vehicle routing issues, this research reduced
the delay in scheduling emergency supplies to the greatest
extent. Apart from that, a heuristic algorithm based on
Lagrangian relaxation was adopted to solve the problem. To
settle event response- and resource allocation-related issues
in traffic accident management, a mathematical program-
ming model with a probabilistic bound was developed. Yi
and Özdamarb [10] was intended to investigate scheduling

optimization problems in flood emergency rescue and
elaborate and establish a flood emergency rescue pro-
gramming framework, including demand, supply, inven-
tory, and resource management. According to this
framework, vehicles are considered as materials rather than
variables. In subsequent studies, a heuristic algorithm of ant
colony optimization was put forward to solve logistics
problems in disaster-relief activities [11]. It decomposed the
original emergency logistics into two stages. (e first stage
was to determine stochastic vehicle routing under the
guidance of information elements, and in the second stage,
the distribution of different vehicle types and various
commodities were determined on the basis of network flow
methods. Besides, a dynamic demand management model
was proposed for emergency logistics operations under the
circumstance that major natural disaster information con-
ditions were incomplete [12]. (rough fuzzy clustering, the
disaster-affected area was divided into diverse groups. (en,
the existing data were utilised to predict disaster-relief de-
mands in different groups, and these demands were adopted
as the basis of emergency supplies distribution. Yan et al.
[13] determined that emergency supplies scheduling was
correlated to disaster-affected road repair. For this reason,
they selected seismic data from Taiwan in 1999 and took the
randomness of vehicles’ travel time into account. On this
basis, a comprehensive optimization model was constructed
for emergency supplies scheduling and disaster-affected
road repair under uncertainty. It was expected that the cost
incurred by accidental losses of after-calamity logistical
support can be minimised.

Overall, emergency management is now proved chal-
lenging. Compared to conventional event management,
emergency management needs to be studied further. (e
research on emergency management focuses on evacuation
and supplies scheduling. In terms of emergency supplies
scheduling, the existing literatures are primarily targeted at
emergency scheduling of bulk supplies, but rarely related to
perishable products, especially on blood products. Most of
them did not take the characteristics of blood into account.

2.2.BloodSupply inEmergencies. Blood products fall into the
category of important emergency relief supplies.(is section
presents a literature review of the studies associated with
blood products. Blood supply chain includes blood collec-
tion, blood inspection and production, blood storage, and
distributing the blood to those in need in a safe and timely
manner. Previous studies focused on some of the following
stages.

2.2.1. Collection. Blood collection, the first step in the whole
blood supply chain operations, is one of the most funda-
mental tasks for mobile blood donation vehicles, blood
donation houses, central blood stations, and blood centres.
Red blood cells can be collected in two forms. One is whole
blood collection and the other is apheresis collection, both of
which are optional for donors.

Bosnes et al. [14] employed a logistic regression model to
predict the arrival of blood donors in the blood bank. (e
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multiobjective random integer linear programming model
was used to determine an appropriate combined strategy of
blood collection [15]. In order to minimise the total cost and
the number of donors required, the model took factors such
as the compatibility of blood types and the availability of
blood types and donors into consideration. Concerning
blood donation appointment scheduling, Seda et al. [16]
utilised mixed-integer linear programming (MILP) to pre-
assign blood collection periods for different blood types with
the expectation of striking a balance between collection and
production of different blood types on various dates. On this
basis, they provided a steady blood supply system. Williams
and Masser [17] evaluated the blood donation motivation of
458 qualified donors and concluded that motivation nega-
tively impacts willingness to donate blood. Goette and
Stutzer [18] carried out a large-scale field test for 3 months
and designed a follow-up period of 15 months. In this way,
they conducted preliminary experimental research on the
influence of material incentives on blood donation. It was
found that distributing rewards (e.g., holding lotteries) play
a positive role in elevating the blood donation rate. Such an
effect was driven by less enthusiastic donors.

According to the literatures above, research studies as-
sociated with blood collection mainly focused on the be-
haviour and motivations of donors, the estimation of
donors’ arrival, and donation appointments. In this work,
blood collection and operation schemes are taken into
consideration although they are seldom investigated in the
existing studies.

2.2.2. Inventory Management. Most of the existing literature
on blood inventory management focused on macro quali-
tative issues, whereas this research offers a summary and
analysis of previous papers combining both qualitative and
quantitative approaches.

By selecting RBC product inventory/disposal databases
from provincial hospitals as the research object, Heddle et al.
[19] made a logistic regression analysis of RBC inventory-
disposal data over 21 months in 156 hospitals. (is aimed at
clarifying the factors that affected RBC inventory updates
and systematically confirming an optimal target level of RBC
inventory updates. Dillon et al. [1] suggested a two-stage
stochastic programming model that minimised cost and
expiration quantity and considered vulnerability and de-
mand uncertainty. Moreover, a blood supply chain was
constructed based on a blood ordering and collection model
according to two emergency replenishment strategies [20].
(ese strategies considered heterogeneous requirements of
blood and analysed the impacts of different emergency
replenishment strategies on results.

2.2.3. Blood Distribution and Scheduling. (is stage includes
the distribution, transportation, and transhipment of blood
products. Perishable product (i.e., blood) distribution
strategies were analysed for different places, such as a re-
gional centre, proposing two general policies based on
optimal approximation [21]. To be specific, the above two
policies were comprised of a rotation strategy and a

retention strategy. Based on the existing distribution system
of the Red Crescent blood service centre in Turkey, Sahin
et al. [22] considered the influence of decision making about
position on the performance of blood centres, stations, and
moving units and established a mathematical model to solve
decision making about central-location-based allocation
concerning issues of blood supply.

