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Abstract  
This paper presents an inventory-routing problem (IRP) for Red Blood Cells 

(RBCs) distribution, in which -to avoid shortage- supplying the demand with 

compatible blood groups (substitution) and the RBC transshipments between 

hospitals (transshipment) are considered. The mentioned problem is investigated in 

four conditions: 1- allowing the transshipment and substitution, 2- allowing the 

transshipment, but no substitution, 3- allowing the substitution, but no 

transshipment, and 4- no allowing the transshipment and substitution.  Since the 

mentioned problem is NP-Hard, the adaptive large neighborhood search algorithm 

(ALNS) has been used to solve all conditions. The cost in the first condition is the 

least one because the feasible solution space is the largest. Also, the results show 

that the transshipment has a more active role than the substitution in reducing the 

shortage. Moreover, in the first and third conditions, the O+ blood group is used 

more than the other blood groups to meet the other compatible blood groups' 

demands. 
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Introduction 

Blood is one of the scarce and vital resources for human survival. RBCs, platelets, and plasma 

are among the most crucial blood products. RBCs are applied to treat anemia, cancer, childbirth, 

and thalassemia. Platelets are used for cancer treatment, and long-term surgery (such as open-

heart surgery), and plasma units are taken for burn treatment [1]. 

Blood supply chain management is highly complex for its characteristics, such as short 

lifespan and blood group compatibility [2]. Therefore, minimizing the shortage and wastage is 

one of the most critical challenges in this field [3]. According to a review article [2], more than 

one hundred studies have been investigated up to September 2014 in the field of quantitative 

models in the blood supply chain, which the related ones to the proposed study are discussed in 

the following. 

Federgruen et al. [4] proposed two models for the inventory-routing and allocation problem 

with the aims of minimizing costs of shortages, transportation, and expiration. Hemmelmayr 

and Doerner [5] presented an integer programming model for delivering blood products to 

Austrian hospitals in two different strategies. In the first strategy, the hospitals in each area can 

be served only by one vehicle and through a fixed route and the integer programming model 

aimed to schedule the delivery of blood to the hospitals. In the second strategy, routing 

decisions were made with a focus on regular delivery. Both strategies were implemented based 

on real data, revealing that about 30% of cost savings were obtained compared to the old method 

of blood delivery to the hospitals. Hemmelmayr et al. [6] presented an improved version of their 
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previous model [5] by randomly considering the demand. Our study considers the possibility 

of blood transshipment between hospitals and the compatibility of blood group in addition to 

articles [5] and [6]. Jafarkhan and Yaghoubi [7] designed a robust mathematical model for 

integrated production routing inventory problem of perishable product and solved it with the 

adaptive large neighborhood search algorithm. Also, they used a heuristic algorithm for solving 

robust inventory -routing problem of red blood cells [8]. 

Gunpinar and Centeno [3] proposed three integer linear programming models to determine 

the optimal ordering in a hospital with the aims of reducing wastages and shortages. Yaghoubi 

et al. [9] presented a bi-objective mixed-integer linear programming model in supplying blood-

platelets with the aims of minimizing total costs and delivery time simultaneously. Hospitals’ 

priority, platelet perishability, and demand fluctuations are considered and incorporated into 

the mathematical model. 

Since platelet extraction from whole blood must be done up to six hours, Mobasher et al. 

[10] presented a mixed-integer linear programming model to make coordination between 

collecting and processing procedures in the collection centers. Then, a heuristic algorithm 

named Integer Programming Based Algorithm was presented to solve the proposed model. 

Larimi and Yaghoubi [11] presented a mixed-integer linear programming model in a platelet 

supply chain to reduce the total logistics costs and increase donors’ awareness. Moreover, a 

robust stochastic approach was applied to manage demand uncertainty. Şahinyazan et al. [12] 

designed a blood collection system intending to increase the collected blood at reasonable 

operating costs. In their model, the bloodmobiles (i.e., equipped facilities to extract blood from 

donors) did not return to the blood bank to prevent blood corruption, and a new device -named 

a shuttle- visited the mobile facilities in each period and transferred the collected blood to the 

blood bank. Duan et al. [13] proposed a new optimization-simulation model for managing blood 

inventory by considering the compatibility of blood groups in a blood bank and a hospital. The 

model has been evaluated in three different conditions: (1) no compatible substitutions are 

considered at the blood bank and hospital, (2) compatible substitution is only allowed in the 

hospital, and (3) compatible substitution is allowed both in the hospital and in the blood bank. 

