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Min Jae Jung, Member, IEEE, Sara Vinco, Senior Member, IEEE, Enrico Macii, Fellow, IEEE,
Massimo Poncino, Fellow, IEEE

Abstract—According to recent works, a coordinated delivery
strategy in which terrestrial and aerial electric vehicles work
together effectively improves delivery throughput and energy
efficiency. However, most research on logistics and transportation
focuses on delivery performance and does not care about energy
efficiency, with three main limitations: 1. Most of these works
ignore geographic information along the delivery route, while
road slope is one of the most critical energy consumption
components. 2. Vehicle and drone power consumption models
are simplified as driving mileage, while the delivery time is
a significant concern. 3. The battery model is simplified as a
linear model even though practical batteries have non-linearity
properties. This work proposes a framework to provide energy-
and time-efficient delivery schedules with a hybrid delivery
service with terrestrial and aerial electric vehicles. We first
implement accurate electric van and drone power models and
a battery model based on manufacturers’ system specifications
and experimental data. Then, we propose a heuristic delivery
scheduling algorithm to determine the electric van and drone
delivery schedule. We also introduce various cost functions to
evaluate the delivery scheduling results regarding time, energy,
the weighted sum of time and energy, and the economic model.
The proposed framework is validated on randomly implemented
delivery missions and delivery scenarios in existing cities. Results
indicate that the coordinated delivery saves delivery costs up
to 27.25% in terms of the economic model compared with the
electric van-only delivery schedule.

Index Terms—Electric Vehicle Delivery, Drone Delivery, Vehicle
Power Modeling and Simulation, Vehicle Routing, Drone Routing,
Hybrid Vehicle-Drone Routing, Battery Algorithm, Heuristic
Algorithm, SystemC.

I. INTRODUCTION

Terrestrial electric vehicles (we call EVs shortly in this pa-
per) are expected to progressively replace traditional Inter-
nal Combustion Engine (ICE) vehicles thanks to the high-
efficiency characteristics of electric motors, high torque at low
Rotations Per Minute (RPM), relatively low operating noise
and vibration, and simple maintenance. The operation of the
regenerative braking system, which transfers kinetic energy
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from the wheels to electric energy, also improves the efficiency
of EVs. Due to the advantages in terms of efficiency, new
vehicle manufacturers [1], [2] as well as traditional vehicle
manufacturers [3], [4], [5] start to build electric vehicles for
delivery, and delivery companies have gradually started to use
electric vans for their delivery services [2], [5].

In the context of a package delivery business on a small-to-
medium geographic scale, delivery efficiency can be signifi-
cantly improved by assistance from aerial electric vehicles (we
call drones shortly) in terms of both delivery time and energy
efficiency [6]. While EVs cover long distances and heavy
parcels, their energy efficiency is strongly affected by road
traffic and geographical condition, like road slopes, narrow
lanes, and rough road conditions. On the other hand, drones
are unrestricted by traffic and terrain, ignoring geographical
conditions. Coordinated delivery with the two types of vehicles
can thus achieve a complementary “virtual vehicle” that can
efficiently reduce the total delivery time and energy.

The advantages of a coordinated EV-drone delivery in the
literature have been mainly focused on the benefits derived
by shifting part of the packages to drones. Therefore, the
emphasis has on the delivery problem’s “last-mile” aspect.
Drone’s higher energy efficiency and small weight allowance
are exploited for delivering packages to a single destination
entirely off the main vehicle driving route, or several light
packages to geographically close locations.

Several variables should be considered when considering the
topographic details of the delivery area. Figure 1 describes
one delivery instance to illustrate the motivation of this work,
where five locations along a delivery planning route are shown
together with their altitude location. It is evident (Figure 1(a))
that because of altitude differences, the roads consist of
bends and possibly steep uphill roads, which will significantly
deplete more battery charge from the EV than the EV driving
on a flat and straight road.

The non-straight-line distance between locations can quickly
be taken into account in 2D planar scenarios: it would suffice
to replace road information and label distances with the actual
length. For instance, two locations on a 2D map may have a
Euclidean distance of 1 mile, but the road connecting them is
1.5 miles due to the natural terrain. Concerning the traditional
planar analysis, they do not consider altitude as its effect on
the distance; distance is not just the geometric distance but also
considers the impact of altitude. Therefore, it is intuitive that
offloading deliveries to locations with relatively high altitude
differences to drones would be more energy efficient.
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Figure 1. EV-only planning path (a) and EV-drone planning paths (b) (solid
lines for EVs, dashed lines for drones).

The case of Figure 1 shows one such (somewhat extreme)
example; in an EV-only delivery (Figure 1(a)), the EV will
have to go up and down (see the profile in the bottom part
of the Figure 1) to serve the destinations in sequence. In
Figure 1(b), destinations 2 and 4 are served by a drone, which
will return to the EV while it is moving. In this way, the
EV can follow a much flatter route than the previous route
to serve destinations 1, 3, and 5, approximately at the same
altitude. In addition, less battery usage reduces battery stress.
With the reduced battery stress and several stops, the EV can
either use a smaller vehicle for the same set of deliveries or
add more destinations within a planned delivery route for the
given battery size.

