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Abstract. This paper proposes a multi-objective integrated facility location and
drone routing problem in blood package delivery by considering sustainability
factors. We seek to locate the predetermined number of capacitated launching
facilities and charging stations for the drones’ battery. Candidate construction
points are ranked by the TOPSIS method in terms of sustainability indicators.
The objectives are to maximize the weight of selected points and the amount of
demand coverage while minimizing the transferring and constructing facilities
cost. Then, we assign drones to open launch facility and demand points to drones
and launch facility. It should be noted that we consider the drone’s battery con-
sumption, and if the drone battery is not enough to continue its mission, we assign
them to an opened charging station. GAMS software is employed to solve small-
sized problems. The solution result indicates the performance of our model.

Keywords: Sustainable location-routing, Drone delivery system, TOPSIS
method, Blood delivery

1 Introduction and Literature Review

Unmanned aerial vehicles (UAVS) or drones have attracted significant attention in dif-
ferential application areas like rescue operations [1], relief distribution [2], healthcare
[3], emergency applications like search and rescue [4], civilian sector [5], agriculture
[6] and military [7]. However, their role in packages delivery is more common nowa-
days due to high traffic jams and increased competitiveness for faster service [8, 9].
Several prominent companies (e.g., Google, UPS, Flytrex, and Amazon) have resorted
to using drones for package deliveries or commercial service [10]. Drone’s rapid de-
ployment ability and mobility have led to their use for transporting perishable materials
or hospital packages and drugs too. Most of these materials, particularly blood products,
have a short lifespan, so their delivery should be managed accurately. One of the emerg-
ing fields of using drones is their utilization as a means of delivering blood packages.
Drones, as aerial vehicles, have a much lower payload carrying capacities and range
for carrying cargo than trucks; besides, as the payload increases, their maximum range
of coverage decreases. That is why a drone-based delivery system needs more depots
or launch sites across the distribution area. Also, unpredictable weather conditions can
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dramatically affect energy consumption or the drone range, so it is necessary to con-
struct some charging stations throughout the region. It should be noted that drones are
beneficial to environmental sustainability due to less carbon dioxide (CO2) emissions
in comparison with trucks [11]. Nevertheless, the charging stations release some carbon
dioxide and cause air pollution. Therefore, it is necessary to consider environmental
sustainability indicators for locating and constructing these facilities.

Most of the previous studies on drone delivery applications are conducted on drone
scheduling and routing problems [12, 13]. Recently, researchers have much concen-
trated on facility location problems (FLPs) in drone delivery problems. FLPs play a
crucial role in designing an efficient delivery system to increase accessibility and max-
imize demand coverage. Several articles focused on determining the optimal location
for a relief distribution center in a post-disaster supply chain network by using drones.
They aim to minimize the total cost or travel times [14, 15]. Nevertheless, the crucial
aim in the relief distribution or drug and blood packages delivery is the maximum cov-
erage of demand points, which has been rarely studied. Pulver and Wei [16] attempted
to maximize primary and secondary demand point coverage in medical delivery by us-
ing drones. However, they did not take into account the capacity of each drone launch-
ing site. They also did not consider the drone’s battery consumption as its payload func-
tion. Kim et al. [17] proposed a two-stage pickup and delivery model for medical de-
livery by using drones. First, they solved a facility location problem to construct depot
facilities, second, the drone’s routing problem has been addressed.

Chauhan et al. [18] developed a single-stage model for capacitated launch facilities
and allocating demand points to drones. They proposed a function of drone energy con-
sumption by considering drones’ payload and demand point distance. They did not in-
clude charging stations in their model and assumed that the drones would be charged
the night before the flight and they are fully charged in the planning periods. Hong et
al. [19] developed a coverage model for a drone’s delivery system that optimizes the
location of recharging stations of drones. The study conducted by Shavarani et al. [20]
addressed the refuel and launching stations for the drone delivery problem and try to
minimize the total cost of the system. However, they assumed that in each mission just
one demand point is covered. Several authors have mentioned the collaboration of
trucks and drones for package delivery, which, despite the increased service speed,
causes problems for the environment due to truck’s CO2 emissions [21, 22]. Kitjacharo-
enchai et al. [23] developed a synchronized truck-drone routing model. In their pro-
posed model, the drone mission started from the truck and after serving multiple de-
mand points, they returned to the truck. Besides, UAV charging stations emit some
CO2 gas that has not been addressed in previous research, which should be considered
in locating charging stations. There are also many sustainable factors influencing the
construction of launching and charging stations (e.g., availability of resources, climatic
conditions of the region, and access to rescue equipment) that should be considered in
the model.

