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ABSTRACT Sustainability in parcel delivery is a growing area of interest, especially for third-party logistics
providers (3PLs). The recent increase of urban population is directly related to the increase request of
goods in urban areas, and consequently to the growth of the urban freight transport and CO2 emissions.
For these reasons, national and local institutions carried out regulations and incentives to reduce urban
pollution and promote zero-emission vehicles. In particular, daily tickets to access to city centers is a common
regulation applied to reduce freight transport. This paper presents a new SPD model that compares Eclectic
Vehicles (EVs) and Fossil Fuel Vehicles (FFVs) considering economic savings and CO2 emissions, for parcel
delivery from a single distribution center to a set of delivery point located inside and/or outside an urban area.
Limitations as the daily ticket, the fuel cost, the battery duration are considered to provide 3PLs an innovative
model to evaluate both the economic convenience and the environmental impact of its vehicles fleet. Through
an explanatory study, economic considerations are carried out, related to the length of the route, the daily
ticket cost, and the fuel cost to evaluate and to assess the different transportation options. It demonstrates
that EVs are more convenient in terms of economic savings when the route (urban distances) and the daily
ticket cost increase.

INDEX TERMS Electric vehicles, mixed fleet routing, economic saving, environmental saving, sustainable

parcel delivery.

I. INTRODUCTION

Recently urban areas are getting more and more populated
and according to the United Nations’ (UN) forecasts, by
2050 more than 70% of the world’s population will live
in them [1]. Customers worldwide require always more
home and fast deliveries; in fact, the explosive increase of
the e-commerce market makes the volume of personal par-
cel delivery increase [2]. E-commerce for physical goods
requires a significant demand for home delivery services,
usually preferred by online consumers, and this contributes
to the atomization of parcel delivery flow, causing partic-
ular problems in the urban areas in terms of urban freight
transport [3]. Since urban population increase, the request for
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goods in urban areas increase too, and consequently the urban
freight transport increase.

Freight transport contributes to increasing environmental
and health problems. Road freight vehicles emit a greater
portion of certain pollutants per kilometer traveled than other
motor vehicles, with economic, environmental and social
impacts [4]. As affirmed in [5] most relevant urban troubles
are related to traffic congestion and urban environmental pol-
lution. The rapid increase of demand for urban transportation
has a negative impact on the environment [6]; [ 7] in their work
refer to a recent study in EU which reports that in the 60%
of European cities there are significant difficulties in terms
of urban logistics management, 55% of vehicle emissions
are caused by goods distribution and 40% of these goods
are delivered in the city center. Moreover [8] affirms that
urban freight vehicles cover about 6-18% of the total urban
transport, but they are caused by 21% of CO;, emissions.
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The European Union (EU) has announced new regulations
and actions related to CO; emissions in the transport sec-
tor [9]. According to WEEA [10] the EU intends to decrease
CO; emissions by 20% by 2020 and 40% by 2030. The
need to reduce pollution and intensive urban freight traffic
emerges as a priority for cities, through managing logistic
processes more efficiently and reducing the use of high emis-
sion vehicles. Reference [11] presented a work based on
the sustainability of delivery processes, taking into account
environmental and social factors, for a “green logistics”.

In this context, Electric Vehicles (EVs) are considered to
replace standard freight vehicles in order to reduce urban
environmental and health problems related to pollution.
EVs present several advantages compared to Fossil-Fuel
Vehicles (FFVs) as they do not have CO;, emissions, they
produce minimal noise, they can be powered from renewable
energy sources and they are independent of fluctuating oil
price [12], [13].