A typical situation adopting the coordinated delivery scenario
considers customers who are grouped in a densely populated
area (districts with high-density housing) and just a few
customers scattered outside of the area. In this case, deliveries
for the densely populated areas are covered by an EV, and
a drone covers the outliers. Previous work shows that the
coordinated delivery can yield 30% faster deliveries in the case
of favorable distribution of the locations [7]. When existing
works address coordinated delivery, they mainly focus on
improving delivery time as the sole cost metric [8], [9], [10].
There is an orthogonal dimension in the delivery scenario
when we also consider the altitude of customers or road condi-
tions. The last-mile delivery by a drone becomes more efficient
for customers with significant altitude differences than the
customers in the same altitude plain because the delivery by
a drone saves energy consumed by the EV on an uphill road.
However, the three-dimensional (3D) topographic information
is ignored in previous work even though the information
significantly affects delivery efficiency; problems are solved
as all customers are at the same altitude. In addition, since the
battery is a typical non-ideal energy storage device, and it has
multiple non-linear characteristics during the discharge [11],
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steep uphills drain the EV battery considerably more than the
drone battery. Some work considers the energy consumption
perspective as a metric with a simplified battery discharge
model and vehicle-drone powertrain models [9], [12], [13].
However, the model accuracy of the vehicles and battery is
one of the most critical factors in evaluating efficient delivery
paths under the 3D topographic information. Accurate models
are not required for the typical two-dimensional (2D) delivery
problem without altitude information because the total delivery
distance is mainly straightforwardly proportional to the total
energy consumption or delivery time.

Another paramount concern of the coordinated delivery is
the cost function definition for delivery schedule evaluation,
given that delivery time and energy are both important factors.
Time and energy consumption are inversely proportional and
directly related, and should thus be considered simultaneously.
As an example, in the coordinated delivery scenario, the use
of the drone as the last-mile delivery may slow down the
overall delivery time due to the waiting time for the drone’s
return, even though it saves significant energy consumption.
Therefore, we should carefully evaluate which delivery plan
is better regarding energy and time.

[ Consumption by conventional delivery

B0 Consumption by coordinated delivery

Objective: Objective:
energy energy and time

Drone
Drone
EV EV

Energy Time Energy Time
@ (b)

Figure 2. Coordinated delivery result with consideration of energy only (a)
and of energy and delivery time (b).

The cost function of the delivery is another delivery issue.
Generally, a drone delivery at the last mile may increase
the delivery time because the drone speed is typically slower
than the EV, and the EV should wait for the returning drone.
Figure 2(a) shows a motivational example of this, showing that
an energy-efficient coordinated delivery may increase delivery
time because the drone speed is slower than the EV in typical;
thus, the EV sometimes should wait for the drone to return.
Therefore, we should consider both energy and delivery time
for the coordinated delivery that, as shown in Figure 2(b),
might identify a better energy-time trade-off.

This work proposes a framework to provide energy- and time-
efficient delivery schedules with heuristic algorithms for the
coordinated delivery service. The proposed framework consid-
ers 3D topographic information. Figure 3 shows the proposed
overall coordinated delivery service planning framework, con-
sidering all aforementioned considerations. We first develop
accurate models of a target EV powertrain, a target drone
powertrain, and two vehicles’ battery packs, respectively. An
accurate battery model for the drone is mandatory to estimate
an available flight time and utilization of the drone. So, we
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Figure 3. Framework of the coordinated delivery service planning.

implement a nonlinear dynamic battery model that can account
for the battery capacity dependence on load variations. New
cost functions are developed for the evaluation of coordinated
delivery service plans are proposed. Coordinated delivery
service planning outputs delivery schedules for the EV and
the drone according to the specified cost function.

Technical contributions of this paper are:

1) Development and integration of accurate electric van and
quad-copter drone powertrain models with an advanced
battery model that accounts for multiple non-linear dis-
charge characteristics; all these models are derived based
on manufacturers’ system specifications and experimental
data.

2) Cost functions with a weighted sum of energy and time
to analyze the trade-off relationship between the two
objectives, energy and time.

3) A total cost function considering an economic model in
which time and energy are converted to the exact expense
based on typical delivery and electricity fee.

4) Evaluation of the proposed delivery scheduling results
under various delivery scenarios with the accurate pow-
ertrain and non-linear battery models.

5) Validation of our van-drone delivery service planning
framework in existing real cities.

The rest of this paper is as follows: Section II explains this
research’s motivation and related work. Section III describes
how powertrain models, battery models, and cost functions
are developed. Problem formulation and algorithm of our
proposed scheduling framework are described in section IV.
We introduce the simulation setup and present the framework
validation with simulation results in section V. Section VI
draws the conclusion of this work.

II. RELATED WORK

Although research on EV-drone coordinated delivery in lo-
gistics is still in its infancy, the results have been promising.
According to the optimization target, the previous works can
be classified into two main categories: reducing delivery time
or improving energy efficiency.

The work [8] proposed a continuous approximation model
for a disaster-affected region where drones can be considered
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potential transportation except trucks to transport emergency
supplies. Although the work sets the delivery time as the
critical point, it ignores the combined truck-drone delivery
system’s energy efficiency. In [9], the authors proposed a
multi-trip vehicle routing problem that considers battery and
payload weight when calculating energy consumption. How-
ever, the battery model used in this work is vague, and the
work concentrates on extending drone flight time by increasing
the battery size and reducing available payload capacity, which
does not consider the integrated truck-drone system’s energy
efficiency. [10] has the same limitation as the previous two;
it simulates truck-drone delivery analysis only considering
delivery time. In addition to the simulation-based method, [14]
combines a theoretical analysis in the Euclidean plane with
real-time numerical simulations on a road network. Still, they
only provide data on delivery time. Recent work [15] starts
to focus on the drone coordinated with the existing public
transportation system for delivery; the authors propose a new
service model to characterize the delivery time for customers,
then the authors formulate and propose an algorithm to solve
an optimal deployment problem to minimize the average
delivery time for the customers.

