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Abstract

applicability of the proposed model.

Blood and its products play an undeniable role in human life. In recentyears, although both academics and practitioners have inves-
tigated blood-related problems, further enhancement is still warranted. In this study, a mixed-integer linear programming model
was proposed for local blood supply chain management. A supply network, including temporary and fixed blood donation facil-
ities, blood banks, and blood processing centers, was designed regarding the deteriorating nature of blood. The proposed model
was applied in a real case in Urmia, Iran. The numerical results and sensitivity analysis of the key model parameters ensured the
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1. Background

Today, blood transfusion is one of the vital compo-
nents of healthcare. Despite significant medical advances,
there is still no alternative for blood products. Blood sup-
ply chain management is one of the major challenges of
healthcare systems (1). Efficient management of the blood
supply chain can lead to reliable blood supply and reduce
the total cost. The need for blood productsis severely inten-
sified in unprecedented accidents; therefore, a poor sup-
ply system can impose excessive costs on the healthcare
system and patients (2). According to statistics, on aver-
age, one out of every three people needs a blood transfu-
sion and blood products throughout his/her life, and one
person needs a blood transfusion to survive per second (3).
Also, evidence suggests that 30% of deaths are due to un-
expected events, such as floods and earthquakes, followed
by the lack of timely and adequate blood supply to affected
areas.

InIran,about 2.6% of Iranians donate blood, and about
two million donations are made each year (4). The supply
of blood products for emergency transfusion is very im-
portant. In 2003, a 6.6-magnitude earthquake struck Bam
city in Iran, killing 30,000 people and destroying 85% of
the city’s buildings. Although many hospitals had an im-
mediate demand for blood and blood products, 0f 100,000
blood donations, only 21,000 units were successfully deliv-
ered to areas in demand, which indicates the poor blood

supply chain in Iran (5). In this study, we reviewed the lit-
erature to investigate the strengths and weaknesses of the
blood supply chain and to identify the research gap. Inter-
ested readers can refer to (6) and (7) for a more detailed lit-
erature review.

The network design problem of the blood supply chain
is different from other business-oriented problems be-
cause of the deteriorative nature of blood. For more de-
tails on the design challenges of business-oriented supply
chain networks, interested readers can refer to the litera-
ture (8-10). In this regard, Pereira (11) used a data envelop-
ment analysis (DEA) model to compare technical efficiency
rather than economic efficiency for the establishment of
a regional blood center in the United States. Pitocco and
Sexton (12) evaluated the effectiveness of 70 blood centers
in the United States to determine the maximum possible
improvement in operational efficiency. It seems that in-
creasing the national blood supply by increasing the op-
erational efficiency can be an alternative to increasing the
collection and production of blood products.

In this regard, Ghandforoush and Sen (13) presented
a mixed-integer nonlinear programming model for min-
imizing the cost of planning for platelet production in a
regional blood center. Duan and Liao (14) also proposed a
new blood supply chain optimization framework to min-
imize the retirement date by considering a certain toler-
able level of shortage. They developed a tabu-search al-
gorithm to find near-optimal solutions in a reasonable
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computational time. Moreover, Sha and Huang (15) pre-
sented a multi-period mathematical programming model
for blood supply in emergency situations after an earth-
quake in China. Their model determined the optimal
number of locations, allocation of temporary blood facil-
ities, operational costs, and shortage costs during plan-
ning horizons, regardless of the uncertainty of demand
and the amount of blood donation. In this model, the cov-
erage limit for temporary facilities was included. Based on
these research trends, blood compatibility (16), blood sup-
ply optimization in disasters (17), blood wastage (18), blood
bank location optimization (19, 20), and other aspects of
the blood supply chain were investigated.

2. Objectives

The proper design of blood supply networks provides
an optimal structure for efficient and effective manage-
ment (21). Generally, a blood supply chain includes donors,
mobile facilities, fixed facilities, regional centers, and hos-
pitals. This study aimed to examine a system for collecting
and distributing blood at strategic and tactical levels. It
alsoaimed to presenta mixed-integer linear programming
(MILP) model for strategic and tactical decision-making of
blood collection systems for a seven-year planning hori-
zon. The collected blood was divided into six blood prod-
ucts, including blood, congested red blood cells, washed
red blood cells, frozen red blood cells, platelets, and
plasma. The main contributions of this paper can be de-
scribed as follows:

Developing a multi-period MILP model for designing a
blood supply chain network, considering temporary and
fixed facilities for blood collection, foreign blood appli-
cants, and donors;

Considering six blood products for different appli-
cants; and

Applying the proposed model in a real case in Urmia,
Iran.

In this study, a simple yet effective mathematical
model was developed for the local blood supply chain man-
agement. Given the importance of proper distribution of
blood and its products, managers need to develop a more
detailed and specific decision-making scheme (22); this
need can be met through a local supply chain (23). This
study contributed to the literature on blood supply chain
optimization and local blood bank planning.