Third-Party Logistics providers 3PLs are increasing their
interest in these technologies, looking to more sustainable
design, planning, and execution of parcel delivery [14], [15].
In particular lots of routing, models have been implemented
to study parcel delivery optimization with standard FFVs.
EVs routing requires particular attention to different aspects,
as the electric battery duration, the battery charge points,
the vehicle speed, and the vehicle capacity. Reference [16]
presents a survey about EVs and their application in freight
transport; in particular, it discusses about the technologi-
cal background of these vehicles (types and batteries), the
market penetration (market shares, cost competitiveness, and
incentives) and EVs transportation science (fleet size and
mix, vehicle routing and optimal paths). From the survey, it
emerges a good analysis of vehicle routing but a lack of fleet
size and mix in literature. EVs’ characteristics still present
limitations and do not present high flexibility in assigning
vehicles to deliveries routes [17]. The main challenges for
EVs in urban freight transport are the high purchase cost, the
long recharging time, the low capacity and the limited driving
range [18]. On one hand, EVs are a solution for reducing
urban pollution, but they need to be attractive for third-
party logistics providers. Aiming to increase the use of EVs
for urban freight transport, many national and local policies
have been carried out, as fiscal incentives for encouraging
their acquisition and limitations to the city center for internal
combustion engine vehicles [19]. Three principal types of
incentives are considered in [18]:

1. Purchase incentives on EVs: Direct incentives are given

to reduce EVs price and increase their selling.

2. Zone fee: limited access to urban centers, defined
as low-emission zones or congestion zones, where
the entry for high-emission or heavy vehicles is
restricted. Moreover, these zones are regulated by a
daily ticket for these vehicles to reduce emissions and
congestions.

3. Vehicle taxes reduction for EVs: Annual circulation
taxes for these vehicles are lower than normal ones.
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These initiatives are made to incentive the use of EVs for
urban freight transport carry out from logistics companies and
to reduce urban traffic in dedicated zones. In fact, in this way,
two principal goals are achieved. On one hand, companies,
looking to minimize total logistics costs, are motivated to
adapt their vehicle fleet and routing plans. On the other hand,
the increase in EVs use will reduce CO, emissions and air
pollution.

Several studies about EVs routing have been carried out,
focusing on criticalities as charge point locations, battery
duration, and vehicle capacity, as discussed in the literature
review section; some works refer also to routing problems
with mixed vehicles fleets. However, a few consider the
adoption of a mixed vehicle fleet and the presence of dif-
ferent economic incentives for EVs use (zone fee, vehicle
taxes, etc.).

In this paper the parcel delivery problem is considered,
focusing on the transportation of small items (e.g. packages)
from a central distribution center located outside the city cen-
ter to a set of delivery points located inside and/or outside it,
using a mixed fleet of FFVs and EVs. Both economic aspects
and incentives and sustainable aspects are considered in the
routing model. The new SPD model can quantify, for the
considered case study, whenever it is convenient to use EVs
instead of conventional vehicles both by an economic and
environmental point of view, quantifying saving parameters
about the two aspects. The model calculates the distances
traveled in urban and extra-urban areas and it considers the
same incentives applied in [18] to reduce freight transport
in urban areas, with a particular focus on the second one,
that is the zone fee for urban access. This policy is already
adopted by different municipalities in Europe, like Milan
and London, which charge the commercial vehicle with
5.00 € and 11.50 £ per day, respectively. Different values of
daily ticket cost, fuel cost and incentives (in terms of purchase
EVs and vehicle taxes reduction) can be considered based on
the country and the city of the route; for these reasons, these
values are considered as input data in the model.

The model here presented will be useful for 3PLs to assign
appropriate vehicles based on the route length, the daily ticket
cost and the number of urban and extra-urban customers;
it is inspired by [20] work, that presents a groupage trans-
portation cost model that aims to estimate the cost-to-serve
in routing problems. It considers a mixed fleet composed by
EVs and FFVs, as defined in [18], in which 3PLs can assign
to one route just one typology of vehicle. 3PLs providers
offer outsourced logistics services, and often they have to
respond and organize transportations in few times (24 hours),
by estimating costs at minimum error [21]. Knowing the
route (that is an input data in our model) and the other input
parameters as fuel cost and daily ticket cost, they can easily
evaluate the convenience of using EVs or FFVs.

The paper is divided into seven sections. Section 2 presents
the literature review about parcel delivery problems and EVs;
in section 3 the problem description is presented. Section 4
presents the SPD model while section 5 is dedicated to the
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analysis and discussion of it. Section 6 presents the appli-
cation of the model to a real case study. Finally, managerial
implications and further researches are presented in section 7.

II. LITERATURE REVIEW

In this section, we present relevant works about parcel
delivery problems in the context of urban freight transport
using EVs.

