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ABSTRACT 

Supply chain network design of a product is one of the primary and strategic measures in supply chain management 
that plays a vital role in supply chain performance. Since blood is a special commodity and has no substitute, supply 
chain management and optimization have a special place among researchers. In this research, for the first time, a two-
objective nonlinear mixed integer model is presented to help make strategic and operational decisions in the blood 
supply chain. The first objective function is related to cost minimization and the second objective function is related to 
supply chain reliability maximization, which is considered as a series-parallel system. To check the validity of the 
model, a numerical example is solved using GAMS software, then using MOPSO meta-heuristic algorithm, the model 
is solved in larger dimensions and while comparing the performance criteria of multi-objective algorithms, the results 
are reviewed. 
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1. INTRODUCTION 

Supply chain management (SCM) encompasses the 
integrated planning and execution of processes in a 
supply chain in an efficient manner (Zahiri et al., 2015; 
Al-Zyoud et al., 2021; ALSoud et al., 2021). In fact, de-
signing a supply chain network is one of the strategic 
decisions in SCM, playing a vital role in supply chain 
performance. In general, designing a supply chain net-
work requires finding the optimal number, location and 
capacities of facilities and optimizing a product’s flow 
through long-term and multi-period planning (Ab Yajid, 
2020a, 2020b). Research in the field of the supply chain is 
not merely limited to industrial goods (with the objective 
of maximizing profit while minimizing costs), and many 
researchers have focused on new areas, such as health 
supply chains, in the past two decades (Rahman et al., 
2018; Jaapar et al., 2020). Human blood is a scarce re-
source that is produced only by humans, and there is still 
no chemical option or process that can produce it (Saki-
nahmohdshukri and bin Jaharadak, 2020). Blood carries 
various substances to cells including nutrients and oxygen. 
In addition, useful components, namely red blood cells, 
plasma, white blood cells, serum or platelets, can be sepa-
rated from blood mechanically, which can be used to dif-
ferent patients and purposes (Gunpinar and Centeno, 2015). 

To date, various studies have been conducted on 
blood supply chain (BSC) optimization with the objective 
of inventory management (Puranam et al., 2017) and 
solving a facility location problem. Some researchers 
divided blood into two categories of fresh (for patients 
with rare diseases and operations such as open-heart sur-
gery) and old blood (Gunpinar and Centeno, 2015), whe-
reas others have assessed the compatibility of different 
blood groups in the blood donation supply chain regard-
less of blood freshness (Duan and Liao, 2014). However, 
blood is perishable, and studies on perishable product 
supply chain initiated in 1960. Various solutions for blood 
inventory control and supply chain problems have been 
analyzed by researchers, some of which include simula-
tion techniques (Barzamini and Ghassemian, 2019; Qaza-
ni et al., 2020), using mathematical arguments (Alman-
sour, 2021; Jagannathan and Sen, 1991), dynamic pro-
gramming (Blake, 2009), and integer programming 
(Hemmelmayr et al., 2010). It is worth noting that the 
mentioned approaches have been used individually and in 
combination with each other. Moreover, both blood de-
mand certainty (Kurilova, 2021; Qazani et al., 2022; Zit-
ler and Thiele, 1999) and uncertainty (Hemmelmayr et al., 
2010; Puranam et al., 2017) have been considered in the 
relevant literature. Some researchers have considered the 
objective function as minimization of inventory costs, 
including ordering, warehousing, shortage and cost of 
waste or corruption (Sudarmilah and Maelani, 2021). 

Meanwhile, others have considered the objective function 
as minimization of costs of construction and relocation of 
facilities. In the latest research, Gunpinar and Centeno 
(2015) presented a new mathematical model for the dis-
tribution of resources in critical situations. In this model, 
researchers presented an allocation and routing model for 
relief vehicles in the areas affected by a disaster. Attempts 
were made to analyze various solutions and report the 
most efficient one using the fuzzy validity theory ap-
proach. In the present research, the main objective is to 
minimize the facility construction costs and reliability-
related costs while maximizing the reliability of an impor-
tant part of the supply chain.  