In response to the urgent requirement of medical centers for blood products, we pro-
vide a sustainable integrated multi-objective facility location-routing model for blood
packages delivery by drones. First, we determine several sustainable indicators to rank
the potential candidate point of facility location by the TOPSIS method (as one of the
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well-known multi-criteria decision-making methods). Then, our FLP model attempt to
find the best point for drones’ launching and charging station simultaneously, by max-
imizing the weight of each potential candidate point. Our model also aims to minimize
the total delivery and construction cost of facilities while maximizing demand cover-
age. Then, we assign drones to open launch facilities according to their limited capacity,
afterward we assign demand points to open launch facilities and drones. It should be
noted that if a drones’ battery is not enough to complete its mission, drones should be
assigned to an open charging station.

To the best of our knowledge, no study considers sustainability in the combination
of drones’ launching and charging station location and drones’ routing problem to-
gether by considering drones’ battery consumption in its mission together, so our con-
tribution is novel.

The remainder of this paper is organized as follows. The problem statement and the
proposed mathematical formulation are illustrated in Section 2. The numerical results
are investigated in Section 3. Finally, the conclusion and the relevant future studies are
provided in Section 4.

2 Problem Definition

In this section, we present sustainable multi-objective mixed-integer linear program-
ming (MILP) formulations for location and routing problems in blood delivery systems
by drones. At the beginning of the planning period, there is a set of potential points to
construct drone charging and launching facilities, which must be decided whether to
open them according to sustainable indicators, which is shown in Table 1. The weight
of these indicators’ importance is determined according to related papers and experts’
opinions. Then, each of these candidate points is ranked and weighted based on these
indicators by employing the TOPSIS method that is generally proposed by Tzeng and
Huang [24], which is a multi-criteria decision analysis method. This method attempts
to select an alternative that has the least geometric distance from the positive ideal so-
lution (PIS) [25] and the greatest geometric distance from the negative ideal solution
(NIS) [25]. The output of the TOPSIS method is an input parameter for the mathemat-
ical model, besides our proposed model aims to maximize the total weight of the se-
lected points.

In our model, there is a set of demand locations k with the demand of vy, from blood
product p; which their demand is met by the Central Blood Bank, and a set of available
fully-charged drones d. It should be noted that there are two kinds of demand points,
critical and non-critical points, in which all demand of critical point should be satisfied.
However, for the other points, at least 70 percent of its demands should be met. Launch
stations are introduced as temporary warehouses for blood packages, which are deliv-
ered to customers by drones, too. The planning period is short-term due to the nature of
blood delivery and the different blood product’s shelf life is about a few days to several
weeks, so, they are not exposed to corruption. We aim to locate P, launch facilities for
maximizing the service rate and demand rate coverage by minimizing the total cost,
including the construction cost of facilities, delivery, and drone battery consumption
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cost. Then, we allocate drones to opened launch facilities by considering the facility’s
capacity. Then, each drone makes a one-to-many routing mission to cover the demand
point, by considering the drone carrying capacity and battery consumption in its mis-
sion. In our model, if the remain drone’s battery capacity is not enough for traveling
between nodes i to j (it is less than the consumption battery rate between nodes i to j),
it should go to an open charging station; then, it can continue its mission and visit the
next demand point according to its routing. It should be noted that the amount of battery
consumption rate is calculated according to the weight of the drone and its battery, the
weight of the blood packets carried, and the traveled distance. Fig. 1 indicates the sche-
matic representation of our proposed drone delivery system.