First of all, it is needed to define the aim of a sustain-
able transport strategy that is to answer, as far as possible,
how society intends to provide the means of opportunity to
meet economic, environmental and social needs efficiently
and equitably, while minimizing avoidable or unnecessary
adverse impacts and their associated costs, over relevant
space and time scales [22]. Freight transport is essential to
the modern economy, but to preserve future environment
actions are required. Reference [4] in their work individu-
ated two typologies of groups that might change the urban
freight system: (i) changes implemented by governing bodies,
i.e. policies and measures that force companies to change
their actions and become more environmentally and socially
efficient; (ii) and company-driven changes, i.e. companies
that implement measures that will reduce the impact of their
freight operations because they will achieve some internal
benefit from this. The most used action against the increase
of urban traffic is the time-window strategy, which is a time-
access regulation to the city center to improve social sus-
tainability issues [23]. Another action taken by governments
is the daily ticket strategy, that regulates the access to city
centers with a fee that discourages the entrance. EVs are not
involved in these strategies since they do not produce CO;
emissions either noise.

EVs have been deeply studied as a solution for sustainable
freight transport from the 3PLs point of view. Reference [24]
studied the use of electric commercial vehicles and provided
a critique of their key technical specifications, identifying the
main operating conditions that influence their effectiveness.
Reference [25] presented a project to develop a not commer-
cial vehicle in which the challenge was to reach the lowest
ratio between the total weight and load capacity (in particular
euro-pallet places). Reference [26] presented a study about
the use of electric fleets for urban logistics, considering vari-
ous typology of EVs used in Europe. Finally [27] focused on
the potential CO; reduction by transferring urban freight from
diesel to electric vehicles, considering two main constraints
as electric vehicle range and the impact on congestion linked
to change diesel heavy-duty vehicles to much smaller electric
vehicles.

Despite its increasing importance, few works are focused
on parcel delivery problems with a mixed fleet, composed
of traditional and eclectic vehicles. The Vehicle Routing
Problem (VPR) is an NP-hard optimization problem that
aims to determine a set of delivery routes from a depot to
a set of customers at the minimum costs, subject to side
constraints [28]. Usually, the primary objective is to minimize
the total number of vehicles used and then to minimize the
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total distance traveled [29]. The Electric Vehicles Routing
Problem (E-VRP) aims to design EV routes to serve a set of
customers by taking into account constraints as the vehicle
load capacity, customer time windows, the driving range, the
working hours, etc. Reference [30] presented an interesting
survey about the different E-VRP objective functions, as the
minimization of total costs, or the traveled distance, or the
energy consumption, etc.

First works considered general recharging vehicles or
alternative fuel vehicles fleets, and aims to minimize the
total number of vehicles and to minimize the total traveling
costs [31] or total traveled distance [32] or only to minimize
total costs, i.e. fixed costs, time and emissions [33]. Recently
works also propose approaches that simultaneously minimize
the aggregate operating costs and reduce carbon dioxide
emission [34], [35].

First E-VRPs that considered homogeneous fleets of EVs
aim to reduce the energy consumption of vehicles [36]—[38];
[39], [40] instead, considered as first the minimization of
the total number of vehicles and the minimization of the
traveled distance. Reference [41] presented a similar E-VRP
model, but in addition they consider also the recharging
and waiting time minimization. Reference [42] proposed as
objective function the minimization of total traveling costs,
considering routing and planning costs, while [43] intro-
duced a multi-objective function that minimizes the battery
charging and power loss costs and the network capacity
releasing.

All previews works consider homogeneous fleets, com-
posed of EVs or alternative fuel vehicles. Reference [44] pro-
posed instead a model for VRP that considers a mixed fleet of
FFVs and EVs, aiming to minimize the total traveled distance.
Other works instead, considers as a primary objective the
minimization of the total number of vehicles, in relation to
other objectives as the minimization of traveling and charging
costs [45], the minimization of traveling costs [46] or trav-
eled distance, fuel costs and battery replacement costs [47].
Finally [48] proposed in their work a multi-objective
function considering recharging, routing and activation
costs.