2. STATEMENT OF THE PROBLEM  

The blood supply chain in the present research is de-
signed based on the actual situation of Iran. Overall, a 
four-layer supply chain can be considered based on Fig-
ure 1. The first layer includes blood donors, classified 
based on the location’s geography. The second layer en-
compasses mobile blood collection facilities, whereas the 
second layer comprises permanent blood collection facili-
ties, where different tests and segregation of blood prod-
ucts are carried out. In addition, the fourth layer includes 
blood applicants. It is worth mentioning that in this prob-
lem, blood donors can refer to permanent or mobile facili-
ties (not both) and donate blood. It is notable that the 
blood donated to mobile facilities must be transferred to 
permanent facilities, and applicants must receive blood 
only from permanent centers.  

To simplify the reliability calculation process while 
considering real conditions, only mobile and permanent 
facilities, which are at the important level of the supply 
chain, are considered in the calculations (only the rela-
tionship between these two levels of the supply chain are 
considered in reliability calculation process). While the 
 

 
Figure 1. Schematic representation of BSC network in the 

present article. 
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reliability of mobile facilities is lower than permanent 
facilities, the permanent facility construction costs are 
extremely higher than mobile facilities. In this study, the 
problem is considered to be two-objective since the max-
imization of reliability and minimization of costs are two 
contradictory objectives. It is notable that an increase in 
reliability results in an increase in related costs. Moreover, 
the reliability number is a function of different parameters, 
including facility quality and whether candidate sites are 
in the path of flood or fault or not. Reliability-related 
costs include surplus costs that must be paid simply to 
achieve higher reliability, such as providing safe means of 
transportation or selecting and providing a place of per-
manent facilities in safe places. Figure 2 exhibits a sche-
matic presentation of a series-parallel system in the 
present research. 

3. METHODOLOGY  
As mentioned in the previous section, a new mathe-

matical model is presented with the following premises to 
design a BSC network.  

- The constraints of donor groups, mobile facilities 
and permanent facilities are clear.  

- The costs of permanent and mobile facility con-
struction, the cost of blood transfer from mobile to 
permanent facilities, facility reliability-related 
costs, and the level of facility reliability are clear.  

- The blood demand rate is clear.  
- Donors are allowed to donate blood in either per-

manent or mobile centers. However, blood col-
lected at mobile centers must be transferred to 
permanent centers.  

- The model is of single-period type.  
- A shortage is not allowed.  
- The model is of single-product type (whole blood). 

Sets 
I donor groups (i = 1,…, I) (based on geogra

phical areas) 
J Candidate sites for mobile (temporary) blood

collection facilities 
K Candidate sites for permanent facilities  

(hospitals and local blood centers) 
Parameters 

jC  Construction (location) cost of a mobile  
facility to collect blood on site 

'
kC Construction (location) cost of a permanent 

facility to collect blood on site 
"
jkC Cost of transporting a unit (pack) of blood 

from mobile facility to permanent facility 
jcre Reliability-related costs for mobile facilities 
'
kcre Reliability-related costs for permanent  

facilities 
De Total blood demand (whole blood) 

ijr  Distance between donor group center and  
mobile facilities 

0r Maximum coverage radius of the mobile  
facilities (if the center of the donor group  
is covered by the facility) 

ikw Distance between donor group center and  
permanent facilities 

0w Maximum coverage radius of the permanent 
facilities (if the center of the donor group  
is covered by the facility) 

jkq Distance between candidate sites for mobile 
and permanent facilities 

0q Maximum coverage of the permanent facilities
for temporary facilities (if the facility is  
covered by the facility) 

0U Maximum blood collection capacity in mobile
facilities 

kV Maximum blood collection capacity in  
permanent facilities 

id Number of donated blood units of the donor
group (potenti als of blood donation in  
geographical areas) 

jre Reliability of mobile facilities 
'
kre Reliability of mobile facilities 

ω Minimum percentage of blood demand  
coverage 

Decision variables 
jZ  A binary variable; 1, if mobile facility is  

constructed in candidate site; otherwise, 0. 
'
kZ A binary variable; 1, if permanent facility is

constructed in candidate site; otherwise, 0. 
ijX A binary variable; 1, if the donor group is 

allocated to the facility; otherwise, 0. 
'
ikX A binary variable; 1, if the donor group is 

allocated to the facility; otherwise, 0. 
''
jkX A binary variable; 1, if the mobile facility is