Besides the works focusing on delivery time optimization,
another type of research focuses on the truck-drone system’s
energy savings compared to the truck-only system. However,
most of them use a simplified battery discharge model to
run the simulation, such as [9], or use the simplified truck
and drone power models. One example is provided in [12],
which proposes an optimization algorithm that determines the
optimal number of launch sites and locations, and the number
of drones per truck to increase the total energy efficiency.
This work focuses on implementing an optimization algorithm
without using accurate models. Most of the existing works
under this category have the same issue [13]; they focus on
improving the algorithm to achieve better energy efficiency
performance while neglecting the fundamental characteristics
of power consumption in the whole system. Another example
is [13]; it models truck-drone delivery as a TSP problem and
develops several heuristics based on local search and dynamic
programming. It improves performance by saving delivery
time and energy compared with truck-only delivery. Still, the
work does not adopt any drone and truck power models and
ignores the battery’s actual discharge characteristics.

Besides the inaccurate models adopted, the existing works
usually assume the delivery locations in a two-dimension
plane with uniform or non-uniform distributions and ignore
the geographic information. However, the road slope strongly
affects the vehicle’s power consumption, and the location’s
altitude is crucial for deciding how to partition the delivery
tasks between trucks and drones.

III. SYSTEM MODELING
A. Electric Vehicle Powertrain Model

Four resistances act on a vehicle when the vehicle drives on
the road: rolling resistance F'r, gradient resistance Fy, inertia
resistance F7, and aerodynamic resistance F4. Figure 4 shows
the four resistances acting on a delivery van climbing a hill
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with ¢ degree. All resistances except F'4 are linearly propor-
tional to vehicle mass m. Power consumption to overcome the
resistances P,..s is a function of torque 7' and angular speed
w as shown below equation:

Fy

Driving
direction

Fg

Figure 4. Forces acting on an electric van.

Pms:Tw:FdS/dt:(FRJFFGJFF[+FA)U (D)

1
Fr x Crymg, Fg o< mgsinf, Fr < ma, Faq x ipCdsz

where v is the vehicle speed, C,., is rolling resistance coeffi-
cient, m is the total mass of an electric vehicle, g is gravity, 0
is road slope, a is vehicle acceleration, C; is drag coefficient,
and A is the front side area.

Practical power consumption by electric motors Pgy is the
sum of the power to overcome the resistances P,.; and the
power lost by the motor rotation mechanism P,ss [11]. Pgy
thus depends on m, 6, v, and a:

PEV = P’r‘es + -Ploss = f(m,&,v,a) (2)

B. Electric Drone Powertrain Model

A typical drone power model [16] consists of three resistances
that act on a quad-copter as shown in Figure 5. When the drone
takes off and increases its altitude, as shown in Figure 5(a),
there are two resistances: gradient resistance Fig pulling down
the drone and dragging resistance in vertical direction Fpy .
Thrust Fr generated by the rotor opposes these resistances
to keep the drone flight constant. When the drone flies in the
horizontal direction, as shown in Figure 5(b), the sum of two
resistances Fg and Fpp (dragging resistance in the horizontal
direction) act on the drone.

Fr
A
|
[

Flying
direction

Flying
direction

Figure 5. Forces acting on a drone when it takes off (a) and flies in the
horizontal direction (b).

The required thrust to oppose the above resistances is thus:
Fr=Fg+ Fpy andFT:\/FCQ;ﬁLFl%H. 3)

. ©2022 |IEEE. Personal use isg)er. d
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where F, Fpg and Fpy are modeled as functions of drone
mass wq, payload w,, and horizontal and vertical drone flight
speeds vy and v,:

1
Fg = (wq +wp)g, Fpy = §PAthU?,7
“)
1
FDH :§pAde’U}%

where g is gravity; Ay and A, are cross sectional areas in
horizontal and vertical directions; Cy is drag coefficient; p is
air density. Thrust is modeled as a function of motor angular
speed:

1
Fr = §pApCt(wr)2 (5)

where A, is the disk area of propellers; C} is a thrust coeffi-
cient; w is angular speed of motors; r is radius of propellers.
Therefore, the required power for the drone delivery Pp
becomes a function of angular speed with experiment-based
linear modeling.

Pp = f(w(wp, vy, vn)) (6)

where w is dependent to payload w,, drone flight speed vy
and v,,.

We can derive the required angular speed w during take-off,
horizontal flight, and landing with a payload described in [11].
We assume a simple drone flight model, which consists of
(1) take-off from a place with constant vertical speed to a given
height, (ii) flight horizontally until it reaches the destination
with a constant speed, and (iii) landing with the same vertical
speed on the destination. The drone takes off from the EV
with one or multiple packages as a sidekick and returns to the
EV after finishing the delivery.

C. Non-linear Dynamic Battery Model

The battery pack model must be able to account for the non-
ideal discharge characteristics of the battery. We model a
single battery cell using a circuit equivalent model that con-
siders the capacity dependencies on the current magnitude and
dynamics [17]. As shown in Figure 6, the circuit equivalent
model consists of a battery state of charge (SOC) model on the
left-hand side and a battery voltage model on the right-hand
side, respectively.

Rs(SOC)

RL(SOC)

Viost(fioad)  Viost(lbat )
+ + soc

T

R(SOC)

+

Ce= Ibat C.(SOC)

TL

'Vee(50C)  Gs(SOC) Vou

Ibat
il

Figure 6. Adopted circuit-equivalent model for battery cell.