The results concluded that the first condition has less waste than the other two conditions. 

This study presents an inventory-routing problem for blood distribution, in which satisfying 

blood-demands with other compatible blood groups (substitution), and lateral transshipment 

between hospitals (transshipment) are considered in the mathematical model to avoid shortages. 

As can be seen through the classification in Table 1, no study has simultaneously focused on 

considering substitution and transshipment, especially in the field of optimizing routing 

problems. Therefore, to evaluate the efficiency of considering substitution and transshipment 

in the proposed healthcare system, four different conditions are proposed. 

 First condition: It is allowed to consider both lateral transshipment and substitution of 

compatible blood groups in the supply chain. 

 Second condition: It is only allowed to consider lateral transshipment between hospitals. 

No substitution for compatible blood groups is permitted. 

 Third condition: It is only allowed to consider substitution for compatible blood groups. 

No lateral transshipment between hospitals is permitted. 

 Fourth condition: Neither substitution nor lateral transshipment is allowed in the 

proposed supply chain 
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Table 1. Classification of related studies in the field of blood supply chain management 
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               [15] 

               [4] 

               [16] 

               [5] 

               [6] 

               [13] 

               [17] 

               [18] 

               [11] 

               [9] 

               This study 

 

Problem Description and Mathematical Modeling 
 

Inventory-Routing Problem (IRP) is an extension of the Vehicle Routing Problem (VRP) that 

helps decision-makers decide about vehicle routing problems and the inventory issues, 

simultaneously. Noteworthy, IRP ignores the possibility of transshipment between demand 

zones. Coelho et al. [19] presented an IRP model by considering temporary transshipment 

between customers. The results revealed that applying this transshipment can be beneficial for 

responding to demand fluctuations in a dynamic and stochastic environment. Our study is the 

extension of Coelho et al. [19] study, in which the possibility of responding to the demand by 

considering other compatible blood groups is also incorporated into the model. This strategy is 

added to the presented IRP model to better deal with sharp changes in RBC demands. For this 

purpose, a supply network with one blood center and several hospitals is presented, in which 

four different conditions can occur in the system (see Table 2). Table 3 demonstrates the ABO-

RH matching rules. For example, blood type O-, in the second column, can give blood to all the 

blood groups and only receive blood from their own blood type. 

 

 
Table 2. The presented conditions for RBC distribution 

Lateral transshipment between hospitals 
 Satisfying demand with other compatible 

blood type Conditions 

Allowed Not allowed  Allowed Not allowed 

     1 

     2 

     3 

     4 
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Table 3. ABO-RH matching rules for red blood cells 

Recipient 

Donor 

 

O+ 

 

O- 

 

A+ 

 

A- 

 

B+ 

 

B- 

 

AB+ 

 

AB- 

O+ (1) 1 0 1 0 1 0 1 0 

O-  (2) 1 1 1 1 1 1 1 1 

A+ (3) 0 0 1 0 0 0 1 0 

A- (4) 0 0 1 1 0 0 1 1 

B+ (5) 0 0 0 0 1 0 1 0 

B- (6) 0 0 0 0 1 1 1 1 

AB+ (7) 0 0 0 0 0 0 1 0 

AB- (8) 0 0 0 0 0 0 1 1 

 

The Assumptions of the First Condition 

 

The assumptions of the first condition can be seen as follows: 

 The inventory of the blood bank and hospitals is identified and fixed at the beginning 

of the first period. Hospitals’ demands and the replenishment amount in the blood bank 

are known in each period. 

 The capacity of hospitals is fixed and bounded. 

 The RBC demand can be satisfied by the other compatible blood groups. 

 A vehicle with limited capacity is available, in which this vehicle transships in a single 

route to deliver the required RBC from the blood bank to a subset of hospitals. Lateral 

transshipment between hospitals can be added to the proposed model in the following 

periods. Direct transshipment between the blood bank and the hospitals is also allowed.  