 
Figure 2. The series-parallel system. 
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assigned to the facility; otherwise, 0. S୧୨ The amount of blood collected (number of 
whole blood packs) from the group of  
donors in mobile facilities 

'
ikS  The amount of blood collected from the  

donor group in permanent facilities 
''
jkS  The amount of blood transported from the 

mobile facility to the permanent facility 
Objective Function and Constraints 

 

' '
1 j j k kj k

'' ''
jk jkj k

' '
j j k kj k

MinZ z c z c

s c

z cre z cre

= +

+

+ +

∑ ∑
∑ ∑
∑ ∑

 (1) 

( )' '
2 j j k kj k

MaxZ [1 (1 z re )][1 1 z re ]= − − − −∏ ∏  (2) 

s.t.  

ij ikj k
x x 1 i+ ≤ ∀∑ ∑  )3(  

ij ij 0 jx r r z i, j≤ ∀  (4) 

' '
ik ik 0 kx w w z i,k≤ ∀  (5) 

'' '
jk jk 0 kx q q z j,k≤ ∀  (6) 

ij ijS Mx i, j≤ ∀  (7) 

' '
ik iks Mx i,k≤ ∀  )8(                   

'' ''
jk jks Mx j,k≤ ∀  (9) 

' ''
ik jk ki j

s s V k+ ≤ ∀∑ ∑  (10) 

ij 0i
S U j≤ ∀∑  (11) 

'
ij ik ij k

S s d i+ ≤ ∀∑ ∑  (12) 

' ''
ik jki k j k

S s ωDe+ ≥∑ ∑ ∑ ∑  (13) 

''
ij jki k

s s j= ∀∑ ∑  (14) 

{ }' '' '
ij ik jk j kx ,x ,x ,z ,z 0,1 , i, j∈ ∀  (15) 

' ''
ij ik jks ,s ,s 0 i, j,k≥ ∀  (16) 

Objective function 1 shows the minimization of 
costs of mobile facility construction, permanent facility 
construction, blood transfer from mobile to permanent 

facilities and cost of using facilities with higher reliability 
at permanent and mobile facilities. Objective function 2 
shows the maximization of supply chain reliability, which 
is considered as a series-parallel system encompassing 
two subsystems of mobile facilities (mobile facilities are 
parallel to each other) and permanent facilities (perma-
nent facilities are parallel to each other). Constraints 3 
allocate the donor groups to each mobile or permanent 
facility. In this regard, donor group allocation to centers 
means that the donors of a certain area are expected to 
refer to the desired centers based on the geographical 
location and coverage radius of mobile and permanent 
facilities. This prevents the allocation of a group to two 
(permanent or mobile) centers. Constraints 4-6 consider 
the coverage radiuses of each facility while Constraints 4 
guarantee that if the donor group is allocated to the mo-
bile facility, the facility has been previously constructed 
and donors of the facility are predetermined. Constraints 
5 guarantee that if a donor group is allocated to the per-
manent facility, the facility is previously built and donors 
allocated to the facility is in the predetermined coverage 
area. Constraints 6 guarantee that if the mobile facility is 
allocated to a permanent facility, the mentioned facility 
has been already constructed and the mobile facility is in 
the predetermined coverage area for the permanent facili-
ty. Constraints 7-9 guarantee that blood unit flow (whole 
blood) is established from donors to the mobile facilities, 
from donors to permanent facilities, from mobile facilities 
to permanent facilities only if the facilities have been al-
ready constructed. Constraints 10 and 11 respectively 
show that the blood volume donated to the permanent 
facilities and transferred from mobile to permanent facili-
ties, as well as the volume of blood donated to mobile 
facilities do not exceed the blood collection capacity. 
Constraints 12 guarantee that the total blood volume do-
nated by the donor group to permanent and mobile facili-
ties does not exceed the number of blood units donated by 
the donor group. Constraints 13 argue that the total blood 
volume donated to permanent and mobile facilities must 
cover the minimum amount of the coefficient (percentage 
label) of the total demand rate. Constraints 14 guarantee 
that all blood volume donated to mobile facilities is trans-
ferred to permanent facilities. In addition, constraints 15 
and 16 define the type of decision variables.  