Table 1. Evaluation criteria for location selection of launch site and charging station
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The notation and the proposed multi-objective mathematical model are given below,
by considering the following assumption:
1. The amount of demand in each planning horizon is proportional to the drone’s pay-

load capacity.
2. We did not consider the effect of weather conditions on the drone’s battery capacity.
3. The weight and volume of different blood packages are the same.
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Fig. 1. Overview of the drone air delivery system

Sets: Parameters:
|4 Set of all node w; Weight of each candidate points (i € M)
F Set of all Charging stations fi Construction cost of node i € M
. - B} Cost per mile of sending packages from node i to
S Set of all potential launch facility Cija node j by drones d
. Battery consumption rate by the drones d per
I Set of all candidate nodes T4 weight and unit of transported
K Set of all demand points Vip g\?zoeu?(t)of each demand point i of blood product
Critical demand points that all demands .
ki must be met CVy Capacity of drone d
k, Other demand points my Weight of the drone and its battery
P Set of all blood product p € P
Parameters: Variables:
BCy Drone’s d battery capacity L; 1 if the launch facility is located at i; 0, otherwise
Ps Maximum number of launch facility R &V;:ethe charging station is located at i; 0, other-
pf Maximum number of charging stations 0 1if the_d-th drone d is assigned to location i; 0,
otherwise
Ui Capacity of each candidate launch facility — pq &V;:ethe arc (1, J) s traversed by drone d; 0 other-
d;j Travel distance between nodes i and j Z; 1 if demand_ point i is assigned to launch facility
j; 0, otherwise
CDy, . e remaining delivery demands after leaving node i
Capacity of each launch facility i for blood Jap  if drones d travels from node i to node j (for
productp € P =
every i, j € N)
Ad Drone d battery consumption cost Bl \I?;rttt:;)} level of each drone d when arriving in
a Service rate to each demand point

ies jek deD peP

Max ZwixRi+Zwi><Li

ief ies

Max Z Z Z Z @ VjpWija + Z Z Z z @ VipHijd

ief jek deD peP

)

@



6 S. Ghasemi et al.

Min Zzzdijci]‘dUijd + Zzzdijcijduijd + Zzzdijcijd.uijd

ies jek deD ies jef deD

ief jek deD

+ Z Z Z Z(pijdp+md)rddijﬂijd/1d + (Z fily) + (Z fiRy)

iev jeiUk deD p€eP

s.t.

Z (x]—v]—iji < CDipLi
JEK

Hikjd +Zki+ Z Zjo <2

0ES,0#S

Zﬂijd =1

JEI

Z Hjia = Z Hija

jer jer

Z Pjiap — Z Pjiap 2 AiVip

Tel Tel

ijidp < CValdija

Te1

Z Pijap = Z Zji ajvjp

jeK jek
Pijap < (CVyq — a;Vip)lija
Pjiap 2 XiVipljia
BLjy < BC,

BLjd <BLy — (pijdp+md) Tddijﬂijd + BCy(1 - ﬂijd)
BLjg < BCq — (Dijap+mg)Tadijtija
a=1
0.7<a;<1

Ly, Ry, Qia, tijar Zij € {0,1}, pijap, BLjg = 0

i€es ief

Vies
VieF
VieSsS
vd
vjEeK
VieS,p
Vj,k €K,i €S,dk+j
VieK,d
Vield
VieK,d,p
Vieldi+j
Vies,dp

viel,ieK,p,d
vjel,i€K,pd
vjeld
vi,jel,d,i#j
Vj€eF,ield
Vj € ky

vj €k,

®

@
(5)
(6)
Q)
®)
©)
(10)
GEY
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)

(23)



Sustainable Facility Location-Routing Problem .... 7

The objective (1) attempt to maximize the demand coverage according to service
rate of each demand point. Objective (2) maximizes the weight of the selected points
for the construction of the facility. Objective (3) tries to minimize the total cost, includ-
ing the construction cost of facilities, delivery, and drone battery consumption cost.
Constraints (4) and (5) ensure that the number of construction facilities (launch facility
and charging station) should be less than the allowed number. Constraint (6) states
drones should be assigned to launch facilities according to their limited capacity. Con-
straint (7) ensures each drone should be allocated to at most one open facility. Con-
straints (8) ensure each demand point is assigned to a launch facility exactly once. Con-
straint (9) is about the limited launch facility’s capacity for delivering packages by con-
sidering the service rate of each demand point. Constraint (10) makes sure that two
consecutive demand points on a route are assigned to the same launch facility.