 The procedures of receiving and delivering RBC (transshipment) are done by an 

outsourcing company, and its costs depend on the distance and number of RBC 

transshipment.   

 

Mathematical Formulation 

 

The notations and the mathematical formulation of the proposed model are as follows: 

Sets 

V Set of hospitals and the blood bank 𝑖, 𝑗 ∈ {0,1,2, … , 𝑛} 

Vʹ=V\ {0} Set of hospitals  𝑖, 𝑗 ∈ {1,2, … , 𝑛} 

T Set of periods 𝑡 ∈ {1,2, … , 𝑇} 

R Set of blood type 𝑟, 𝑢 ∈ {1,2, … ,8} 

Parameters 

ℎ𝑖 Inventory costs in hospitals and the blood bank (Toman)  
t ,rF  Blood bank replenishment rate for blood type r in period t 

ijc  Transshipment costs between different nodes based on distance (Toman) 

ijb  Transshipment costs between different nodes based on distance and number of 

transshipped RBC (Toman) 

SC  Shortage costs for each unit of RBC (Toman) 

Q  Maximum capacity of the vehicle (based on number of RBC units) 

iC  Maximum capacity of the hospitals (based on number of RBC units) 

r,t

id  RBC demand at hospital i for each type of blood group r in period t (based on 

number of RBC units) 
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,r

iI0  Initial inventory of blood type r in the hospitals and blood bank (based on 

number of RBC units) 
r,uMS  Blood group compatibility matrixes, r is the recipient and u is the donor (Table 

3) 

Variables 
t ,r

iI  The inventory amount of blood type r at hospital i in period t (based on number 

of RBC units) 
r,t

ish  The shortage amount of blood type r at hospital i in period t (based on number 

of RBC units) 
t ,r,u

id  Number of demand blood type u at hospital i in period t which is satisfied by 

the compatible blood type r (based on number of RBC units) 
t

ijx  Binary variable;1: if node i visits after node j in period t, otherwise 0.  

t ,r

i q  Amount of delivered RBC type r to hospital i in period t (based on number of 

RBC units) 
t ,r

i, jw  Amount of transshipped RBC type r from node i to j in period t (based on 

number of RBC units) 

 

Model type 1 

 

(1) 

Min ∑ ∑ ℎ0𝐼0
𝑡.𝑟

𝑟∈𝑅𝑡∈𝑇

+ ∑ ∑ ∑ ℎ𝑖𝐼𝑖
𝑡.𝑟

𝑟∈𝑅𝑖∈𝑉′𝑡∈𝑇

 

+ ∑ ∑ ∑ 𝑐𝑖𝑗

𝑗∈𝑉𝑖∈𝑉

𝑥𝑖𝑗
𝑡

𝑡∈𝑇

+ ∑ ∑ ∑ ∑ 𝑏𝑖𝑗

𝑟∈𝑅𝑗∈𝑉′𝑖∈𝑉

𝑤𝑖𝑗
𝑡.𝑟

𝑡∈𝑇

+ 𝑆𝐶 ∑ ∑ ∑ 𝑠ℎ𝑖
𝑟.𝑡

𝑟∈𝑅𝑖∈𝑉′𝑡∈𝑇

 

 

The objective function 1 is to minimize the costs of holding RBC in the blood bank and 

hospitals, the cost of routing, the costs of transshipment between hospitals and direct delivery 

from the blood bank to hospitals, and the cost of shortages. 