Speaking of transportation, apart from an allocation-
routing programming model (IAR) built based on multiple
vehicles, multiple supply sites, and multiple objectives, an
analytic hierarchy process and MILP were selected to settle
relevant problems [23]. In addition, an integer programming
model was constructed to identify the number of vehicles
needed to implement blood collection operations and to
minimise vehicles’ travel distance [24]. (e aforementioned
model also took the uncertainty of blood donation vehicle
visits into consideration and determined an optimal route by
virtue of the CPLEX solver and the branch-and-price al-
gorithm. Since 2017, the number of articles about blood
transportation route programming in emergency relief has
been in decline. In general, these topics were investigated in
combination with other stages, such as blood collection,
distribution, and inventory.

As for transhipment, Wang and Ma [25] achieved an
effective reduction in the blood system expiration rate by
establishing a transport model based on inventory storage
time. Dehghani and Abbasi [26] created a transport strategy
based on the longest storage time for interhospital blood
transportation to reduce inventory scrap cost.

2.2.4. Blood Supply Chain. In the last decade, there is in-
creasing research on blood products, especially on blood
product operations in the supply chain [2].

For instance, Sha and Huang [27], taking Beijing as the
background, developed an emergency blood supply-
scheduling model, covering “donors, temporary blood do-
nation facilities, and blood centres.” Fahimnia et al. [28]
built a four-echelon (i.e., blood donors, mobile blood do-
nation sites, blood centres, and demand sites) blood supply
chain model to minimise cost and delivery time. Rameza-
nian and Behboodi [29] introduced a deterministic location
model based on MILP. Involving blood donors, mobile
blood donation facilities, and blood centres, the model
considered parameters such as the distance between blood
donors and blood facilities and the advertising budget of
blood facilities, which were used to constitute the utility
function to improve usage and motivate blood donors. To
minimise the total cost of collection, inventory, and pro-
duction, Özener et al. [30] constructed a blood supply chain
model with donors and central blood stations as nodes. By
considering three different blood products, the model made
plans for donors to meet the demand for blood products
within a given range. Hamdan and Diabat [31] proposed a
blood supply chain model based on robust optimization and
two-stage stochastic optimization to minimise the impact of
disasters on the blood supply chain. A dual-objective
framework of simultaneous minimisation system was
adopted to reduce the cost and delivery time during possible
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interruptions of the supply chain. According to the MILP
model used by Samani et al. [32], various blood collection
and separationmethods and disruption scenarios were taken
into consideration to make inventory and distribution de-
cisions about the blood supply chain.

Literatures on blood supply chain operations with at
least three stages during the last decade are listed in Tables 1
to 3.

As can be observed from Table 1, previous research on
blood supply chain with at least three echelons is rather rare
in the past 10 years.(erefore, this is still a new research area
and direction in this aspect. Blood supply chain studies
involving all nodes at four levels and above are even fewer
[33–38]. (is work targets at a blood supply chain including
donors, the blood donation house, the blood centre, and the
hospital. Clearly, it is concerned with the entire blood supply
chain.

In terms of objective functions, all studies incorporate
the cost, while some of the literatures consider objective
functions of blood shortage penalty and transhipment time.
Few literatures added weight coefficients in different ob-
jectives [39, 40]. In this study, the objective functions include
the composite cost and the shortage penalty cost, both of
which should be minimised; additionally, weight coefficients
indicate the importance of different objectives. In the
context of emergency, life safety is considered as the primary
task in this work. (erefore, the cost incurred by expired
products is excluded from the objective functions. Although
the time factor is not counted as one of the objective
functions, a rigid constraint for transhipment time is
adopted as a constraint condition to ensure its urgency.

(e present research is aimed at a four-echelon blood
supply chain. Research on the operation of four-level blood
supply chain can be traced back to 2017. By comparing
different factors listed in Table 3, it is clear that almost all the
literature on the four-level blood supply chain leaves various
blood collection methods out of consideration. (e research
only refers to a simple method of whole blood collection. In
this study, blood apheresis collection was also considered to
explore how their variations affect results achieved based on
a specific scheme. Compared with previous studies where
blood donation houses were treated as nonadjustable fixed
facilities, they are taken as adjustable candidate collection
sites in this study and can be open or closed according to the
actual situation. In the context of emergencies, this study
also investigates how outcomes are affected by proportion of
blood apheresis collection, the distance between blood do-
nors and blood facilities, the average of the blood supply, and
variations in the number of times of donation. A small
amount of the existing literature involves sensitivity analysis
but still attaches importance to the trade-off between ob-
jectives, the capacity of transport vehicles, and the variation
of weight coefficients. (is signifies that sensitivity analysis
of the actual situation is still incomprehensive.

Overall, previous studies mainly focused on a single stage
and rarely adopted the holistic perspective of supply chain.
In this study, a blood supply chain model under emergencies
is constructed, and the corresponding innovation can be
summarized as follows.

(1) Most emergency relief supplies are materials in a
broad sense and perishable products. Blood products
are seldom investigated. However, this work is aimed
at blood products and focused on their RBC
products.

(2) From the perspective of the supply chain, studies on
blood products turn out to be a single node or a
supply chain of no more than three levels in most
cases. (e proposed model in this study consists of
four stages. (is expands the coverage of blood
supply chain research and describes the status quo of
blood supply chain operations.

(3) (e present study takes optimization objectives into
consideration comprehensively. To be specific, both
the shortage cost and other composite operating
costs are incorporated into the proposed model.
Additionally, weight coefficients are introduced as
the objective function to clarify importance of di-
verse objectives.