In the battery SOC model, a current generator Ip,; represents
the discharge current, and a capacitor C' represents battery
capacity, which is obtained by converting the nominal battery
capacity Chom (in Ah) using (7), where 1V is the initial
voltage across the capacitor that defines a fully charged
battery [18], represented by the 100% SOC of battery:
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Crom % 3600

€= 1V ™
The voltage generator V,.(SOC') of the model describes the
relation between SOC and voltage. R(SOC) represents the
battery’s internal resistance. The methodology to extract these
two quantities is described in [19]. The two pairs of RC groups
in the series of the battery model account for the battery’s
sensitivity to the load dynamics. The first RC group (parallel
between Rg(SOC) and Cg(SOC)) defines the short-time
constant 7s = Rg x Cg of the battery voltage response due
to the double layer capacity effects; the second RC group
(parallel between R, (SOC) and C(SOC)) defines the long-
time constant 7, = Ry x Cp, of the battery voltage response
due to the characteristic diffusion effects in the electrolyte.
The work in [19] provides the detailed steps to extract these
RC groups’ quantities from the battery datasheet, given that
it provides the voltage trace of a pulse current. There are
existing works that compute these parameters by conducting
pulse current tests. However, since it is too difficult to obtain
the parameters of these two RC groups and they do not affect
the long-term simulation results, this circuit equivalent model
is frequently used with only the R(SOC) in the right part
for the simulation as it does not focus on the instantaneous
simulation results.
Two voltage generators Vipst(fioad) and Vipst(I10aq) are used
to express dependencies on the amplitude and frequency
of the load current. Both the higher magnitude and higher
frequency of the load current decrease SOC. These two voltage
generators bring a voltage drop at the SOC node, thus affecting
the battery SOC. Vo5t (Ipatt) is derived by computing, at each
simulation time step At, the following equation:

IBatt x At IBatt x At

ASOC(IBatt) C(IBatt) Cnom (8)
where C(Ipg) is the relationship between capacity and
battery current that can be derived from the datasheet as
described in [20] and C},,,, is the nominal capacity. The effect
of the discharge variation is not an instantaneous quantity;
therefore, the model uses the Short Time Fourier Transform
(STFT) to compute load frequency components in each time
interval window. Vj,s:(fioaa) is obtained by evaluating (9) at
each At.

Nppr . .
IBatt(Z) x At IBatt(Z) x At
ASOC = — 9
(flf)(ld) ; ( C(flaad) Cvnorn ) ( )
where Nppr is length of timing window in STFT;
Ipatt(i),i =1,..., Nrppr is a string of current values within

a timing window; C(fjoaq) is the relation between capacity
and load frequency. The method proposed in [20] shows
that using the information in the datasheet can derive the
relation between discharge energy and current and the relation
between discharge time and current. Then the relation between
discharge power and current is computed based on the previous
two relations. The power and current relation and the energy
and current relation are used to draw a Ragone plot. The
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diagonals in the Ragone plane indicate the discharge time; the
inverse of each discharge time represents a frequency. Thus
the relation between energy and frequency is extracted; after
converting energy to capacity, C(fioqq) is computed.

We assume that all the cells behave identically within the
battery pack. Therefore, we built the pack model for the
electric van and drone by ideally scaling all electrical pa-
rameters according to the serial and parallel connectivity of
the battery cells within the pack. This accelerates simulation,
and as it is not necessary to simulate individual cells, the
fast simulation speed can effectively support the delivery
scheduling exploration.

D. Cost Function

1) Weighted-sum between energy and time: The weighted-
sum cost function is used to find energy- and time-efficient
delivery routes. A weight parameter, W,, reflects the individ-
ual’s preference or priority of the delivery between the energy
and the time as follows:

Csum(n1>n2) = WaT(n17n2) + (1 - Wa)E(nlanQ) (10)

where a function T'() outputs time for the delivery from
node n1 to no; a function E() outputs the sum of energy
consumption of the EV and drone from n; to no. The functions
T() and E() are described as follows:

dpy
tev(nev — 1,nEyv,p)) = P
d h
tp(np — 1,npv,p)) = LD pgver
UD Uyer.

T(nl, ’Ilg) = HlaX(tEv(nl, ng), tD(nl, ng)),
E(ni,n2) = Ppvtey + Pptp

1D
dgv, vpy, and tgy are the distance, velocity, and travel
time of the EV and dp and vp, hyer, and vy, and tp are
the straight distance and the velocity from n; to no, vertical
distance and vertical drone speed for take-off and landing,
and travel time of the drone. Pgpy and Pp are related power
consumption of the EV and drone, which are described in
eqgs. (2) and (6). When estimating 7,1 2), it takes a longer
delivery time between EV and drone, which applies a waiting
time for the slower vehicle to arrive.
2) Economic Model: The weighted sum as a cost function is a
reasonable metric for individuals. However, in the delivery in-
dustry, the most important preference is the economic income
of the delivery. It is not easy to find the optimal W, maxi-
mizing the economic delivery income. The delivery company
may lose a chance to earn more economic benefits by delaying
packages to save energy consumption. The delivery company
should know i) how much economic benefit we can make in
a given delivery time and ii) how much economic benefit we
may lose with a given amount of energy consumption.
We convert energy and time for the delivery from n; to ng
into a single cost parameter Ceconomic as follow:

Ceconomic(”ly n2) = Ctime (77,1, 77,2) + Cenergy(nla ’I’Lg)
Ctime(n1,n2) = Itime x T(n1,n2) (12)

Cenergy(nla n?) = Celec X E(”lv n2)
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where Ciime() and Cepergy() mean costs of delivery time
spent from n; to ns and the consumed electricity for this
delivery. Cepergy() is simply obtained from the product of
electricity fee Ceje. and E(). Estimation of Cy;pe(), on the
other hand, is based on the expected delivery income per hour
Iiime. If we waste more time on the delivery, we lose expected
future income obtained through the next delivery under the
fixed daily operating hour. Equation (13) shows the derivation
of expected income per time unit.