 

Subject to: 

(2) t ∈ T. r ∈ R I0
t.r = I0

t−1.r + Ft.r − ∑ qi
t.r

i∈V′

− ∑ w0i
t.r

i∈V′

  

(3) 
t ∈ T. r ∈ R. i
∈ V′ 

Ii
t.r = Ii

t−1.r + qi
t.r + ∑ wj.i

t.r

j∈V

− ∑ wij
t.r

j∈V′

− ∑ MSr.u

u∈R

di
t.r.u           

(4) 
t ∈ T. r ∈ R. i
∈ V′ 

di
t.r = ∑ MSu.r

u∈R

di
t.u.r + shi

r.t    

(5) t ∈ T. i ∈ V′ ∑ Ii
t.r

r∈R

≤ Ci 

(6) 
t ∈ T. r ∈ R. i
∈ V′ 

qi
t.r ≤ Ci ∑ Xij

t

j∈V

      

(7) t ∈ T. i ∈ V′ ∑ qi
t.r

r∈R

≤ Ci ∑ Ii
t−1.r

r∈R

      

(8) t ∈ T ∑ ∑ qi
t.r

i∈V′r∈R

≤ Q      
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(9) t ∈ T. i ∈ V ∑ Xij
t

j∈V

= ∑ Xji
t

j∈V

     

(10) t ∈ T. i. j ∈ V′ vi
t + vj

t + QXij
t ≤ Q − ∑ qi

t.r

i∈V′

     

(11) t ∈ T. i ∈ V′ ∑ qi
t.r

r∈R

≤ vi
t ≤ Q     

(12) t ∈ T ∑ Xi0
t

i∈V

≤ 1   

(13) 
i. j ∈ V′ . i ≠ j. t
∈ T 

Xij
t ∈ {0.1}    

(14) 
t ∈ T. r. u
∈ R. i. j ∈ V 

Ii
t.r. qi

t.r. wij
t.r. di

t.u.r. vi
t. shi

r.t ≥ 0   

 

Constraint 2 shows the inventory balance in the blood bank for each type of blood group. The 

blood bank inventory in each period is equal to the inventory of each blood group at the end of 

the previous period, plus the amount delivered blood units from the collection centers 

(replenishment procedure) minus the amount that sent to hospitals through routing minus the 

amount sent directly to hospitals. Constraint 3 illustrates the inventory balance in the hospitals 

for each type of blood group. The hospital inventory in each period is equal to the inventory of 

each blood group at the end of the previous period, plus the amount that delivered to hospitals 

through routing, plus the amount delivered directly to hospitals through other hospitals and the 

blood bank, minus the number of blood units that shipped to other hospitals, minus the sum of 

the RBC demand at the hospital estimated for a compatible blood type (For instance, for 

recipients with blood type AB-, both blood types AB+ and AB- can be used. Therefore, in its 

inventory constraint, the values of 𝑑𝑖
𝑡,8,7

 and 𝑑𝑖
𝑡,8,8

 are equal to one, and the other 𝑑𝑖
𝑡,8,𝑢

 u ∈
{1,2,3,4,5,6} are equal to zero). Constraint 4 refers to the amount of shortage, in which the 

demand for each blood type can be either satisfied by its compatible blood groups (delivered 

RBC units) or unsatisfied (shortage amount). For example, the second blood type can only 

receive blood from itself (i.e.  𝑑𝑖
2,𝑡 = 𝑑𝑖

𝑡,2,2
). Constraint 5 ensures that the amount of inventory 

at the end of each period will not be more than its maximum capacity. Constraints 6 and 7 

guaranty that if the hospital is visited by a vehicle, the delivery amount should not exceed the 

hospital’s capacity. Constraint 8 refers to capacity limitation of the vehicle. Constraint 9 is 

applied to set tours in the proposed model, and constraints 10 and 11 delete the sup-tours [20]. 

Constraint 12 points to the availability of the vehicle in each period. Constraints 13 and 14 are 

the domain variables.   

 

Model type 2 

To obtain the second condition, first, constraint 4 is deleted. Then, the parameter 

∑ 𝑀𝑆𝑟,𝑢𝑑𝑖
𝑡,𝑟,𝑢

𝑢∈𝑅  (in the constraint 3) is changed and rewritten as
r,t

id
to avoid demand 

satisfaction by other compatible blood groups.  

 

Mathematical Model of Condition Three 

To obtain the third condition, constraint 15 will be added to the mathematical model to 

prevent the lateral transshipment in the supply chain. 