(4) Sensitivity analysis is conducted through altering the
proportion of apheresis donation, times of blood
donation, distance between blood donors and blood
facilities and the average of the blood supply, etc. In
this way, how parameters affect outcomes generated
by the corresponding scheme can be explored.

(5) Compared with previous studies where blood do-
nation houses were treated as nonadjustable fixed
facilities, they are taken as adjustable candidate
collection sites which can be open or closed
according to the actual situation in this study.

3. ProblemDescription andModel Formulation

3.1.ProblemStatement. Blood supply chain can be diverse in
different countries or regions. In the following, China is
taken as an example. A system of unified blood collection
and supply institution planning and construction is
implemented. Major units of blood collection, storage and
inspection, and primary blood-use organisations are pre-
sented here.

(1) Blood centres are set up in provinces and munici-
palities directly under the Central Government, and
central blood stations are set up in prefecture-level
cities. As the two share similar functions, they are not
distinguished in this work and are referred to col-
lectively as “blood centres.”

(2) Blood donation houses in each city are used for
decentralised collection and preliminary testing of
blood.

(3) As blood-use institutions, hospitals receive blood
daily from the blood centres for clinical transfusion.
Including four stages of “blood donor-blood dona-
tion house-blood centre-hospital,” a blood supply
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Table 1: Supply chain echelon in some key literature.

Literature Number of
stages

Node
Donor groups Blood donation houses Blood donation vehicles Blood centres Demand points

Sha and Huang [27]

3

√ √ — √ —
Jabbarzadeh et al. [33] √ √ — √ —
Arvan et al. [34] √ — — √ √
Ramezanian et al. [29] √ √ — √ —
Osorio et al. [15] √ — — √ √
Hamdan and Diabat [31] — — √ √ √
Haeri et al. [35] — √ — √ √
Liu et al. [36] — √ — √ √
Wang and Chen [37] — √ — √ √
Fahimnia et al. [28]

4

√ — √ √ √
Zahiri and Pishvaee [38] √ √ — √ √
Attari and Jami [39] √ — √ √ √
Samani et al. [40] √ √ √ √ √
Samani et al. [32] √ √ — √ √
(is work 4 √ √ — √ √
Note. Both blood donation houses and vehicles are designed for blood collection and preliminary blood tests only. (ey are deemed to be at the same level in
this study.

Table 2: Objective functions in some key literature.

Literature Number of stages
Objective functions

Cost Shortage Expiry Time Weighting
Sha and Huang [27]

3

√ √ — — —
Jabbarzadeh et al. [33] √ — — — —
Arvan et al. [34] √ — — √ —
Ramezanian et al. [29] √ √ — — —
Osorio et al. [15] √ — — — —
Hamdan and Diabat [31] √ — √ √ —
Haeri et al. [35] √ — — — —
Liu et al. [36] √ √ — — —
Wang and Chen [37] √ √ — — —
Fahimnia et al. [28]

4

√ — — √ —
Zahiri and Pishvaee [38] √ √ — — √
Attari and Jami [39] √ — — √ —
Samani et al. [40] √ — — — —
Samani et al. [32] √ √ √ — —
(is work 4 √ √ — √ √

Table 3: Factors considered in some key literature.

Literature Sensitivity
analysis

Different collection
methods

Blood donation houses open or
closed

Context of
emergencies

Fahimnia et al. [28] √ — — √
Zahiri and Pishvaee
[38] √ — — —

Attari and Jami [39] — — — —
Samani et al. [40] — — — √
Samani et al. [32] — √ — √
(is study √ √ √ √
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chain model is established to minimise compre-
hensive costs such as shortage cost of blood centre
and opening cost of blood donation houses and so
on. (e model is expected to make the following
decisions including

(1) Location of blood donation.
(2) Quantity of blood donated by donors at each

facility.
(3) When and which blood donation house should

be open.
(4) (e quantity of blood assigned from blood

centres to hospitals in the affected area. In ad-
dition, it also tests the impacts of the proportion
of apheresis donation, times of blood donation,
distance between blood donors and blood fa-
cilities, and the average of the blood supply chain
on the decisions and the objective, respectively.

3.2. Model Assumptions

(1) Hospitals are assumed to be incapable of storing
blood, and all blood for clinical use in these hospitals
needs to be deployed by a blood centre.

(2) (e location of blood donation houses is fixed, and
the blood donation houses are in charge of trans-
porting blood to blood centres in phases.

(3) Averages of both blood supply and demand are
known in the affected area, and supply and demand
within the research period both conform to Poisson
distribution [25].

(4) A person can only donate one unit of blood (i.e.,
200ml of blood and referred to as 1U below) at a time.

(5) (e blood inspection failure rate can be ignored.
(6) Automobiles within the affected area are assumed to

be the vehicles for blood delivery.

3.3. Definition of Parameters and Variables. (e sets, pa-
rameters, and variables involved in the model are defined as
follows.