Idel X Ddriver

Liime = T (13)
Inet

L — 14

4t 365 x Deom (14

where ;. is an expected average income by a delivery;
Dgyiver is the amount of daily deliveries handled by one
driver; Tyor, presents a daily working hours of a delivery
driver; I,.; is an annual net income of a company; Dy, iS
the average amount of daily deliveries in a company.

IV. ENERGY AND TIME EFFICIENT COORDINATED

SCHEDULING
Altitude
H Depot Actual lengs‘h difference
@ Customers Slope of the road----_ \ @4, .~
..49‘. R
- A= ¥,

i o

YL»
Road of the truck

X X

@ (b)

=

Figure 7. Problem definition for coordinated EV-drone delivery.

Figure 7(a) shows an instance of the problem with three
locations on the plane, and Figure 7(b) in its 3D view rep-
resents a proposed delivery task, including the corresponding
topographic information. This example has one depot node,
three customer nodes, and an EV. All nodes are fully connected
with vehicle roads, including Euclidean distance on the plane.
Each node has a different altitude and a coordinate location
on the plane. Each road of the vehicle has an actual length,
including bends, and the slope of the road is derived from
the length and altitude difference between the two nodes as
indicated in Figure 7(b).

A. Scenario Definition

We adopt the following delivery scenario: an EV is equipped
with one drone and supposed to deliver n of packages to a set
of n destinations. The EV starts from a depot node; it visits
all customers once and returns to the depot node when the
delivery is complete. The overall delivery task is denoted by
Q={q, ..., qn} and is defined upfront. Each delivery task
q; to destination i is a 4-tuple (w;, x;, y;, %), where w; is the
package weight, and x;,y;, z; are the Cartesian coordinates
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of the location. We assume that the graph describing the
locations is fully connected, i.e., a route exists between any
two locations, including the depot. The distance between each
node pair corresponds to the actual driving distance.
Concerning the EV and drone movements and considering
the drone’s payload capacity, the drone carries one or more
packages on each flight. Moreover, there is no drone battery
replacement, and the drone is used until it is totally depleted.
The EV must follow a given speed on each road and can
not make temporary stops on the road; it can only stop at
the depot or customer locations for delivery. Our objective is
to maximize drone delivery utilization and deplete its battery
pack capacity as much as possible.

B. Algorithm

The problem under analysis is challenging to solve optimally
because it is a generalization of the TSP that requires consid-
ering the locations where the vehicle and the drone can meet.
For this reason, we propose a greedy heuristic algorithm that
meets the above-described constraints of our scenario.
Algorithm 1 sketches our coordinated EV-drone delivery algo-
rithm. Its objective is to find the optimal sequence of delivery
tasks for the EV and drone, minimizing both time and energy
consumption of the EV under a given drone battery size. It
takes as inputs the set Q of n delivery tasks, the distance
matrix D between any of the n + 1 vertices (including the
depot), including slope information, and the drone battery
capacity Ep; it outputs the list of deliveries carried out by
each vehicle (Sy for the EV and Sp for the drone).

Algorithm 1 Proposed coordinated EV-drone delivery

: IllplltI Q = {ql,...,qn}, D= {dij}, ED
: Output: Delivery task sequences by Sy and Sp
P = (po — .. —>pn+1) = TSP(D)
Sp={}: Sv =Q
while Ep > 0 do
Extract AEy = [AEv,1, ..., AEy nt1],
ATV = [ATVJ, ceny ATV,njuﬂ and
AEp =[AEp1,...., AEp ny1] based on the schedule P
Calculate ACy = [ACh, ..., ACyh41] from AEy and ATy
8: Pm < pick the edge with the largest ACYy that is compatible
with drone constraints
9: if (no edge is compatible) break
10: Ep =FEp — AEpym

AN

~

11: add gx to Sp and remove g from Sy
12: update P removing the edges corresponding p,
13: endwhile

As the proposed method is based on the selective replacement
of some vehicle deliveries using the drone, we need to start
from an initial P schedule. The initial P is obtained by running
a conventional TSP algorithm (Line 3). We use one of the
state-of-the-art TSP heuristics for directed graphs, which relies
on calculating the Minimum Spanning Tree (MST) algorithm
as a pre-processing step [21]. This step yields a path P =
(po = +++ — pn+1) in the distance graph D, where py = pj11
is the depot. We then initialize (Line 4) the two delivery lists
by assuming the EV serves all deliveries.

Given the initial schedule, we calculate (Line 6) the required
time and energy consumption for each delivery according to
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the order defined by P for both the EV (ATy and AFEy/) and
the drone (AEp). ATy and AEy, are used to calculate (Line
7) cost function ACYy,, which is the cost for each delivery with
the EV described in Section III-D. AFEp is used to estimate
the SOC of the drone battery when the delivery is done by
the drone. More precisely, for edges p;, — pj+1 — Pit2, the
required time and energy to visit p;+; by the EV are compared
with the travel without visiting p; 1 (p; — pi+2 directly), and
the differences (AFEy and ATy/) are extracted.

It is essential to observe it for the EV, and this calculation
must account for its current weight: at step ¢, the EV delivers
the remaining packages, so the energy consumption depends
on the “state” of the delivery sequence. Conversely, the drone
only carries packages supposed to be delivered. So only the
energy for single delivery (flight) is considered.