3.1 Solution Method 

In the present study, five numerical examples are 
produced to validate the model. The examples are solved 
by using GAMS and BARON. Depending on the com-
plexity of the problem and the time-consuming nature of 
the solution process, the five examples are solved by a 
metaheuristic algorithm and the results are assessed. In 
addition, the criteria for assessing the efficiency of meta-
heuristic algorithms are calculated and evaluated.  
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3.2 MOPSO Algorithm  

Given the extraordinary success of PSO algorithms 
in solving single-objective optimization problems, many 
researchers and scientists have attempted to solve multi-
objective problems by this algorithm. Today, multiple 
versions of the PSO algorithm have been proposed to 
solve multi-objective problems. In this regard, one of the 
most famous algorithms has been introduced by Coelho et 
al. (2013), which is entitled MOPSO. This name is exclu-
sively used for the mentioned algorithm. The parameters 
tuned for the MOPSO algorithm based on the mathemati-
cal model proposed in the present study are completely 
new and are obtained by trial and error and solving mul-
tiple examples, as shown in Table 1.  

3.3 Performance Criteria  

The multi-objective algorithm comparison criteria, 
which are assessed based on a study by Zitler and Thiele 
(1998), are as follows:  

- Algorithm execution time: CPU time is one of the 
most important indices related to the performance 
of each metaheuristic algorithm that is specifically 
used for large-scale problems. In general, the low-
er the value of this index, the better.  

- The number of Pareto solutions: the Number of 
(approximate) Pareto Solutions (NPS) shows the 
optimal Pareto solutions. The higher the value of 
NPS, the better.  

- Mean ideal distance: mean ideal distance (MID) 
was used by Zitler and Thiele (1998), to estimate 
the mean distance of Pareto solutions from the ori-
gin of coordinates. It is estimated based on the eq-
uation below. The lower its value, the better the 
performance of the algorithm.  

In this equation, ci is the amount of distance to the 
ideal point.  

2 2
best bestn 1i 1 2i 2

max min max mini 1 1,

f f f f
f f f f

MID
n

=

⎛ ⎞ ⎛ ⎞⎟ ⎟− −⎜ ⎜⎟ ⎟⎜ ⎜+⎟ ⎟⎜ ⎜⎟ ⎟⎜ ⎜⎟ ⎟⎟ ⎟− −⎜ ⎜⎝ ⎠ ⎝ ⎠
=
∑ (17) 

n is the number of solutions in the Pareto set.  
- Spacing index: the value of the spacing metric 

(SM) calculates the relative distance of consecu-
tive solutions and was first introduced by Schott 
(1995). The lower the value of this index, the bet-
ter. The index is calculated, as follows: 

n 1
ii 1

  d d
SM

(n 1)d

−

=
−

=
−

∑  (18) 

As observed, the distance measured is equal to the 
lowest value of the absolute value of the difference in the 
values of the objective functions between the i-th solution 
and actual solutions in the final non-dominated set.  

- The diversification metric: introduced Zitler and 
Thiele (1998), the diversification metric (DM) 
shows the breadth of Pareto solutions of an algo-
rithm. In the two-objective model of the present 
study, this criterion is equal to the Euclidean dis-
tance between two boundary solutions in the ob-
jective space. The higher the value of this index, 
the better the performance of the algorithm. The 
following equation is used to calculate the crite-
rion: 

2 2
1i 1i 2i 2i

max min max min
1, total 1,total 2, total 2,tota

maxf minf maxf minfDM
f f f f

⎛ ⎞ ⎛ ⎞⎟ ⎟− −⎜ ⎜⎟ ⎟⎜ ⎜= +⎟ ⎟⎜ ⎜⎟ ⎟⎜ ⎜⎟ ⎟⎟ ⎟− −⎜ ⎜⎝ ⎠ ⎝ ⎠
 )19(    

 4. COMPUTATIONAL RESULTS 
To solve the mathematical model, we prepare five 

numerical examples based on Table 2.  
Example 1 is solved by GAMS and BARON soft-

ware. Given the GAMS software limitations in solving 
multi-objective problems, we used the weighing method 
to solve the two-objective model. To this end, W1 and 
W2 weights were prepared for the first (cost minimiza-
tion) and second (reliability maximization) objective 
functions based on experts’ opinions, as shown in Table 
3. The final objective function was obtained according 
to Equation 20. 