(1) Definition of sets

I: the set of donors, i ∈ I

J: the set of candidate sites for blood donation
houses, j ∈ J

K: the set of blood centres, k ∈ K

H: the set of hospitals, h ∈ H

T: the set of rescue periods (one day is a period in
this study), t ∈ T

(2) Definition of parameters

q: number of blood donation houses
U: penalty cost of shortage
OJ: unit collection and preliminary test cost of
whole blood collection
OJ′: unit collection and preliminary test cost of
apheresis collection

OL: unit in-depth test and production cost of whole
blood collection
OL′: unit in-depth test and production cost of
apheresis collection
TJ: unit transportation cost of vehicle
WH: unit blood inventory maintenance cost
Dht: hospital demand in hospital h at time t

n: limit of blood donation times
b: maximum storage capacity of blood donation
houses
cb: maximum storage capacity of blood centres
Sit: the maximum number of donor group i at time t

β: proportion of apheresis blood donation to total
blood donation
Aij: distance from donor group i to blood donation
house j

Aik: distance from donor group i to blood centre k

Ajk: distance from blood donation house j to blood
centre k

Akh: distance from blood centre k to hospital h

AC: maximum distance acceptable to the donor
LT1: time requirement of blood delivery from blood
centre to hospital
Vc: vehicle transport speed
N: large value
Rather than the individual behaviour of blood
donation, this study focuses on the homogeneity of
group blood donation after emergency, as such, the
group is taken as the research object.

(3) Definition of variables

Pjt: 0-1 variable; it is 1 if the blood donation house j

is open, and 0 if not.
Yijt: 0-1 variable; it is 1 if the donor group i goes to
blood donation house j at time t for donation, and
0 if not.
Yikt: 0-1 variable; it is 1 if the donor group i goes to
blood centre k at time t for donation, and 0 if not.
Yijkt: 0-1 variable; it is 1 if the donor group i goes to
blood donation house j at time t for donation and
delivers blood to blood centre k, and 0 if not.
Ykht0-1 variable; it is 1 if blood centre k delivers
blood to hospital h at time t, and 0 if not.
Qijkt: the amount of blood delivered to blood centre
k at time t, donated by donor group i in blood
donation hospital j.
Qikt: the amount of blood donated by donor group i

at time t to blood centre k.
Qkht: the amount of blood delivered from blood
centre k to hospital h at time t.
IBkt: the beginning inventory quantity of blood
centre k at time t.

3.4. Model Formulation. (e operation process of the blood
supply chain model in this study is shown in Figure 1.

3.4.1. Objective Functions. In view of the role that blood
products play in emergency management, the shortage of
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blood supply chain should be minimised. (e shortage cost
is shown in the following equation:

Z1 � U∗ 
H

h�1


T

t�1
Dht − 

K

k�1
Qkht

⎛⎝ ⎞⎠, (1)

where U is the penalty cost of shortage;Dht is the demand of
hospital h at time t; Qkht is the amount of blood delivered
from blood centre k to hospital h at time; and


H
h�1 

T
t�1(Dht − 

K
k�1 Qkht) represents the amount of

shortage of blood supply chain.
Moreover, blood supply chain operation should pay

attention to cost control. (e cost target is shown in the
following equation:

Z2 � PC + OC + TC + IC, (2)

where PC is the opening cost of blood donation house; OC is
the operating cost of blood collection and test; TC is the
transportation cost; X is the upward rounding of value X in
the symbol; and IC is the storage cost, and the formula is as
follows.

PC � OP∗ 
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2β
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T

t�1
Qikt
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TC � 2∗TJ 
K

k�1


J

j�1
Ajk 

T

t�1


I
i�1 Qijkt

100
⎛⎝ ⎞⎠ + 

K

k�1


H

h�1
Akh 

T

t�1

Qkht

100
⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦,

IC � WH 

K

k�1


T

t�1
IBkt − 

H

h�1
Qkht

⎛⎝ ⎞⎠. (3)

(e overall objective function is shown in equation (4),
where w1 and w2 are, respectively, the weight coefficients
corresponding to the shortage cost target and other cost
target, representing the weight emphasis of comprehensive
measurement of each target.

minZ � w1Z1 + w2Z2. (4)

3.4.2. Model Constraints



K

k�1

J

j�1
Qijkt + Qikt

⎛⎝ ⎞⎠≤ 1 + βSit, ∀i ∈ I∀t ∈ T, (5)



I

i�1


K

k�1
Qijkt ≤ b, ∀j ∈ J, ∀t ∈ T, (6)



J

j�1
Yijt + 

K

k�1
Yikt ≤ 1, ∀i ∈ I, ∀t ∈ T, (7)



T

t�1


J

j�1
Yijt + 

T

t�1


K

k�1
Yikt ≤ n, ∀i ∈ I, (8)



J

j�1
Pjt ≤ q, ∀j ∈ J, ∀t ∈ T, (9)

Yijt ≤Pjt, ∀i ∈ I, ∀j ∈ J, ∀t ∈ T, (10)

Yijkt ≤Qijkt ≤N∗Yijkt,

∀i ∈ I, ∀j ∈ J, ∀k ∈ K, ∀t ∈ T, (11)

Blood centres

Blood donation
houses

Hospitals

Blood donors

Figure 1: Operation chart of blood supply chain.