This generates two lists of delivery cost and drone battery
energy ACy, AFEp with one entry for each of the n + 1
edges. We then pick from ACy the edge p,, that incurs the
most massive cost demand for the EV, and that is compatible
with a drone delivery (Line 8). This represents a delivery that a
drone carries out, and that relieves the EV maximally in terms
of energy and time consumption. Compatibility with the drone
delivery consists of two conditions: (1) the corresponding
package should not exceed the drone’s maximum payload
capacity, and (2) The current remaining capacity of the drone
battery meets the requested energy for delivery.

If one such edge exists, the corresponding drone energy AFEp
is subtracted from the drone battery capacity. Let the two nodes
connected by p,, be ¢ and j, with j followed by node k in
the schedule P. Thus, node j is selected to be served by the
drone. As the latter needs to fly back to the EV, the actual
energy drawn to serve j implies flying back and forth. As the
exact take-off/landing time and location of the drone depend
on the remaining route, we approximate this by assuming that
the drone departs when the EV leaves i and returns before
the EV reaches k. As a conservative estimate, we subtract the
energy from the drone required to fly from ¢ to j and j to k
(Line 10). We then add the corresponding delivery task g to
the set Sp and subtract it from EV delivery set Sy .

The assignment of one delivery to the drone results in the
removal of two edges ((¢,j) and (j,k)) from the original
sequence; the route now includes a new edge (i, k) that was
not initially there. Therefore we need to update the route (Line
12). It implies removing the two edges (7, j) and (j, k) from P
and replacing them with the corresponding bypass edge (i, k).

In the next iteration, the values of AFEy, ATy and AFEp
are recomputed for all the edges of the new P. Clearly, as a
drone serves the removed edges, the newly added edge (i, k)
also can be served by the drone. In this case, the drone carries
two packages for 7 and k at once when it leaves ¢. Then, the
drone visits j and k sequentially. After the deliveries ((¢, )
and (4, k)) by the drone, the drone returns to the EV located
in [, the node after k. The process is repeated until there is
residual energy in the drone.
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V. SIMULATION RESULTS
A. Simulation Setup

1) Vehicle Powertrain Model: Major delivery service compa-
nies have been using electric vans for environmental reasons
such as zero-emission. We chose the Nissan e-NV200 (here-
after ‘electric van’) as the EV, as FedEx adopts it, and it is
one of the electric vans launched for the small-medium size
parcel delivery purpose [22]. We implement powertrain and
battery pack models based on the released information [23]:
a powertrain system consists of an 80 kW AC synchronous
motor and a 40 kWh lithium-ion battery pack with 360 V
of nominal voltage. The curb weight of e-NV200 is 1,515
kg, and its maximum payload is 705 kg. The modeling result
shows driving range errors within +5% in the new European
driving cycle and world harmonized light-duty vehicles test
procedure. The coefficients for the Nissan e-NV200 electric
van powertrain model are obtained as Table I.

Table T
POWER MODEL COEFFICIENTS OF NISSAN E-NV200.

o | 00686 B | 103969 || ~ | 1.0465
§ | 0.000374 || Co 500 C1 | 24.8904
Cs 5 Cs | 0.000106 || € | 0.6341
¢ | 28757

2) Drone Powertrain Model: We selected a quad-copter DJI
Matrice 100 [24] as a delivery drone. The maximum weight
to take off is 3.4 kg and the longest flight time is 16 minutes
with a 1 kg payload. The maximum speed is 79 km/h without
a payload. We obtained measurement data from [25], which
includes the required angular speed of the rotors by thrust
and related battery voltage and current consumption. Figure 8
shows the relation between battery power versus angular
speed. We implement the drone powertrain model as a function
of drone speed and weight [16].

250
200
150
100
50
0

[y = 3.2037c0.0042x

Power
consumption (W)

0 220 440 660 880

Rotor RPM

1100

Figure 8. Drone battery power versus motor angular speed [25].

3) Battery Pack Model: An accurate battery pack model of the
drone is mandatory to estimate a drone flight time and manage
the utilization of the drone delivery. We chose a DJI TB48D
LiPO battery pack, in which six battery cells are connected
in series. The nominal battery capacity is 5,700 mAh, and the
nominal voltage is 22.8 V. We use the physical parameters of a
5,700 mAh LiPO single-cell from [26], then build the battery
pack model described in section III-C.

4) Delivery Task Model: In this work, we evaluate the delivery
cost saving with respect to battery size for a set of explorative
parameters in Table II. Sets of 30 to 150 locations are
uniformly distributed within a 10 km by 10 km area where
the altitude of each location is from -200 m to +200 m.
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8
Table 1T
VARIOUS SIMULATION CONDITIONS.
Weight W, 1to0
Area (kmxkm) 10x10
Altitude (m) -200 to +200

Random from 0.1 to 0.3
30, 60, 90, 120, 150
42.18, 84.36, 168.72

Payload (kg)
The number of locations

Drone battery capacity (Wh)

Most delivery vans spend about 70% of their driving time
at velocities less than 35 mph (nearly 56 km/h), including
slowing down for parking, and average driving velocity is 20
km/h to 35 km/h [27] [28]. We choose 50 km/h as the velocity
of the electric van for the travel. We assume that the drone
flight speed is 40 km/h, half of the maximum speed of the
DJI Matrice 100. Alternatively, we can adapt energy-optimal
speed as done in [11]. We choose the drone’s height during
horizontal flight at 40 m above the ground level, which is
the 33% of the maximum allowable height to fly the drone in
Europe by the European Aviation Safety Agency (EASA) [29].
5) Cost Function: For the weighted-sum cost function, the
required information is energy and time consumption for each
delivery provided by the EV and drone powertrain models. For
the economic model, equation 12 in Section III-D is populated
with the coefficients in Table III

Table III
PARAMETERS FOR THE CONVERSION TO THE ECONOMIC MODEL.