3. Methods

In this study, fixed blood collection centers, includ-
ing hospitals, along with temporary blood collection sites

and blood donors, were considered in the local blood sup-
ply chain. The possibility of blood product exports and
imports was also taken into consideration, and a real-life
case study of Urmia City was executed with the proposed
model. After blood collection from donors, the collected
blood was transferred to blood banks for testing and pro-
curement of blood products. If any shortage occurred,
blood banks could engage in importing blood from neigh-
boring provinces, and vice versa. The following are the
main assumptions of the proposed model:

Facilities include fixed and temporary blood donation
facilities and blood banks.

Parameters are considered to be deterministic.

Blood is broken down into six different sub-products.

Exports and imports are possible, considering the
blood inventory level in the region.

The planning horizon is a seven-year period for re-
gional facilities.

To understand the proposed model, it is preferable to
analyze the supply chain network scheme, as depicted in
Figure 1. The proposed network consisted of blood donor
groups (BD), temporary blood donation facilities (TBF),
main blood facilities (MBF), blood banks (BB), blood supply
and processing centers (PPC), and possible foreign clients;
BDs donate TBFs or MBFs. TBFs transfer blood to both MBFs
and BBs. BBs test, examine, store, and ultimately distribute
blood and its derivatives. For preserving blood and extend-
ing its life cycle, in processing centers, blood was broken
into six blood products, including complete blood with a
maximum shelf life of 35 days, condensed red blood cells
with a shelf life of up to 42 days, washed red blood cells
with a retention time of 24 hours, frozen red blood cells
with a maximum retention time of 14 days, platelets with a
shelf life of five days, and finally, fresh frozen plasma with
a shelf life of one year; this procedure enabled imports and
exports.

The objective function of the proposed model was to
minimize the fixed cost of facility setup, transportation
costs, blood operational costs, blood product-related costs,
allocation decision-related costs for temporary and fixed
facilities, and finally, blood imports/exports. The indices,
parameters, and variables of the proposed model are de-
scribed below.

The indices and sets include:

i:Indexof BD,i=1,2,...,1

j:Index of TBE,j=1,2,...,]

k: Index of MBF, k=1,2,...,K

w: Index of BB,w=1,2,..., W

p: Index of blood products, p=1,2,...,P

t: Index of planning horizon, t=1,2,...,T
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Figure 1. Blood Supply Chain Network

The parameters include:

FCy.: Fixed cost in location k in period t.

TCky,: Blood transfusion cost from location k to BB w
in period t.

DCji: Blood supply cost from TBF j to BMF k in period t.

TCljy: Blood transfusion cost from TBF j to BB w in pe-
riod t.

HC,,: Blood maintaining cost in BB w.

D1y: Demand in BMF k in period t.

r;j: Distance between BD i and TBFj.

rlj: Distance between BD i and BMF k.

ro: The maximum coverage of a TBF (if 1 < rq i is cov-
ered by j).

rly: The maximum coverage of a BMF (if riy < rl, i is
covered by k).

Ct: Capacity of TBF j in period t.

Cmy,: Capacity of MBF k in period t.

gic: Capacity of BD i in period t.

FCij.: Fixed cost of allocating a TBF at location j in pe-
riod t.

FC2,,: Fixed cost of allocating a BB at location w in pe-
riod t.

PC,,: Production cost of blood product in BB w in pe-
riod t.

D2,,: Demand for blood product p in BBw in period t.

ACiji: Allocation cost of BD i to TBF j in period t.

AC1y.: Allocation cost of BD i to BMF k in period t.

ExBp,: Export income of blood product p in period t.

Capy,: Capacity for blood product p in BB w in period t.

ap: Conversion factor for blood product p.

ImCp: Importing cost of blood product p in period t.

The variables include:

Im1y: Blood imports to fixed facility k in period t.

Vike: Donated blood from BD i to BMF k in period t.

Viji: Blood of TBF j at BMF k in period t.

V2;;:: Blood of BD i in TBF j in period t.
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Qije: 1, if BD i is assigned to BTFj in period t; otherwise 0.

qlike: 1, if BD i is assigned to MBF k at time t; otherwise

Xk 1,if an MBF is located at location k; otherwise 0.

xXlj¢: 1, if a TBF is located at location j in period t; other-
wise 0.

EXpw:: Export of blood product p from BB w in period t.

12,,: The inventory level of blood product p in BB win
period t.

Ujw:: Collected blood from TBF j to BB w in period t.
Yiwe: Collected blood from MBF k to BB w in period t.
x2,,:1,if BB is opened in w; otherwise, 0.

BP,,,: The amount of blood product p in BB w in period

Imy,,,.: Import of blood product p to BB w in period t.