Complexity 7



Yijkt ≤Yijt ∀i ∈ I∀j ∈ J∀k ∈ K ∀t ∈ T (12)

Yikt ≤Qikt ≤N∗Yikt, ∀i ∈ I, ∀k ∈ K, ∀t ∈ T, (13)

Ykht ≤Qkht ≤N∗Ykht, ∀k ∈ K, ∀h ∈ H, ∀t ∈ T, (14)

Aij ∗Yijt ≤AC, ∀i ∈ I, ∀j ∈ J, ∀t ∈ T, (15)

Aik ∗Yikt ≤AC, ∀i ∈ I, ∀j ∈ J, ∀t ∈ T, (16)

IBkt − 
H

h�1
Qkht + 

I

i�1


J

j�1
Qijkt + Qikt

⎛⎝ ⎞⎠ � IBkt+1,

∀k ∈ K, ∀t ∈ T,

(17)

IBkt ≤ cb, ∀k ∈ K, ∀t ∈ T, (18)

AkhYkht

Vc

≤LT1, ∀k ∈ K, ∀h ∈ H, ∀t ∈ T, (19)

Dht ≥ 
K

k�1
Qkht, ∀h ∈ H, ∀t ∈ T, (20)

IBkt ≥ 
H

h�1
Qkht, ∀k ∈ K, ∀t ∈ T. (21)

Equation (5) indicates that the quantity of blood collected
at time t should not exceed the maximum blood supply
quantity limit at time t in the area. Equation (6) expresses that
the total amount of blood collected at time t in the blood
donation house will not exceed the volume of j. Equation (7)
shows that group i should only choose one of the locations j

or k for donation at the same time. Equation (8) calculates the
limit of donation times. Equation (9) indicates the limit of the
number of blood donation houses open. Equation (10) implies
that only when the blood donation house j is open can a
donor group i go for donation. Equations (11) and (12)
suggest that if group i does not donate blood to a blood
donation house j, no blood donated by group i will be sent
from j to blood centre k. Equation (13) shows that group i can
donate only after reaching the blood centre k. Equation (14)
indicates that the blood will not be delivered from the blood
centre without the assignment of the hospital. Equations (15)
and (16) imply that group i will choose an institution within
its acceptable distance for donation. Equation (17) demon-
strates the constraint of blood centre inventory status update.
Equation (18) indicates that the inventory of blood centre k

will not exceed the maximum storage capacity of k. Equation
(19) provides the time limit for the blood centre to deliver
blood to the hospital. Equation (20) assumes that the hospital
has no storage capacity. Equation (21) expresses that the
amount of blood delivered by the blood centre to the hospital
at time t will not exceed its inventory.

(e above model is dynamic stochastic programming
and needs specific data to test its feasibility in the next
section.

4. Numerical Analysis

(is section selects the 8.0 surface-wave magnitude (Ms)
earthquake ofWenchuan in China for data analysis based on
the model in Section 3, which caused severe damage to
Wenchuan and its surrounding environment. As a major
city in the vicinity, Chengdu undertook most of the medical
treatment for victims. Hence, this research is based on
relevant data of prefectures in Chengdu.

4.1. Data. According to the 2019 Statistical Yearbook of
Chengdu issued on the public information website of
Chengdu Bureau of Statistics, there are 20 municipal dis-
tricts and county-level cities in Chengdu, as shown in
Figure 2. (rough comparison, it is found that only minor
differences lie in its 2008 and 2019 administrative division
maps. In this paper, the latest version of the administrative
division map was selected to perform relevant calculations.

4.1.1. Supply Data. Blood donors are divided into different
groups based on Chengdu administrative divisions. As a
result, 20 blood donation groups were identified, denoted as
i� 1, 2, . . ., and 20, separately. Additionally, the adminis-
trative centre of each division was selected as the starting
point for a group to donate blood.

After an emergency, all blood donation groups become
active. (ey altruistically donate blood and help the disaster-
affected people. According to statistics, the number of blood
donors after an emergency is three times greater than usual.
(is work’s research period lasted for 15 days, and corre-
sponding investigations were made on a time frame of 1 day.
After processing, the daily average number of blood donors
since an emergency was obtained, that is, the mean values
(60, 73, 80, 129, 80, 72, 44, 81, 48, 95, 125, 63, 54, 28, 33, 66,
85, 69, 70, 158) of blood donors in respective groups i. As
assumed, the daily blood supply from a single group obeys
the Poisson distribution. Hence, the blood volume donated
can be calculated accordingly.

4.1.2. Demand Data. During the 12 May Wenchuan
Earthquake, many hospitals in diverse districts and counties
of Chengdu actively received and rescued patients trans-
ferred from the affected area. Among them, nine major
hospitals were selected for this research, including Sichuan
Provincial People’s Hospital. Apart from numbering these
hospitals, their mean values of demand are listed in Table 4
[41, 42].

It is assumed that the daily demand, Dht, of each hospital
abides by the Poisson distribution that considers the above
data as the mean values. Under the circumstance that
random numbers from the Poisson distribution can be
generated based on these mean values, specific demands of
the hospitals were acquired.

4.1.3. Distance Data. (e Chengdu Blood Centre, denoted
by k, is situated at Wuhou District, Chengdu City. It has
multiple blood donation houses. To simplify calculations, 10
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blood donation houses were selected and numbered. More-
over, the distance from a blood donation house, j, to the
Chengdu Blood Centre, k, was presented, where j � 1, 2, . . .,
and 10, and k � 1 (Table 5).

20 blood donation groups, i, donate RBCs at the blood
donation house, j, or the blood centre, k, and the corre-
sponding distance is shown in Tables 6 and 7.

(e other parameters were set as follows. (e research
period t of the proposed model in this study is defined as 15
days. (e initial inventory of Phase 1, IBk1, is equal to 600 U
(1 U� 200ml). (e unit transportation cost of a vehicle is
represented by TJ, and it is set as 0.8 CNY/100 units/km.
When the blood volume is under 100 units (1 unit� 1U), it is
simply calculated as 100 units. WH is defined to be CNY 40/
U; b is set as 600 U; cb means that storage capacity of the
blood centre is 15,000 U; q, equal to 10, refers to the total
number of blood donation houses; LT1 is set as 2.5 h; AC

signifies that the maximum acceptable distance from the
centre to blood donation groups is 15 km; and Vc, 30 km/h,
is the speed of a blood delivery vehicle.