Electricity | Coejee ($/kWh) [30] 0.36
Dgriver (pacakages/day) [31] [32] 150
Twork (hours)® [33] 10
Time Inet ($) [34] 1.34 B
Dcom (packages/day) [35] 21.1 M
Itime ($/hours) 2.61

@ A delivery driver works six days a week.

B. Simulation Result

1) Weighted Sum of Energy and Time as a Cost Function: As
mentioned in Section III-D, the time and energy priority, and
preference are different for each individual. Figure 9 shows
the results of baseline and coordinated delivery planning for
30 locations. Squares mean target locations for the delivery,
and black lines mean a baseline route that delivers with only
an electric van. Red lines and blue lines present, respectively,
a route for the electric vehicle and the drone in the coordinated
delivery method. The X-axis is the distance following the road,
and Y-axis is the altitude of locations. The slope of each black
and red lines means the road slope of the electric van if it
drives along the road.

Figure 9(b) presents a route with only red lines when it cares
only time, meaning that all the locations are visited by only
the electric van only and no drone, to deliver as fast as
it can. Figure 9(c) shows a coordinated delivery plan when
considering both time and energy. Figure 9(d) shows properly
distributed delivery plans for the electric van and drone to save
only energy consumption. If the slope to the next delivery is
high, the delivery is assigned to the drone. So, the slope of the
red line, the average road slope of the electric van, becomes
smooth. Also, Figure 9 shows that, as the drone delivers more
locations, the total distance of the EV decreases.
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Figure 9. EV-drone coordinated delivery route according to W,.

As W, becomes higher (Figure 9(d) to 9(b)), the electric van
visits more locations to save time, which means that delivery
with the electric van is faster than the drone. This is true
under two assumptions: 1) the drone’s velocity is slower than
the electric van, 2) the number of drones is only one, and the
electric van should wait for the drone at the following location.
Of course, delivery with multiple drones can save the overall
delivery time. This is out of scope with respect to the paper,
and we will work on it in future work.

Figure 10 shows energy and time consumption of the coor-
dinated delivery by W,,. Blue circles mean simulation results
by the given W,. Blue circles show a Pareto curve between
energy and time. The coordinated delivery with bigger W,
means that the delivery time is more concerned than energy
consumption.
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Figure 10. Energy and time consumption by the EV-drone coordinated
delivery with various W, .

2) Economic Model as Cost Function: Figure 11 shows Ci;pme
and Cepergy in different velocity of the electric van. The
x-axis is the velocity of the electric van, and the y-axis is
the cost breakdown by the coordinated delivery. The total
cost decreases with the velocity of the electric van becoming
faster. Specifically, Cepergy increases slightly while Ciime
significantly decreases, which decreases the total cost. This
figure shows that focusing only on energy saving and reducing
vehicle velocity causes an overall cost increase. In the future,
the energy cost will increase more and more because many
countries are moving toward eco-friendly power generation,
so delivery considering energy will become more important.
For example, electricity price in Germany increases every
year [36]. Therefore, the proposed coordinated delivery with
the economic model will give more weight to energy con-
sumption than time.

B Time Energy

Cost ($)

S NN A~ O

20 30 40 50 60 70
Electric van speed (km/h)

Figure 11. The overall delivery cost of various electric van velocities.

Figure 12 shows cost improvement compared with the baseline
method (electric-van-only delivery) according to different elec-
tric van velocities. The y-axis ‘improvement’ means how much
total cost is reduced compared with the baseline result. The
improvement has decreased to the increase in the electric van
velocity. In this example, the maximum cost improvement is
15.5% at 20 km/h van velocity, while the minimum percentage
is 5.7%. The average improvement percentage is 9.1%. As
the velocity increases, coordinated delivery cannot save Ctjpe
enough compared with the baseline because the electric van
should wait for the returning drone after delivery. However,
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suppose Cenergy increases with the rise of electricity cost
in the future. In that case, the saving of Cgpergy by the
coordinated delivery will increase more and, therefore, overall
improvement will be better.

[l Baseline (§) B Coordinated ($) - Improvement (%)

Cost ($)
N
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Electric van speed (km/h)

Figure 12. Delivery cost ($) and improvement (%) of the proposed method
compared with the baseline.

C. Case Study for the Real Road

Coordinated delivery planning on real road cases has two
different issues from the simulation above: One is that the
drone and EV have different delivery distances for the same
delivery from one node to another node. A drone flies a straight
path, the shortest distance between two nodes, while an EV
should follow a given road, mostly winding on hills. The other
is that sometimes there is no direct connection between two
locations due to geographical obstacles, such as a river or
a mountain. The EV should detour the obstacles to reach
the location. For the real-world application, we choose two
different cases: one with a small altitude difference and the
other with a relatively large altitude difference among delivery
locations. Information on road distance, altitude, latitude,
longitude, and navigation are obtained from Google Map and
Google Earth Pro. Table IV shows environmental information
for two test cases.