 

Mathematical Model of Condition Four 

To obtain the fourth condition, all the mentioned revisions in conditions 2 and 3 should be 

added to the first condition.  
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(15) t ∈ T, r ∈ R. i. j ∈ V 𝑤𝑖,𝑗
𝑡,𝑟 = 0 

 

Solution Method 
 

This section is divided into two parts: 1- determining the optimal routes (routing decisions), 

and 2- evaluating the other variables (inventory decisions). Routing decisions (
t

ijx
) are assessed 

by the ALNS algorithm, which converts the problem to sub-flow problem to find the optimal 

values of 
, , , , , ,

,, , ,  ,t r r t t r u t r t r

i i i i i jI sh d q w
. The sub-flow problem in the first condition can be obtained 

by deleting constraints 9-12 (constraints related to routing decisions) and routing costs in the 

objective function, as well as converting the decision variable 
t

ijx
to the parameter 

t

ijx
 in 

constraint 6. 
 

Adaptive Large Neighborhood Search Algorithm 

 

Coelho et al. [19] developed an ALNS algorithm to solve an inventory-routing problem with 

temporary transshipment, in which in each stage of neighborhood research, only one type of 

operator is considered, rather than both types of operators destroy and repair. They used a set 

of examples [21] to evaluate the efficiency of their algorithm. The average gaps of the proposed 

inventory routing problem with Order-Up are in a three and six time-period are 0.24 and 0.18, 

respectively. 

The ALNS algorithm starts with an initial answer, and then, searches for neighborhood 

answers in an iterative loop. Searching phases in the ALNS algorithm are divided into several 

sections, which in each iteration in each section, only one operator is selected among all the 

available operators to move to the neighborhood answer. Operator selection is chosen by the 

roulette-wheel mechanism and the weight of each operator (in the first section, the operators’ 

weights are 1). Three different conditions can occur in the process of using operators which can 

be seen as follows, 

1. The operator finds the optimal result. In this situation, the operator domain will be increased 

up to 𝜎1 (Initially, the domain of all operators is zero). 

2. The operator finds a better result than the current one. In this situation, the operator domain 

will be increased up to 𝜎2. 

3. The answer obtained by the operator has not improved. According to the acceptance criteria, 

the answer is either accepted or rejected, as a result, the operator domain will be increased 

up to 𝜎3 or remained unchanged, respectively. 

So that 𝜎1 ≥ 𝜎2 ≥ 𝜎3 ≥ 0, it is necessary to set all the operators’ domains to zero at the end 

of each section. The operators’ weights can also be calculated by Eq. 16.   

 

(16) 
 

i ij

i

i i i ij ij

w ,   if o 0
w          

1  w π / v o ,  if o 0 




  



  

 

where, 𝑤𝑖 is the weight of operator i, ijo
 is the number of operator i iteration in the last section 

j, 
 0,1

 is the reaction factor, and iv   1
 is the normalization factor (this factor depends on 

the computational time of the operator). 𝜋𝑖 is total range of operator i in the last section. Fig. 1 

demonstrates the ALNS algorithm structure. 
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Fig .1. Structure of ALNS algorithm for routing decisions 

 

Operators' lists 

The lists of the operators are divided into eleven sections, which can be seen in the following. 

1. Randomly remove 𝜌: This operator randomly chooses one visited customer in a single 

period and deletes it. This procedure iterates 𝜌 times. 

2. Randomly insert 𝜌: This operator randomly chooses one unmet customer in a single period 

and inserts it in the best position in the selected period. This procedure iterates 𝜌 times. 

3. Insert best 𝜌: This operator chooses all unmet customers in whole periods and inserts the 

customer, which has the least total costs (inventory, shortage, transportation, and routing) 

in comparison with other customers. This procedure iterates 𝜌 times. 

4. Remove worst 𝜌: This operator chooses all visited customers in whole periods and removes 

the customer, which has the least total costs (inventory, shortage, transportation, and 

routing) in comparison with other customers. This procedure iterates 𝜌 times. 

Has the maximum number of iteration of 

each section reached? 

Update the operators’ weights and set its domains 

in zero. Apply the improvement method Opt-2 to 

develop the current answer, and replace it with the 

best answer In case of superiority 

Yes 

No 

Has the maximum of total number of 

iteration reached? 