According to the literature review explained before, there
is alack of studies providing E-VRP models with mixed fleets
that evaluate both economic and environmental benefits able
to consider the following four factors at the same time:

1. the presence of a mixed fleet of vehicles for last-mile

delivery (as EVs and traditional ones)

2. aset of different governmental incentives

3. the presence of freight transportation limitations in
urban areas due to sustainability-oriented strategies.

4. the manufacturing of EVs is much more pollutant than
FFVs one due to the lithium battery emissions gener-
ated during its fabrication and during its disposal.

In [18], the authors present a framework that considers
three government incentives as the zone fee, the purchase
incentive, and the annual taxes reduction; considering these
factors it is implemented an economic framework to evaluate
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the convenience of an eclectic vehicles fleet considering three
different scenarios (one for each incentive).

Our work, instead, aims to fill up this gap by considering
all the incentives together in the same scenario, by carrying
out an original model based on a mixed fleet of FFVs and
EVs that aims to carry out when EVs are convenient both
economically and environmentally (as both costs and CO,
emissions are calculated to define the parcel delivery config-
uration). For doing this the model is applied to a real case
study.

Ill. PROBLEM DESCRIPTION

A. PROBLEM SETTINGS AND ASSUMPTIONS

The parcel delivery problem considered in this research deals
with the transportation of small items (e.g. packages) from a
central distribution center located outside the city center to a
set of delivery points located inside and/or outside the urban
area (Figure 1). 3PLs that work with mixed fleets (i.e. FFVs
and EVs) need to decide whether to use an EV or an FFV
for a determinate route. FFVs have more autonomy in terms
of distance traveled, but fuel costs are higher; moreover they
are limited in the city centers by the time windows and the
daily ticket costs. On the other hand EVs have free access
to city centers, without any time restrictions or fees, but
are less autonomous in terms of distance traveled and more
expensive (considering both purchase costs and maintenance
Costs).

The route is an input parameter of the problem, as a prelim-
inary vehicle routing defines which delivery points have to be
visited by the vehicle starting from the distribution center and
in which order.

Distribution Center, ¢

i Distance from ¢ to

first i, D

B. PURPOSE OF THE MODEL

This study aims to propose an evaluative model for the
Sustainable Parcel Delivery (SPD) to quantitatively assess
which conditions make EVs economically and environmen-
tally more convenient than FFVs. Giving a certain route, it
calculates the routing costs and the CO2 emissions of the
two alternatives. It considers purchase and maintenance costs,
fuel costs, operator costs and fixed costs as the daily ticket,
all based on vehicle performances. In this way, the 3PLS is in
the condition of assign a certain typology of the vehicle to a
defined route.

IV. SPD MODEL

The SPD model aims to carry out costs and CO, emissions
for a certain route that starts and ends from a distribution
center, to serve a set of customers, passing through urban and
extra-urban areas; the model compares the same route with
FFVs and EVs.

To define the cost of a determinate route r the model
considers four costs as (i) the fixed annual costs (purchase
yearly amortization, maintenance yearly costs, and battery
costs, for EVs only), (ii) the fuel consumption costs (gasoline
or kWh depending on the vehicle), (iii) the operator costs and
(iv) the daily ticket cost (only for FFVs). The total delivery
cost for one route r can be defined as:

cpr =y + Y o el el )

7l

where for h = 1 it is considered an FFV and forh =2 an EV.
The annual fixed cost is calculated as:

7l

o — (Czurch + Zlflectcbatt + C;:win) /m [€] )

Distance from
last i to ¢, D*

Congestion charge area

FIGURE 1. Schema of the sustainable parcel delivery problem under analysis.
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where vehicle and battery, as well as the maintenance cost per
route, depends on the total number of routes m traveled by the
vehicle during a working year.