4.2. Numerical Results and Discussion

4.2.1. Donation and Opening of Blood Donation Houses.
Setting β � 0.1, w1 � 0.8, and w2 � 0.2, the Poisson random
number is generated according to the given average group
supply and hospital demand to get the daily supply quantity
of each group and the daily demand quantity of each
hospital. In the following numerical analysis, ratio of
apheresis donation β is fluctuated and ranges from 0 to 1.
Weight coefficients (w1w2) indicate the importance of the
two objectives. Life safety is considered as the most

important task in this work. Hence, the weight coefficient
of shortage penalty cost (w1) is given a much higher value,
while the coefficient of the other cost is relatively low. Lingo
is introduced to solve the model to obtain the number of
open blood donation houses and blood collection in each
period, as shown in Table 8 (the number outside the bracket
is the serial number of the open blood donation house, and
the serial number of numbers in the bracket corresponds to
the amount of blood collected in the blood donation
house).

When t ranges from 1 to 14, Group i will choose blood
centre k or blood donation house j for blood donation, and
blood donation house j will be open or closed. (e blood
collected at each stage will be added to the beginning in-
ventory of the blood centre in the next stage.

As the results suggest, under the current data settings,
not all the blood donation houses are required to be op-
erational under the current data settings. If there is both a
blood donation house and a blood centre within an ac-
ceptable distance, the blood centre will be preferred. Since
the blood collected in the blood donation house has to be
delivered to the blood centre, there are attendant trans-
portation costs, in addition to the cost of opening the blood
donation house.

4.2.2. Allocation Scheme. On account of the initial data
settings in this section, the calculated allocation scheme is
shown in Table 9.

Among them, the demands of 7 hospitals in period t � 1
are all met, while the demands of red blood cells of hospitals

Figure 2: Administrative division map of Chengdu (the 2019 Statistical Yearbook of Chengdu).

Table 5: Distance Ajk from the blood donation houses to the blood
centres (unit: km).

Serial numbers of blood donation
houses 1 2 3 4 5

Distance 25.5 63.8 63.4 36.2 26.5
Serial numbers of blood donation
houses 6 7 8 9 10

Distance 24.2 44.3 82.5 45.3 59.9

Table 4: Mean values of blood demand (unit: U).

Serial numbers of hospitals 1 2 3 4 5
Blood demand 289 126 52 48 46
Serial numbers of hospitals 6 7 8 9
Blood demand 28 25 21 20
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numbered 5 and 7 fail to be fully responded. In the period
t � 1, the shortage of red blood cells is 27U.

4.2.3. Optimal Distribution of Costs. Table 10 shows details
of the optimal distribution of each cost in the blood supply
chain.

4.3. Sensitivity Analysis. (e following is an exploration of
the sensitivity of the parameters on the optimal objective and
optimal decisions.

4.3.1. Different Supply States. (e mean of supply in the
example is based on the expectation of a higher level of
enthusiasm for donation in an emergency, whereas the
reality might bemore positive or negative than expected.(e
product of the mean of supply and the multiple can test the
impacts of supply states on the scheme, where the multiple
ranges from 0.1 to 1.5.

As shown in Figure 3, the shortage of red blood cells is
negatively correlated with the average supply, while the
opening cost of blood donation houses is also negatively
correlated with the supply quantity, with a decline in the

Table 7: Distance Aik from different donation groups to the blood
centre (unit: km).

1 2 3 4 5 6 7 8 9 10

K 12.7 3.1 7.2 4.4 4.4 24.5 34.4 24 24.4 49.5
11 12 13 14 15 16 17 18 19 20

K 25.8 25.6 64.5 83.3 45.3 62.6 43 82.8 44.5 59.1

Table 6: Distance Aij from different groups to the blood donation house (unit: km).

1 2 3 4 5 6 7 8 9 10
1 23.7 71.7 71.3 39.8 34.5 24.5 55 93.5 47.3 59.1
2 20.3 72.1 61.7 24.5 24.5 25.1 44.3 82.5 46.5 63.3
3 25.5 69.6 60.2 22.6 23.3 21.6 44.3 83.5 48.5 65.5
4 16 64.1 61.3 33.7 26.8 16.4 43.3 82 42.6 62.4
5 29 65.1 64.7 28.6 27.8 26.6 51.5 86 51.7 60.4
6 41.8 96.6 110 66.2 73 42 92.9 99.8 60.3 40.5
7 67 78.3 101 56.5 54.7 67.1 84.6 122.6 90.5 72.3
8 50 57.1 80.5 37 43.6 50 64.2 102.5 82.2 73.5
9 16.7 49.3 43.9 17.7 2.9 16.9 25.5 63.7 35 81.3
10 75.8 92.9 115.8 71 85 76 99 137.5 93.9 63
11 16 63.1 47 33.3 19.6 1 30.5 58.7 23.6 74.3
12 30 37.8 61 2.6 15.8 30 42.6 80.8 47.7 84.1
13 46.6 76.8 1 59.6 45.3 46.6 22.2 22 38 119.3
14 74.5 134.4 53.8 103.7 103 74.5 88 31.5 41.3 123.8
15 23.3 82.7 38.7 65.5 38.2 23.3 33.2 37.3 0.5 85.4
16 63.2 2.3 73.7 34.6 44.5 63.4 57 95 83 117.5
17 60.1 34.3 76.6 22.7 37.3 60.3 60 98.2 86 102
18 58 95 22.3 77.9 63.6 58.3 40.3 1 39.3 122.2
19 28.4 56.8 22.6 39.6 25.4 30 1 39.6 32.9 100.9
20 73.9 116.8 117.8 86.2 83.7 73.8 100.5 122.1 86.2 2.9

Table 9: Hospital demand and allocation of red blood cells in
period t � 1 (unit: U).