End 

Yes 

No substitution and 

change in domain 

operator  

Temperature reduction at a 

specified rate  

Is the new 

result 

acceptable? 

Replace the new result with the current answer. 

Increasing the domain operator to  𝜎3 
Yes 

No 

Start 

Create an initial answer, setting the temperature in its 

initial value, setting the domain operators and their 

weights in zero and one respectively 

Choose and apply an operator 

Is the new result 

better than the 

previous one? 

Replace the new result with the best answer and the 

current answer. Increasing the domain operator to  𝜎1 
Yes 

No 

Is the new result 
better than the 

current answer? 

Replace the new result with the current answer. 

Increasing the domain operator to  𝜎2 

Yes 

No 
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5. Remove Shaw: This operator randomly chooses one visited customer in a single period, 

calculates the shortest route ( mind
) to the customer and then, deletes all the customers within 

distance 2 mind
. The removal idea is for nearby customers to meet in another period. 

6. Insert Shaw: This operator randomly chooses one unmet customer in a single period, 

calculates the shortest route ( mind
) to the customer and then, inserts all unmet customers 

within distance 2 mind
. 

7. Remove 𝜌 customers: This operator randomly chooses one customer and removes it in all 

routes that the customer appears.  

8. Insert 𝜌 customers: This operator randomly chooses one customer, which has not met in 

whole periods and then, inserts in another random period (in the best position). This 

procedure iterates 𝜌 times. 

9. Empty one period: This operator randomly chooses one period and deletes all the customers 

during that period. 

10. Two-period swaps: This operator randomly chooses two periods and swaps their routes.  

11. Randomly move 𝜌:  This operator randomly chooses one visited customer in one period and 

removes it, then, inserts the costumer in another randomly period (in the best position).  

It is noteworthy that at the end of each part of the searching in the algorithm, the 2-opt 

improvement method is used to develop the current response paths. The given parameters of 

the proposed problem are shown in Table 4. Also, the rhythmic acceptance criterion (common 

acceptance criterion based on n simulated annealing algorithm) has been used to accept 

unimproved answers. 

 

Table 4. The value of the parameters based on the 

real case 
Parameter Value 

maxiter 2000 

φ 200 

𝜎1, 𝜎2, 𝜎3 10,5,2 

 Number of operators used 

(𝜌) 

1 with probability 5/9 

2 with probability 3/9 

3 with probability 1/9 

)
ivNormalization factor ( 20 for operator 3 and 4,  

1 for the other operators 

Reaction factor (ƞ) 0.7 

Cooling rate ( Trate ) 0.99 

 (T0)Initial temperature  2000 

 

Create Initial Solution 

 

Creating the initial solution, 75% of the hospitals are randomly selected in each period, and the 

routes are chosen through the selected hospitals based on the cheapest insertion rule. Then, the 

selected routes were used in the sub-flow problem to determine the values of other variables. 

 

Computational Results 
 

In this section, to measure the performance of the model and the algorithm (in terms of time 

and quality), a case study based on 50 main hospitals in Tehran is evaluated. The ALNS 

algorithm is applied and solved in MATLAB 2014. Also, to solve the flow and the sub-flow 
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model with the exact approach, we used GAMS 24.1 in solver CPLEX on a PC with CORE i5 

and 4 GB memory.  

 

Results Discussion And The Efficiency Of The Solution Algorithm 

 

A comparison of the results obtained from the ALNS algorithm for 4, 6, 8, 10, 12, and 14 

hospitals (in three periods) in all conditions with the exact solution, shows a maximum gap of 

1.3% (Table 5). This value of gap is not only in the optimal range but also is the acceptable 

solution to the problem in large-size, as these types of problems are not possible to be solved 

with exact solvers. According to Fig. 2, as the number of hospitals increases, the time to solve 

through the exact solution sharply intensifies, so that in large-size problems, solving with the 

algorithm is cost-effective. 