t 1 1 2 2MinZ w z w z= −  )20(  

According to Equation 20, costs must be minimized 
simultaneously with W1 weight and reliability must be 
maximized simultaneously with W2. It is notable that 
there was no need for the sum of weights to equate to one 
given that the objective functions are not normalized. For 
instance, the definite optimal solutions are obtained based 
on the parameters presented in the above tables, as shown 
in Table 4: 
  

Table 1. Parameters tuned for MOPSO algorithm 
Column Parameter Optimization Level

1 
2 
3 
4 
5 
6 
7 
8 
10 

Maxlt 
Npar 
Nrep 
Ngrid 
Beta 

Lambda 
C1 
C2 

Wdamp 

300 
30 
30 
3 
2 
2 
2 
2 

0.9 
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Table guide: for columns related to decision va-
riables, the number inside the parenthesis indicates the 
index and the number after the equals sign indicates the 
amount of variable.   

According to Table 3, a number of mobile and per-
manent facilities are constantly opened and are allocated, 
donor groups. In addition, any newly developed mobile 
facility must be covered by a permanent facility, and all 
donated blood units must be transferred to permanent 
facilities, which is also shown by the solutions. Moreover, 
the facility establishment costs and the costs of transfer-
ring blood units to from permanent to temporary facilities 
are minimized. Furthermore, since blood might be lost 
during the transfer process because of temperature or a 
traffic accident, existence of blood centers in unsafe loca-
tions, or natural disasters (e.g., flood and earthquake), it is 
necessary to quantify the reliability of these cases using 
the opinion of experts and enter them into the model. 
Meanwhile, the second objective function shows this 
phenomenon as well and only considers the relationship 

between the permanent and mobile facilities while max-
imizing the reliability of an important part of BSC. There-
fore, it is evident that the higher the number of permanent 
and mobile facilities, the higher the reliability of the BSC. 
Evaluation of examples 2-5 sheds light on the issue. In 
this study, the two-objective mathematical models are 
solved by obtaining a set of points, each having a supe-
riority related to the objective functions over others (Pare-
to front or optimal points). The decision-maker deter-
mines the reliability obtained per cost minimization at 
each level. Figure 3 shows the Pareto front of numerical 
examples by using MOPSO (13). The results are obtained 
by using a computer with a Corei5@ 2.6 GHz processor.  

Before the analysis of the mentioned Pareto fronts, 
the table related to the Pareto front of the first example 
must be evaluated based on GAMS results related to algo-
rithm validation (Table 5). According to Figure 3, the 
solutions obtained from the metaheuristic algorithm are 
not more efficient, compared to the GAMS solution, but 
are very close to the optimal solution. 

Table 2. Numerical examples 
Problem 
Number (I*J*K) c୨ c୩ᇱ  c୨୩ᇱᇱ  De r୧୨ r଴ w୧୩ w଴ 

1 
2 
3 
4 
5 

[5,6,6] 
[10,20,14] 
[15,12,6] 
[15,30,24] 
[15,30,24] 

[10,15] 
[10,15] 
[10,15] 
[10,15] 
[10,15] 

[1000,3000] 
[1000,3000] 
[1000,3000] 
[1000,3000] 
[1000,3000] 

[1.01,0.05] 
[1.01,0.05] 
[1.03,0.05] 
[1.03,0.05] 
[1.03,0.05] 

[700, 950]
[700, 950]
 [700, 950]
[1000, 1100]
[700, 950]

[50,500]
[50,500]
[50,500]
[50,500]
[50,500]

[100,300]
[100,300]
[100,300]
[100,300]
[100,300]

[50,500] 
[50,500] 
[50,500] 
[50,500] 
[50,500] 

[100,300] 
[100,300] 
[100,300] 
[100,300] 
[100,300] 

Problem 
Number g୨୩ q଴ U଴ V୩ d୧ ω re୨ cre୨ cre୩ᇱ  re୩ᇱ  

1 
2 
3 
4 
5 

[50,500] 
[50,500] 
[50,500] 
[50,500] 
[50,500] 

[100,300]
[100,300]
[100,300]
[100,300]
[100,300]

[300,500] 
[300,500] 
[300,500] 
[300,500] 
[300,500] 

[1000,2000]
[1000,2000]
[1000,2000]
[1000,2000]
[1000,2000]

[150,300]
[150,300]
[150,300]
[150,300]
[150,300]