Serial number 1 2 3 4 5
Quantity demanded 269 137 46 42 46
Quantity allocated 269 137 46 42 42
Serial number 6 7 8 9
Quantity demanded 26 23 21 17
Quantity allocated 26 0 21 17

Table 8: Number of blood donation houses open and blood
collected in each period.

Period t

Opening status of
blood donation

houses
Number of blood donation houses

1 5 (56) 10 (153) 2
2 10 (180) — 1
3 1 (115) 10 (103) 2
4 10 (170) — 1
5 10 (147) — 1
6 10 (177) — 1
7 10 (163) — 1
8 6 (127) 7 (71) 2
9 4 (88) 10 (158) 2
10 10 (173) — 1
11 10 (163) — 1
12 8 (70) 10 (177) 2
13 10 (185) — 1
14 1 (143) 8 (72) 2

Table 10: Details of the comprehensive costs of the blood supply
chain (unit: CNY).

Shortage cost Opening cost of blood
donation houses Operating cost

81,000 60,000 2,185,282
Transportation
cost Inventory cost Optimal

objective
4,094 5,160 515,707
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objective function value. (is is because when the average
supply is low, there is less supply and more shortage. As the
mean value increases, the shortage of red blood cells de-
creases. Where the supply fails to meet the demand, a larger
number of blood donation houses will be open for blood
collection. As the supply increases, the need for blood do-
nation houses reduces. (erefore, the opening times and
costs of blood donation houses decrease with the increase of
supply.

4.3.2. Fluctuations in Proportion of Apheresis Donation.
(e ratio of apheresis donation β is fluctuated, and the value
of β ranges from 0 to 1. Changes in β demonstrate a slight
effect on the scheme and the quantity in short, as calculated
by the original supply and demand quantity. In this section,
0.4 times of the initial supply mean is taken as the new
supply mean before generating the supply data through
Poisson distribution. (e demand data remain unchanged.
(e influence of changes in the value of β on the shortage
quantity is as shown in Figure 4.

With the increase of β, there is a dramatic decrease in the
number of red blood cell shortage. (e reason is that the
number of red blood cells donated by single donors in the

form of apheresis is twice the number of red blood cells
donated by whole blood. When β ranges from 0.6 to 1, the
total amount of shortage remains 27U. (is is because there
will be no shortage since the second period, and the red
blood cell shortage is related to the initial inventory setting
of the first period when the supply quantity meets the de-
mand. (e opening times of blood donation houses remain
unchanged when the value of β ranges from 0 to 0.5 and then
decrease with the increase of the value of β. (e corre-
sponding reason is that the supply quantity meets the de-
mand from the second period when the value of β ranges
from 0.6 to 1. Since it is no longer necessary to open all blood
donation houses to respond to blood collection demands,
the total number of opening times of blood donation houses
is reduced.(e value of objective function decreases with the
increase of the value of β.

(erefore, increasing the ratio of apheresis donation
will in a way reduce shortage and the value of objective
function.

4.3.3. Limit of Donation times. Based on the initial data
settings, by adjusting the limit of donation times, the in-
fluence of changes in donation times on the scheme is

0
20
40
60
80
100
120
140
160
180
200

0
1000
2000
3000
4000
5000
6000
7000
8000
9000

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

Value of objective function/ten-thousand yuan
Total shortage/U
Opening times of blood donation houses/times

Figure 3: Shortage and opening status of blood donation houses.
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Figure 4: Impact of fluctuations in proportion of apheresis donation.
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discussed in this section. Figure 5 shows shortage of red
blood cells and changes in the number of blood donation
houses with different donation time limits.

As shown in Figure 5, there is a notable decrease in the
shortage of red blood cells and the value of objective
function with the relaxation of donation time limits for
blood donors during the research period. (e number of
opening blood donation houses first increases and then
decreases.(e reason is that some people, at a great donation
time limit, are not allowed to donate blood more than once
in the research period, which leads to the unnecessary
opening of blood donation houses and the decrease of
opening times. However, with the relaxation of donation
time limits, larger groups of people will have access to blood
donation, resulting in an increase in the number of dona-
tions available and the opening times of blood donation
houses. When the donation time limit is relaxed to such a
level (for instance, seven times or more) that the blood
supply meets demands, the number of blood donation
houses will be reduced.

4.3.4. Changes in AC Distance. In this section, 0.4 times of
the initial supply mean is taken as the new supply mean
before generating the supply data through Poisson distri-
bution. (e demand data, however, remained unchanged.

Table 11 shows the number of red blood cell shortage in
blood donation distance of 15–50 km, the maximum

number of opening blood donation houses in each period,
and the newly included blood donor groups after distance
expansion.

As implied in Table 11, the shortage of red blood cells falls
with the rise of people’s acceptable distance after distance
expansion. Some new blood donors are enrolled, and the
number of blood donation houses required is decreasing. (e
cost of opening blood donation houses is reduced because
some groups go to the same donation houses or to a blood
centre within an acceptable distance after distance expansion.

5. Conclusions and Future Research

5.1. Conclusions. (is study focuses on blood supply chain
operation-related problems in emergencies. It proposed a
four-echelon blood supply chain model consisting of
blood donors, blood donation houses, blood centres, and
hospitals. By virtue of the proposed model, this study
attempts to minimise the composite costs including the
shortage cost incurred in blood centres, the cost of
opening a blood donation house, and the corresponding
operating cost. (rough numerical analysis, the feasibility
of the model is verified and the following conclusions are
drawn.