 
Table 5. Solving the problem in small and medium sizes 

No. of 

hospitals 
Condition 

Solving the Algorithm Exact solution 

Time 
Distance to 

optimality 

Objective 

function 
Time 

Distance to 

optimality 

Objective 

function 

4 

1 3.92 0 601.17 0.36 0 601.17 

2 7.92 0 2102.34 0.39 0 2102.34 

3 28.31 0 3659.69 2.91 0 3659.69 

4 41 0 5160.69 1.40 0 5160.69 

6 

1 21.78 0 4884.62 1.74 0 4884.62 

2 15.73 0 4884.78 1.60 0 4884.78 

3 2.14 0.22 6583.51 2.68 0 6583.51 

4 12.2 0 8085.29 1.26 0 8085.29 

8 

1 83.88 0 1133.95 2.04 0 1133.95 

2 107.45 0 2636.04 2.84 0 2636.04 

3 605.38 0.12 4242.71 360.08 0 4242.59 

4 192.4 0.05 5744.64 10.05 0 5744.59 

10 

1 126.75 0.4 1008.65 2559.42 0.36 1007.75 

2 533.49 0 1007.75 4293.50 0.26 1007.75 

3 41.98 0.08 4125.14 4293.50 0.05 4124.16 

4 855.52 0 4124.58 1250.73 0 4124.16 

12 

1 883.28 0.03 26562.66 4944.50 0.03 26562.81 

2 590.66 0 26564.04 4917.08 0.03 26564.04 

3 93.58 0.45 26662.46 1234.04 0 26662.01 

4 278.88 0.05 10609.16 589 0 26655.01 

14 

1 143.8 1.3 1464.79 7200 1.3 1465.28 

2 130.08 0.07 1463.95 7200 1.2 1470.67 

3 202.08 0.1 4512.41 7200 0.5 4512.41 

4 302.01 0.2 4520.24 7200 0.3 4523.58 

 

The results obtained in Table 6 reveals that overall, the least logistics costs is in the first 

condition. Condition two, three, and four are respectively in the second, third, and fourth 

priority. This result indicates the effectiveness of the proposed solutions (lateral transshipment 

1.3 1.8 93.4

3099.3 2921.2

7200.0

20.3 13.0 247.3 389.4 461.6 194.5
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Number of hospitals

Average time to solve (second)

Fig.  2. Comparison between solving the problem with the algorithm and the exact approach 
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and substitution) to reduce RBC deficiency. A separate study of the two conditions (second 

condition: only lateral transshipment, third condition: only substitution), shows that lateral 

transshipment plays a more significant role in reducing costs (such as shortage costs) in the 

supply chain. 

Based on Fig. 3, although the deficiency of blood group O- happens in all conditions, this 

amount has decreased considerably in condition 2 (lateral transshipment is not allowed but 

substitution is permitted). It means that it is better not to move blood group O- to other hospitals, 

but it can be used for other compatible blood types. It is a logical result because blood group O- 

is a rare type, which is compatible with all blood types. Therefore, so it plays a vital role in 

emergencies where there is no time to check the blood compatibility between the recipient and 

donor. Blood group A- has the highest amount of deficiencies after O-. This amount is higher in 

the second condition than conditions one and three, where substitution is allowed. This result 

indicates that the supply of this blood group is less than its demand so that, using blood group 

type O- can have positive effects and reduce its shortage (see Fig. 3, g2/g4 means satisfying 

blood demand type 4 - A- -with blood group type 2 - O--).  

Based on Fig. 2, the fourth condition (neither substitution nor lateral transshipment is 

allowed) has faced the most demand shortages among all conditions. 

Based on Fig. 4, in cases where substitution is allowed, the first blood group (O+) is more 

likely to be used to meet the demand of blood type A+ (g1/g3), and this situation is more 

observed in cases where lateral transshipment is not allowed. The number of B+ blood group 

demand met by O+ (g1/g5) is in the second place of using compatible blood types, which 

increases in conditions that lateral transshipment is allowed (unlike g1/g3). Although blood 

type O- is compatible with all blood types, it is rarely used to meet the other compatible blood 

demand because of the low percentage of this blood type in society. 

Table 7 shows the results obtained from solving four conditions based on 50 main hospitals 

in Tehran. 

Fig. 5 illustrates the distribution of hospitals and the location of the blood center in Tehran. 