Iy The fixed asset inventory level at candidate loca-
tion kin period t.

The objective function is:

Equation 1 indicates the objective function of the pro-
posed model. The fixed setup cost of both TBFs and
BBs, blood testing and processing costs, and BD and TBF
allocation costs were considered, along with the trans-
portation costs, blood sub-products, and cost/profit of im-
port/export.



Babazadeh R et al.

MinZ = FC1;X1; + Y FCrXg

gt k,t

+ Z DCJktV1Jkt + Z Tcljth]’wt
g,k t j,w, t

+ Z TCkthkwt + Z HCwI2pwt
k,w,t p,w, t

+ Z PcpthPpwt +ZF02th2w
p,w,t w,t

+ Z AC5t7mi5qi5¢ + Z ACTigtrlieqlipe
i 7, ik, t

+ > ImCplmpw: — > ExBpiBExpu
P, w,t p,w,t

The constraints included:

I2pw,t—1 + BPpwt - I2pwt - EZprt S D2pwt; Vp, w

I1p-1 + Z Ve + Z Vike — Ilge — Zkat
7 i w

Z Vjke + Z Vikt < Cmyp X

J

> Ve + > V20 < ga; Vi, t
k _

J

ZVQijf, < Ot X1 Vg, ¢
i

ZV211jt = ZVljkt + Zijt% Vi, t
7 k w

TijQijt < To; Vi, j, t
rlikqline < rlo; Vi, k, ¢
Ujwe < M.qije; Vi, j, w, t
Yiwt < M.qlige; Vi, k, w, t
Gijt < xlj; Vi, g, t

qlie < Xg; Vi, k, t

Zapijt + Zapykwt < Capuwt X245 Vp, w, t
) k

J

Zapijt + Zaka:wt - BPp’LUt; Vp: w, t
j k

J

o)

; H(2)

(10)

(1)

(12)

(13)

(14)

(15)

Impwt, Imlee, Viee, Vg, V2i5¢, Ujwr, (16)

Empwt, Ilkt, Iprt; Yk:wty Bppwt Z 0,
Gijts qline, Xk, X5, X2 € {0, 1};

Vi7 j’ k’ w7 p7 t

Constraints 2 and 3 ensure the material flow balance in
opened facilities throughout the planning horizon. Con-
straints 4 to 6 are the capacity constraints. Constraint 7
ensures the blood flow balance. Constraints 8 and 9 en-
sure the coverage distance limit. Constraints 10 and 11 indi-
cate the material flow requirements. Constraint 12 and 13
are the allocation restrictions. Constraint 14 is the capacity
limit for BBs, and constraint 15 is the blood flow balance in
BBs. Finally, constraint 16 is the non-negativity and binary
restrictions of variables.

4. Results

To engage in the numerical analysis of the proposed
model, demand values were estimated based on the pop-
ulation of the case study region (Urmia), which was ex-
tracted from the national population and housing census
in 2011 (https://[www.amar.org.ir/Portals/1/Iran/90.pdf). For
demand estimation, the estimator should consider several
factors for more realistic and reliable results (24). Table 1
shows the blood demand in different periods, and Table 2
presents the fixed costs for establishing facilities.

A case study of Urmia city was conducted to evaluate
the adaptability and functionality of the proposed model.
Urmia roughly has a population of 667,000 people, and the
blood demand is met through two channels, that is, TBFs
and MBFs. The number of BDs was considered with regard
to the number of urban districts in Urmia. There are seven
hospitals in Urmia, and there are ten TBFs available. After
data collection, the proposed model was coded in GAMS 24
optimization software using a CPLEX optimizer, and all ex-
ecutions were implemented on a Corei7 2.40 GHz laptop
with 8 GB of RAM. The optimal quantities are presented be-
low.

Table 3 indicates the export values for different blood
products throughout the planning horizon. It can be con-
cluded that the export quantity of products with long-lived
plasma and dense red blood cells was much higher than
other products. The average volume of donated blood
to TBFs was about one million blood units in each pe-
riod. Interestingly, TBFs were assigned to BBs and not MBFs
(hospitals). Considering the capacity considerations, the

Ann Mil Health Sci Res. 2020;18(4):e102880.
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Table 1. The Blood Demand