The fuel consumption costs for route r is defined as:

Cfuel (Dtxuerexurb + D?er;frb)C{luel [€] (3)

where:

Dexurb — X¢ (Dcr +Drc) +er [km] (4)

D = (1-X°) (D" +D%)+ (1 —X")r [km] (5

The extra-urban D" and urban D“" covered the distance to
connect the distribution center to the route and to travel within
the route are separately evaluated to assess the vehicle fuel
consumption considering its performance inside and outside
the city center. Then it is defined as the operator cost for
route r as:

oper Dexurb Durb load toad
— r o unioa oper
Crh - |:Sexurb Surb +T +T i| ¢ [€]
(6)

where T8 apd TU0ad gre evaluated with the functions:

f [avg(fi), avg(Vji), ayg(Wji)] [h]

i Ji Ji

Finally, the daily ticket cost for route r is defined as:

Cttck ( Zﬁlect) Ycongctick [€] @)

where it is defined:

1, if vehicle A is electric

Zﬁlecl — i (8)
0, otherwise

1, if atleast 1 customer is

yeons = inside the urban center ©)

0, otherwise

Table 1 reports the parameters and notations used.
Once Equation (1) is defined for both FFV and EV solu-
tion, it is possible to calculate the saving as:
delivery delivery
r,gasol r,electr [%] (10)

delivery
r,gasol

sav __
C® =

This index (10) evaluates the relative economic saving
achievable by the EV compared to the traditional FFV to per-
form the same parcel delivery route distinguished by identical
features. Since the operator cost is equal for both vehicles and
itis not related to environmental savigs (as the others), it is not
considered in the C;*” calculation. Anyway, it is important to
determinate the real route cost.

Similarly, it is possible to evaluate the parcel delivery
environmental impact for any route r of interest distinguished
by the aforementioned features in terms of greenhouse gas
emitted (kg CO; eq.) to serve all the delivery points belonging
to the route. To evaluate this parameter the model considers
not only the emissions related to the route but also the ones
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related to the manufacturing of the vehicles. The total delivery
emissions for one route r can be defined as:

E;i;[lver) :Zanuf fuel [kg COzeq] (1 1
The emissions for vehicles’ manufacturing is defined as:
E:Zanuf ( Epurch + Zﬁlecz [hatt + E;Lnain) /m (12)

where the vehicle and battery manufacturing emissions as
well as the maintenance environmental impact per route
depend on the total number of routes m traveled by the
vehicle during a working year. The emissions related to fuel
consumption, instead, are defined as:

Efuel (Dgxuerexurb 4 D?er;:”b)E{lud (13)

where the extra-urban D% and urban D¥” covered the
distance to connect the distribution center to the route and
to travel within the route are separately evaluated to assess
the vehicle pollutions considering its environmental perfor-
mance inside and outside the city center. Finally, the relative
environmental saving achievable by the EV compared to the
traditional FFV to perform the same parcel delivery route
distinguished by identical features is assessed through (14).

delivery

r,electr
delivery [%] (14)

r,gasol

delivery
r,gasol

sav __
EX =

A. PARCEL DELIVERY MODEL CONSTRAINTS
The model is developed considering the following four
constraints:

1) The vehicle is driven by one operator which also per-
forms the loading activities at the distribution center
and the packages drop-off at the delivery points which
belong to the route.

2) The FFVsand EVsare comparable in terms of technical
performances, e.g. distinguished by identical values for
the following parameters: gurb  gexurb load punload
Cv, Cw.

3) The vehicle load capacity in volume and weight is com-
patible to carry all the parcels to be transported to every
delivery point belonging to the route, e.g. fulfilling both
the following constraints:

n Ji
2D ViCy

i=1 j—l

W=

i=1 j=1

4) The distance to connect the distribution center to the
route and to travel within the route has to be compatible
with the battery/tank capacity of the vehicle, e.g. the
vehicle can complete the entire route and to deliver all
the assigned parcels without any required refueling.

5) The route is an input data for the model. Many exact
algorithms and heuristics are reported in [28].
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TABLE 1. Parameters and variables used in the model.