Logistics costs -such as transportation and inventory- are given by actual data, and other 

parameters are generated according to the bed capacities of hospitals, presented in Table 8. 

 

 

 
 

Fig.  3. Shortage amount of each blood type in different conditions 

Table 6. logistics costs in different conditions 
4 3 2 1 Condition 
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Table 8. parameters’ value 
Creation method Parameter 

Randomly generated in a range of (8 ∗  𝑒𝑟  )% and (12 ∗  𝑒𝑟  )%  hospitals’ bed capacity.  

𝑒𝑟 is the percentage of blood type r in Iran. 
t ,rF  

A large number SC  

35% of total bed capacity limitation in hospitals Q  

70% of bed capacity limitation in hospital i 
iC  

Randomly generated in a range of (5 ∗  𝑒𝑟  )% and (10 ∗  𝑒𝑟  )% hospitals’ bed capacity.  r,t

id  

Hospital: Randomly generated in a range of (5 ∗  𝑒𝑟  )% and (20 ∗  𝑒𝑟  )% hospital’s bed capacity. 

Blood center: Randomly generated in a range of (5 ∗  𝑒𝑟  )% and (10 ∗  𝑒𝑟  )% total hospitals’ bed capacity. 
,r

iI0  

 

Conclusion and Future Researches  
 

In this study, an inventory-routing problem for red blood cell (RBC) distribution is presented, 

in which it is possible to satisfy the demand with compatible blood groups (substitution) and 

 Table 7. Solving the algorithm for 50 main hospitals  
Solving the algorithm Time Condition 

62905.28 2795.36 1 

63024.67 2862.69 2 

64768.92 3415.1 3 

64778.91 4817.44 4 

*A time limit of 2500 seconds is provided for solving the algorithm. 
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Fig.  4. Number of satisfied demands by other compatible blood types in the first and third conditions 

Fig.  5. Geographical location of hospitals (yellow stars) and the blood center (red point) 
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move RBC units between hospitals (lateral transshipment) to prevent deficiency. In the 

proposed model, four different conditions are evaluated, namely (1) permissibility of lateral 

transshipment and substitution of RBCs, (2) permissibility of lateral transshipment but 

unauthorized substitution, (3) permissibility of substitution but unauthorized lateral 

transshipment, and (4) inadmissibility of lateral transshipment and substitution. For another 

thing, since the inventory-routing problem is NP-Hard, the adaptive large neighborhood search 

algorithm has been used to solve the proposed model in all conditions.  

The results indicated that the deficiency amount in the first condition is the least one. Also, 

by separately examining the conditions two and three, it has been observed that lateral 

transshipment has a greater role in reducing the amount of RBC shortage than substitution. 

Another result revealed that that blood type O- should not be sent to other hospitals, but it can 

be used for other compatible blood groups in that hospital, which is quite logical for the 

presence of this blood type is very important in emergency situations where there is no time to 

diagnose the patient's blood type (O- is compatible with all blood groups). Moreover, based on 

conditions 1 and 3, O+ has been used more than any other blood type to meet the demand for a 

compatible blood type. 

Unlike Duan and Liao [13], the findings of this study showed that allowing substitution is 

more effective in reducing deficiency than rejecting substitution. Although it is better to satisfy 

blood demand with its blood type, applying other compatible blood types in emergencies and 

shortages of that blood type can be beneficial to better manage the transshipment and time 

delivery, simultaneously. The differences between the present study and Duan and Liao [8] are 

as follows: 

 Considering the cost of blood transshipment between the blood center and hospitals in 

the present study, which is not mentioned in Duan and Liao [13]. 

 Not considering the wastage cost in the present study mentioned in Duan and Liao [13]. 

Due to the short time planning (three days) and the longer lifespan of RBCs (three 

weeks) compared to the time period and to avoid complicating the mathematical model, 

this cost is not included. 

In this study, the hospitals' demand and the rate of blood bank replenishment (supply) of 

each blood group are known and fixed; hence, the following items can be suggested for future 

researchs. (1) Considering the uncertainty in supply and demand. (2) Considering the 

transshipment from hospitals to the blood bank (return the unused blood). (3) Considering blood 

demand for unknown blood groups in emergencies. 
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