0.9 
0.9 
0.9 
0.9 
0.9 

[0.7, 0.8]
[0.5,0.6]
[0.5,0.6]
[0.5,0.6]
[0.4,0.5]

[15,30] 
[15,30] 
[15,30] 
[15,30] 
[15,30] 

[600,900] 
[100.200] 
[100,200] 
[100.200] 
[100,200] 

[0.95,0.99] 
[0.6,0.8] 
[0.6,0.8] 
[0.6,0.8] 
[0.6,0.8] 

 
Table 3. Final objective function weights 

Parameters Value Wଵ Wଶ ൌ 0.6 ൌ 0.8 

Table 4. Solutions obtained from GAMS software 
Problem 
Number jz  '

kz  ijx  '
ikx  ''

jkx ijs  '
iks  ''

jks  *
1Z  *

2Z  *
tZ  

1 4,5 3 14,35,44 23,53 43,53
(14) = 188, 
(35) = 21,
(44) = 245

(23) = 186, 
(53) = 197

(43) = 433
(53) = 21 2003.249 0.901 1201.2286

Table 5. Coordinates of points in the Pareto front (Problem No. 1) 

Cost  Reliability
2401.1 
3439.7 
3445.2 
4519.1 

0.92303 
0.95156 
0.95347 
0.96374 
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having higher facility reliability compared to mobile 
facilities. Evidently, the construction of permanent facil-
ities in earthquake faults and flood routes significantly 
reduces supply chain reliability. Moreover, the use of 

mobile facilities in crowded city parts is not justifiable. 
The results obtained from the calculation of perfor-
mance criteria of metaheuristic algorithms are shown in 
Table 6 and Figures 4-6.  

Table 6. Performance assessment criteria of metaheuristic algorithms 
Problem Num-

ber SM DM MID NPS CPU Time 
1 0.6474 60.5775878 0.9806 3.92789 18.4234 
2 1.2271 295.8962835 0.90309 16.2869 25.3377 
3 1.4978 200.0393889 0.91617 25.9048 23.2293 
4 1.3429 338.1185385 0.96436 24.2849 31.7725 
5 1.3421 325.5077473 0.9287 25.6456 31.9444 
6 1.3607 353.0762 0.8946 26.8639 33.2092 
7 1.4657 367.9130 0.8833 26.9966 34.8230 
8 1.4667 379.8476 0.8695 28.9616 37.3222 
9 1.5915 392.6784 0.7934 31.5196 38.4757 
10 1.7311 417.8472 0.7696 32.2851 39.9435 

Mean 1.3673 313.1502 0.8903 24.2677 31.4481 
 

 
Figure 4. A comparison of SM and MID indices 

 

 
Figure 5. DM index values in various problems. 
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Evaluation and analysis of results in figures 4-6 re-
veal that the solution complexity increases with increas-
ing the problem’s dimensions, such that a significant in-
crease is observed in the solution time. Moreover, the 
number of Pareto solutions increases with an increase in 
the problem’s dimensions, which is why the SM and DM 
indices increase while the MID index decreases.  

5. CONCLUSION AND RECOMMENDA-
TIONS  

The present study evaluated a BSC in a series-
parallel form between permanent and mobile facilities for 
the first time to improve system reliability. A two-
objective non-linear mixed-integer model was proposed 
to strategically and operationally make decisions in a 
BSC. The objective functions focused on the minimiza-
tion of costs and maximization of supply chain reliability 
in a series-parallel system. To validate the model, a nu-
merical example was solved by GAMS and BARON after 
mathematical modeling, and the results were analyzed. 
The model’s accuracy and efficiency were approved 
based on its logical solution. In addition, five numerical 
examples were solved by MOPSO. Notably, the mathe-
matical model was designed based on the BSC of Iran. As 
mentioned before, the mere increase in the number of 
mobile facilities will not lead to higher reliability in BSC 
and an increase in the number of permanent facilities is 
required in this regard. It is recommended that multi-
product (e.g., plasma and platelets) and multi-period 
models be considered in future studies. In addition, it is 
suggested the flow of products in the supply chain be 
considered in reliability calculations. Furthermore, it is 

recommended that various parameters affecting reliability 
be evaluated in future studies, and attention be paid to the 
reliability of blood product isolation facilities. 
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