Constraint (11) illustrates that each demand location should be placed on exactly one
drone route. Constraint (12) is the flow constraint. Constraint (13) ensures that each
customer’s requirements must be met according to its service rate. Constraint (14) re-
stricts the total package load of any arc not to exceed the drone’s capacity. Constraint
(15) ensures that the total demands of all customers assigned to the corresponding
launch facility are more than the same facility’s total load by considering the service
rate of each point. Constraints (16) and (17) are bounding constraints for additional
variables acourding to its service rate. Constraint (18) ensures that the battery consump-
tion between each node is less than the drones’ battery capacity. Constraints (19) and
(20) guarantee that reduces battery level on entry at node j based on the distance route
from node i ,drone and its package weight and the drones’ battery consumption rate.
Constraints (21) and (22) refer to the service rate of demand points; All demand of a
critical point must be met, so «, takes the value 1 (21); for the other point, «, will be
between 0.7 and 1 (22). Constraint (23) is domain constraint.

3 Numerical Results

In this part, a simple numerical example with 20 candidate point for construction facil-
ities, 8 kinds of drones, 15 demand point (in 3 groups; hospitals, clinics, and medical
institutes), and 4 types of blood package include in O, A, B, and AB is presented. We
aim to construct launch facilities and charging stations from the candidate point accord-
ing to the weight of each location and demand point. Table 2 displays the weighted
candidate point which gathers from the TOPSIS method. Some critical parameters of
the problem are identified in the following tables. For instance, the total capacity of a
launch facility from blood packages is in Table 3; the demand for different points from
various blood packages is given in Table 4. Also, some physical characteristics of the
drone (e.g., battery capacity, consumption rate, and drone capacity to carry blood pack-
ages) are prepared in Table 5. These parameters are gathered from the related articles
and experts’ opinions. It should be noted that the average weight of blood packages is
0.55 kg.
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Table 2. Weighted of each candidate point that gathers from the TOPSIS method.

Candidate point for the charg-

Candidate point for the launch site A ing station wy
1 0.12 11 0.08
2 0.13 12 0.1
3 0.14 13 0.11
4 0.11 14 0.13
5 0.15 15 0.16
6 0.04 16 0.11
7 0.05 17 0.07
8 0.1 18 0.08
9 0.11 19 0.09
10 0.05 20 0.07

Table 3. Total capacity of a launch facility from blood packages.
Total capacity of a launch facility
for blood packages

Launch facility

11 105
12 80
I3 70
14 90
15 100

Since our developed model is multi-objective, we employ the e-constraint method to
achieve a Pareto-optimal solution. The validity of this model is evaluated by GAMS
version 25.1.3 software using the CPLEX solver in a personal computer with Intel Core
i5 CPU with 2.20 GHz frequency and 8.00 GB RAM. The CPU time of this model is
10.28 seconds. Fig. 2 illustrates Pareto solutions obtained by the g-constraint method.

Table 4. Demand for different points from various blood packages.
Demand pl p2 p3 p4 Total

14
16
19
16
19
20
23
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16
14
14
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Table 5. Physical characteristics of each drone
Total blood  Drone’s battery ~ Battery consumption Drone and battery

Drones

packages capacity (Ah) rate (4, - k) weight (Kg)

1 35 625 3 2.8
2 55 4425 6 6

3 30 365 2.5 2.3
4 45 2900 5 5.6
5 32 530 2.8 25
6 38 875 3.4 3

7 36 675 3.2 2.5
8 40 1650 4.8 4.2

100

80
OBf 2 02 70 OBf 1

Fig. 2. Pareto solutions were obtained by the e-constraint method

4 Conclusion

This study presented a novel location-routing problem in blood package delivery with
drones by considering sustainability. The problem was supposed to locate a predeter-
mined number of launching site and charging station of drones, considering a trade-off
between three objectives, include in minimizing travel and construction cost, maximiz-
ing demand coverage, and maximizing the weight of each candidate points, which was
obtained by the TOPSIS method by considering various sustainable indicators. The de-
veloped model prepares the crucial information on various aspects of the drone’s loca-
tion-routing problem for managers in health care seeking to construct an aerial delivery
system for blood package delivery. The proposed model was solved by employing the
epsilon method to validate the result. Due to the feature of the problem, developing
efficient meta-heuristic or exact methods is suggested to solve large-sized problems.
Moreover, the uncertainty in some parameters can be addressed in future studies.
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