(1) From the holistic perspective of supply chain, a
stochastic optimization-based blood supply chain
model is constructed. Simultaneously, it takes blood

Value of objective function/ten-thousand yuan
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Opening times of blood donation houses/times
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Figure 5: Results of different donation time limits.

Table 11: Impact of AC distance change on red blood cell shortage.

AC distance limits
(km)

Total red blood cell
shortage (U)

Opening times of blood donation
houses (times)

Serial number of newly
included group i

Value of objective
function (CNY)

15 2551 126 — 6517748
20 2551 98 — 6500434
25 1100 70 6、8、17 3069429
30 1100 70 — 3069483
35 672 56 7、14 2054066
40 672 42 — 2045611
45 672 42 — 2045400
50 104 42 10 711645
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collection and supply problems in a blood supply
chain into account. Lingo is introduced to solve the
model to find the optimal corresponding operation
scheme of the blood supply chain, such as the
decisions on when and where blood donation
houses should be open, how many blood donation
houses should be open at a time, how much blood
should be collected, how blood centres should
distribute blood to hospitals in disaster areas, and so
on. Furthermore, the sensitivity of the parameters
of the blood supply chain (e.g., proportion of RBC
apheresis donation, average of blood supply, times
of blood donation, and distance between blood
donors and blood facilities) is analysed to test the
impacts of various parameter settings on the
scheme. (us, it is suggested that related decision
makers need to get a feasible operational scheme by
setting relevant parameters according to the actual
situation.

(2) By changing the average blood supply, the blood
shortage situation is alleviated due to an increase in
the average supply. (e opening times of blood
donation houses and comprehensive costs are also
negatively correlated with the supply quantity.
Hence, the corresponding demands can be satisfied
without opening more blood donation houses.
(erefore, blood donation should be encouraged
through effective publicity and transparency in in-
formation sharing. In this regard, it is suggested that
relevant decision makers should formulate contin-
gency plans and publicity mechanisms for high-risk
emergencies in the region prior to emergencies, take
timely measures to enhance residents’ willingness for
blood donation in case of insufficient supply quantity,
in order to reduce the threat of quantity shortage, and
adjust the opening of blood donation houses and
blood collection methods to reduce the overall cost.

(3) Based on fluctuations in the proportion of blood
apheresis collection, it is assumed that an increase in
this proportion results in a significant decrease of the
total RBC shortage and the RBC shortage cost. If this
proportion rises, the number of blood donation
houses in service can be lowered somewhat. In other
words, the blood demand can be satisfied without
opening all blood donation houses. Additionally,
blood supply shortages caused by overuses in the
early phases of an emergency are also eased (donors
who have donated blood are forbidden from do-
nating again within a short time).

Considering this, there is a need to encourage the
apheresis collection of RBCs. It may be important
to continuously innovate the technology of red
blood cell apheresis collection, appropriately raise
the proportion of apheresis blood donation, in
order to increase the number of red blood cells
donated by unit donors and relieve blood shortage
out of the requirement for donation interval, and

increase blood collection in the short term to re-
duce the opening cost of blood donation houses.

(4) As shown by modifying the distance acceptable to
donors, it is found that some new blood donors are
enrolled to donate as the distance increases. If other
parameters remain unchanged, an increase in this
distance leads to a rise in the blood volume available.
When the average blood supply is not high, en-
couraging blood donors (particularly loyal blood
donation populations) to increase their acceptable
distance to blood facilities may enable the blood
supply to go up, thus easing the blood shortage
situation. Considering that different blood donation
populations may select the same blood donation
house, the total number of opening times of blood
donation houses is lowered as well. Alternatively,
donors may donate blood in a blood centre within
their acceptable distance rather than in a blood
donation house. As a result, the cost incurred by
opening a great number of blood donation houses is
reduced.
In this case, emergency management and blood de-
partments are expected to provide convenience for
blood donors to expand their donation scope through
special transfers or rewards, thereby promoting them
to expand their donation distance, increasing blood
supply within the jurisdiction to relieve the supply
pressure, and reducing the opening times and overall
costs of blood donation houses.

(5) Proper adjustment of the donation frequency of
donor groups is necessary. Given the time interval
requirement for blood donations, a group that made
multiple blood donations over the research period
implies a significant reduction in the number of
subsequent donations. Nevertheless, secondary di-
sasters associated with emergencies frequently bring
about casualties, triggering a renewed rise in blood
demand. A substantial decline in the number of
donations within the early acceptable distances may
result in a supply shortfall.

To increase the total amount of available blood and
eliminate the risk of a blood shortage, it is recommended to
encourage a greater number of donors to be involved in
blood collection, conduct red blood cell collection in the
form of apheresis processes, increase the ratio of apheresis
collection through technical research and relevant invest-
ment and training, and promote donors to extend their
donation distance to increase the number of available donor
groups, thereby enhancing blood quantity and reducing the
risk of a blood shortage. Moreover, it is suggested to properly
relax the donation time limits for blood donors to alleviate a
blood shortage due to excessive short-term donations. (ese
four measures are expected to work best through a com-
bination of them.

5.2. Future Research. (ere also exist some potential issues
for the future study. First, mobile blood donation sites are
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also important channels for blood collection and recom-
mended to be incorporated in the future blood supply chain.
Second, blood types and other indexes are suggested to be
incorporated into subsequent investigations to explore
blood supply chain operations further.
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