D1kt Period
k 1 2 3 4 5 6 7
1 2370000 2744000 2717000 2796000 2499000 2786000 2619000
2 2350000 2726000 2720000 2790000 2504000 2782000 2700000
3 2420000 2807000 2787000 2832000 2699000 2825000 2799000
4 2470000 2865000 2852000 2896000 2700000 2889000 2865000
5 2320000 2691000 2674000 2699000 2587000 2690000 2659000
6 2450000 2842000 2829000 2859000 2762000 2853000 2835000
7 2440000 2830000 2804000 2847000 2785000 2838000 2807000
Table 2. The Fixed Cost of Facilities
FCkt Period
k 1 2 3 4 5 6 7
1 1650000 1897500 2182000 2500930 2885700 2667200 3061720
2 2150000 2472500 2795000 3117500 3430000 3730200 4022930
3 1950000 2242500 2535000 2825500 3118000 3411000 3701350
4 1450000 1667500 1885000 2101500 2319500 2537100 2752350
5 2350000 2702500 3055000 3407000 3759200 4110170 4462320
6 3150000 3622500 4094500 4566060 5038900 5511100 5981350
7 3698100 4252500 4806060 5360600 5914600 6462900 7023300
Table 3. Blood Exports
Period
P
1 2 3 4 5 6 7
1 2943700 2867000 2900400 3250500 2927600 2891700 484400
2 1326200 1279200 1260000 1441200 1307000 1242200 68400
3 867500 819100 821600 0 1758600 760150 (0]
4 861200 811900 813500 938000 832500 743950 (0]
5 0 0 0 0 0 0 (0]
6 1133700 1086200 1089500 1242900 1094700 1083400 6400
donated blood quantity to the fixed facilities was much
. e 128,301,408
higher than temporary facilities.
: . 128,301,408
The production values of different blood products are
. . 2 128301,408
presented in Table 4. Based on the results, production g
quantities are almost stable for each product, and their E 128,301,408
values do not fluctuate severely throughout the planning 128,301,408
horizon. 128,301,408
128,301,408
s . 20%0Off 10%0ff 5%O0ff 5%Up 10%Up 20%U
4.1. Sensitivity Analysis P P P
Demand

To investigate the sensitivity of the obtained optimal
results, a series of sensitivity analyses on the key parame-
ters was executed. In Figure 2 to Figure 4, different param-
eters are analyzed in the spectrum of 20% down to 20% up.

Figure 2 shows the objective function values under dif-
ferent blood product demands. As expected, the objec-
tive function values created a gentle curve as the demand
values increased. In contrast with the fixed facility costs,
transportation costs from fixed facilities to blood banks, as
depicted in Figure 3, showed major changes in the interval

Ann Mil Health Sci Res. 2020;18(4):e102880.

Figure 2. Objective function values under different demand values

of £ 5%. Beyond this interval, fluctuations were very gen-
tle and smooth. According to Figure 4, the objective func-
tion values behaved smoothly at a higher cost parameter
as compared to lower blood bank costs.
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Table 4. Blood Products

Period
P
1 2 3 4 5 6 7
1 3240000 3240000 3240000 3600000 3240000 3240000 811800
2 1620000 1620000 1620000 1800000 1620000 1620000 405900
3 1170000 1170000 1170000 1300000 1170000 1170000 293150
4 1170000 1170000 1170000 1300000 1170000 1170000 293150
5 360000 360000 360000 400000 360000 360000 90200
6 1440000 1440000 1440000 1600000 1440000 1440000 360800
ering the aforementioned, the proposed model could pro-
128,301,408 vide managers with a practical mathematical model.
128,301,408 In this study, a new application of health research was
E 128,301,408 presented. In recent years, operation research has been
E 128301,408 widely used to design and plan healthcare. In this study,
the combination of health and emergency supply chain
128,301,408 was studied, which to some extent distinguished the fea-
128,301,408 tures of the problem from other issues in the supply chain.
20%0ff 10%0ff 5%Off  5%Up 10%Up 20%Up In this study, all parameters were considered as determin-
Transportation Costs istic. However, consideration of real-world uncertainties
Figure 3. Objective function values under different transportation costs C.an bean Interesting fl.ltl:ll'e. research avenue. AlSO, atten-
tion to blood supply varieties among blood donors and
their abundance or infrequency can be an interesting re-
128,301,408 search topic. Finally, demand propagation in disaster and
128,301,408 relief programs can be considered in future studies.
é 128,301,408
E 128,301,408 Footnotes
128,301,408
128,301,408 Authors’ Contribution: All authors contributed to differ-
20%Off 10%Off 5%Off 5%Up 10%Up 20%Up ent sections of the paper.
Blood Bank Costs Conflict of Interests: The authors declare that they have

Figure 4. Objective function values under different blood bank costs

5. Conclusions

In this study, after a brief review of the design problems
of blood supply chain networks and introduction of their
different components, including blood donors, fixed and
temporary blood donation facilities, blood banks, and pro-
curement centers, a local blood supply chain model was
proposed, based on the MILP model. A striking issue in
the blood supply chain network design is the corruptibility
and perishable nature of blood. In the proposed model, the
collected blood was divided into six sub-products (com-
plete blood, congested red blood cells, washed red blood
cells, frozen red blood cells, platelets, and plasma). Consid-

no conflict of interest.
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