Table IV

ENVIRONMENTAL INFORMATION FOR THE CASE STUDIES.
Description Case 1 Case 2
City Twin Falls, San Diego,

ID, USA CA, USA

Max. altitude difference (m) 51 376
Average slope (Up/Down) (%) 1.2/-1.2 6.7 /-89
Maximum slope (Up/Down) (%) 7.717-9.3 242 /-33.9
The number of locations 30 13

1) Case 1: Real Road with Small Altitude Difference: We
choose a city named Twin Falls, ID, USA, for a real road
example with a small altitude difference and pick 30 random
delivery locations shown in Figure 13(a). Some delivery
locations are densely close to each other in a small area
to reflect the real-world environment. Figure 13 shows the
results of the EV-drone coordinated delivery plan on the actual
road example. ‘H’ in a red box in the figures means the hub
where the electric van starts and comes back, and the numbers
present the delivery sequence. We first obtain the shortest
paths of the electric van among delivery locations under the
given road environment. Then, we extract the delivery task
sequences for the electric van Sy using the algorithm 1. When
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Figure 13. Delivery routes of the baseline method and the coordinated delivery method for Case 1.
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Figure 14. Altitude vs. distance for Case 1 delivery.

delivering with only an electric van called ‘baseline’, the paths
for the electric van are shown as black lines in Figure 13(b).
The delivery task sequences for the drone and electric van
are obtained based on cost function as the economic model.
The red line presents the electric van delivery route in the
coordinated delivery with the drone. The blue line means
the drone flight path, which is straight, and the blue circles
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proposed coordinated delivery and baseline delivery.

Figure 15. Result of the proposed coordinated delivery on Twin Falls city.

mean the delivery locations served by the drone delivery in
Figure 13(c). Saved routes due to the drone delivery are the
routes that don’t exist in Figure 13(c), but exist in Figure 13(b).
These routes can be found by checking the deleted black lines
that are originally connected to drone delivery locations.

Figure 14 represents altitudes of delivery locations for the
travel distance of the electric van of the baseline and the co-
ordinated delivery methods. The saved distance of the electric
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Figure 16. Delivery routes of the baseline method and the coordinated delivery method for Case 2.

van is 5.25 km, which can be seen by comparing the travel
distance of Figure 14(a) with Figure 14(b). The coordinated
delivery method reduces the travel distance between nodes, re-
sulting in decreasing the total distance referring to the figures.
The drone delivers to 4th, 19th, 25th, and 28th destinations.
Especially delivering to the 19th with the drone can save
energy significantly because the altitude differences of the 19th
location are relatively large. The drone doesn’t deliver to some
delivery locations because the proposed method calculates
the best combination of drone delivery locations that can be
delivered with the given battery capacity to save costs.
Figure 15(a) shows the cost breakdown into time and energy
by the velocity of the electric van. Energy becomes more
important as the electric van velocity increases. Higher than
70 km/h of electric van velocity, Ceyergy becomes higher than
Ctime- Unlike the scenario described in Section V-B where,
in Figure 9(d), the electric van drives on a flat road from 14th
location to 16th location under the drone goes to 15th location.
Nevertheless, in the real case, the roads connecting the 14th
and 16th locations are not always at the same altitude due
to the terrain. Therefore, the electric van is still necessary to
drive uphill and downhill roads even in coordinated delivery.
Figure 15(b) shows the cost improvement up to 19.4% with an
average percentage of 8.6%. As mentioned in Section V-B1,
the average velocity of a typical delivery van is from 20 km/h
to 35 km/h [27] [28], the average cost improvement percentage
is 14.36%.

2) Case 2: Real Road with Large Altitude Difference: We
choose a city named San Diego, CA, USA, for a real road
example with a significant altitude difference and pick 12
random delivery locations, as in Figure 16(a). Figure 16 shows
the EV-drone coordinated delivery plan results. Figure 16(b)
shows the baseline paths with only an electric vehicle with
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Figure 17. Altitude vs. distance for Case 2 delivery.

a black line. The same cost function as case 1 is applied.
The result of the coordinated delivery method is shown in
Figure 16(c).

Figure 17 represents the altitudes of delivery locations for
the travel distance of the electric van of the baseline and
the coordinated delivery methods. The saved distance of the
electric van is 4.5 km in comparison to the travel distance of
Figure 17(a) with Figure 17(b). Also, coordinated delivery re-
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Figure 18. Result of the proposed coordinated delivery on Case 2.

duces travel distances of the electric van. The drone delivers to
the 3rd, 7th, 10th, and 12th destinations. Especially delivering
to 7th and 12th with the drone can save energy significantly
because of the large altitude differences and the travel distance
compared to other locations.

Figure 18(a) shows the cost breakdown into time and energy
by the velocity of the electric van. Energy in case 2 takes
much more portion than that in case 1 because much more
dynamic altitude difference among delivery locations cause
the electric vehicle to spend much more energy in case 2.
Figure 18(b) shows the cost improvement up to 27.25% with
an average percentage of 22.3%. The average cost improve-
ment percentage when the electric van speed is from 20 km/h
to 40 km/h is 25.38%. Comparison improvement according to
all the electric van speeds in case 2 to those in case 1 shows
that the coordinated delivery method has a stronger advantage
on delivery in an area with a large altitude difference in such
as case 2 than case 1.

VI. CONCLUSIONS

The delivery industry grows fast every year, and companies in
this industry have started to use electric vans. Some delivery
service destinations are much out of town and cause a long
round trip just for one or a few deliveries resulting in sub-
stantial inefficient energy and time consumption. This paper
proposes a scheduling framework using a heuristic algorithm
for energy-efficient, time-efficient, and cost-saving delivery
sequences with an electric van and a drone. The scheduling
framework considers altitude, which causes significant energy
draw from the van, and road conditions, such as the presence
of many curves instead of just a straight road. Time and energy
consumption are considered as a cost, and we convert time
and energy to the economic model. It shows up to 15.5%
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achievement in fully connected delivery problems as straight
roads. The achievement becomes better as up to 27.25% in the
real-world application where locations are not fully connected
and roads are winding. The multiple drones with one van
scenarios will be considered in future work. Coordinated
delivery with multiple drones can save overall delivery time
because others can share the flying and waiting time for
drones.
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