Variables
& Description
parameters
r route total length, e.g. distance from the first to the last delivery point that belongs to
the route
n number of delivery points belonging to the route
m number of route performed in a working year
D¢ distance from the distribution center to the first delivery point of the route r
D™ distance from the last delivery point of the route to the distribution center of route r
X° percentage of the distance between the distribution center and the route (and
viceversa) to be traveled using extra-urban roads of the considered route r
1- X© percentage of the distance between the distribution center and the route (and
viceversa) to be traveled using urban roads of the considered route r
X" percentage of the route length to be traveled using extra-urban roads of the
considered route r
1-X* percentage of the route length to be traveled using urban roads of the considered route
r
i 1,...,n delivery points
j 1, ..., J; parcels to be delivered
Vii parcel volume
Wi parcel weight
qub vehicle average speed in urban roads
gexurb vehicle average speed in extra-urban roads
Tload vehicle loading time
Tunload vehicle unloading time
Cv vehicle load capacity, as volume
Cy vehicle load capacity, as weight
h h=1 for FFV and h=2 for EV
Fh“rb vehicle h gasoline/electricity consumption in urban roads
Fhexurb vehicle h gasoline /electricity consumption in extra-urban roads
Chpumh vehicle h yearly amortization based on the vehicle rental or purchase cost, expected
lifetime and yearly covered mileage
(Cbatt battery yearly amortization based on the battery rental or purchase cost, expected
A lifetime and yearly covered mileage, for the electric vehicle only
C,mn vehicle h yearly maintenance cost, battery excluded
coper operator hourly cost, considering the different activities he has to perform, e.g.
driving, van loading, parcel drop off, etc.
Chfuel vehicle h gasoline/electricity cost. It is strongly affected by the country considered
Ctick daily ticket cost to enter with the vehicle in the congestion charge area, to be paid by
the non-electric vehicle only
Ehpumh vehicle h yearly greenhouse gas emissions based on the environmental impact of the
vehicle manufacturing and disposal, its expected lifetime as well as yearly covered
mileage
Ebatt battery yearly greenhouse gas emissions based on the environmental impact of the
battery manufacturing and disposal, its expected lifetime as well as yearly covered
' mileage, for the electric vehicle only
E,m" vehicle h maintenance environmental impact determined by the greenhouse gas
emitted to manufacture the components for its maintenance, battery excluded
Ehfuf’1 vehicle h gasoline/electricity emissions. It is strongly affected by the country
considered
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Unit
km

km
km
%

%
%
%

dm’

kg
Km/h
Km/h
h
h
dm
kg
1/km or kWh /km
1/km or kWh /km
€/year

3

€/year

€/year
€/h

€/km or €/ kWh
€

kg CO,eq/year

kg CO,eq/year

kg CO,eq/year

kg CO;eq/l or kg
CO;,eq/kWh
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TABLE 2. Technical, economic and environmental input data for the considered case study.

Variable Value Unit chat 1,827 €/year
r [5:10] km C,mn 101 €/year
n 22 - c,m 122 €/year
m 264 - CoPer 20 €/h
D [2,5:60] km c,™ 1.62 €/km
D" [2,5:60] km c,M 0.21 €/ kWh
X° 100% % Click [0;10] €
1-X° 0% % E,Ph 288.9 kg CO, eq/year
X' 0% % E,Purch 297.5 kg CO, eq/year
1-X' 100% % goat 79.2 kg CO, eq/year
i 22 - E,™" 8.66 kg CO, eq/year
J 1 - E,™" 8.92 kg CO, eq/year
Z Vi 4 m E, el 278 ke CO»eq/l
Z Wi 500 kg E,™ 0.61 kg CO, eq/kWh
Expected economic lifetime [49] 5 years
sv 30 Km/h Purchase cost FFV [49] 20,900 €
gexur 60 Km/h Purchase cost EV [49] 25,300 €
T 15 min Residual value at the end of the 30% %
unloxd 2.5%i%j min/parcel lifetime [49]
Cy 4.5 m’ The opportunity cost of capital [49] 3% %
Cy, 600 kg Expected environmental lifetime 10 years
F]‘"b 0.052 Vkm Vehicle manufg:c‘:?glring emissions 2.889 ke CO
F,"® 0.183 kWh /km FFV [49] ’ gt
F]exurb 0.044 I/km Vehicle manufacturing emissions 2,975 kg CO,eq
o 0236 kWh/km EV[49]
C]purch 3,382 € /y ear Battery manufaz;uring emissions 792 kg CO, eq
e 4,094 €/year o

V. ANALYSIS OF THE MODEL AND DISCUSSION

A. INPUT DATA FOR THE ANALYSIS

A detailed analysis is performed to determine whose charac-
teristics of the parcel delivery problem make the considered
EVs comparable to the traditional FFVs both from an eco-
nomic and an environmental perspective, e.g. C;*" and E;*”
equal to zero, respectively. To perform this analysis, C‘:lee'y
and Ef;hve'y equations are evaluated varying the value of
the most relevant parameters of the parcel delivery model,
namely:

1) r e [5;100] (km)
2) (Dcr + Drc) € [5; 120] (km)
3) Ck ¢ [0; 10] (€)

The analysis is based on real data taken from a case study and
standard practice. Table 2 summarize data used to construct
and to analyze the model. It is considered a standard com-
mercial vehicle for medium distance parcel delivery manufac-
tured with two fuelling options, namely traditional Fossil Fuel
vehicle (FFV) and Electric Vehicle (EV) equipped with an
adequate battery for electricity storage. Thus, these vehicles
are identical for every technical feature, fuelling excluded.
The vehicle technical, economic and environmental perfor-
mances are presented in Table 2. The vehicles considered
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in the analysis have the same model, i.e. Renault Kangoo
Express Maxi, with Gasoline engine dCi 110 EDC for the
FFV and full electric engine 5 AQ 44 kW for the EV. The
geographical location where the delivery is executed is of
major importance since it determines the gasoline and elec-
tricity cost as well as environmental emissions (defined by
the energy source mix leveraged to produce electricity in that
country); for the analysis we consider Italy as country where
is performed the route, to evaluate fuel costs and emissions.
The presented input data propose a situation where 2 routes
performed per day by a vehicle operating 22 days per month
to ensure just one charge of battery during night hours and
full operations during the entire day duration, e.g. no charge
required during parcel delivery. The deliveries are performed
entering the congestion charge area through a path distin-
guished by only extra-urban roads between the distribution
center and the route (and vice versa) and just urban roads
for the route. Concerning the vehicle economic performances,
the expected economic life of both the vehicles is considered
equal to 5 years, with a residual value equal to 30% of
the purchasing cost, whereas the maintenance yearly cost is
equal to 3% of the initial investment. Focusing on the vehicle
environmental performances, the input data represents the
greenhouse gas emissions measured in kgCOyeq generated
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by the manufacturing, operations and disposal phases of the
vehicle lifecycle.

Furthermore, it is of major importance to underline that
for the proposed dataset and under the current assumptions,
FFVs are less pollutant than EVs for extra-urban traveling.
However, this feature is significantly affected by the country
considered, since it mostly depends on the energy source mix
leveraged to produce electricity. Finally, a further feature of
the considered case study which is relevant to be mentioned
is that under the current assumptions EVs use considerably
more electric power per km traveled for extra-urban paths
than in urban settings.

B. DISCUSSION AND IMPLICATIONS

This section presents and discusses the results obtained lever-
aging the developed SPD model for the input data of the
. . delivery delivery
analysis. In particular, C,;, and £, have been deter-
mined for different scenarios of the performed parcel deliv-
ery. Different combinations of the route total length r, the
distance from and to the distribution center and the route
(Der + Drc) as well as the daily ticket cost to enter into the
congestion charge area C'* have been tested to assess under
which circumstances and to which extent the EV outperforms
the FFV one, both from an economic and environmental
perspective, respectively C;** > 0 and E3* > 0.
Concerning the economic perspective, Figure 2 presents
the relative economic saving of EV adoption compared to
FFV one C}* evaluated for multiple delivery scenarios vary-
ing the route length r between 5 and 100 km and the distance
from and to the distribution center and the route (D" + D')
between 5 and 120 km. Focusing the analysis on Italy, the
price of the congestion charge ticket Cfik s considered equal
to 5 €, as a reference value for multiple and relevant Italian
urban areas, e.g. Milan. As proposed by Figure 2a, for every
delivery configuration, e.g. all the combinations of r and
(D" 4 D'), the EV is more convenient than the FFV with
an economic saving which ranges from a minimum of 5% to
a maximum of 25%. Considering Figure 2b, the slope of C}*”
is not constant. The increment of C3* is greater increasing
the distance traveled during the routing (r) than the one
required to reach the distribution center (D" + D'®). Indeed,
the economic saving of the EV adoption is much greater if the
prominent portion of the total distance is traveled using the
urban road. Indeed, in these circumstances, the kilometric
cost of an EV is significantly lower than the one of the FFV
(e.g. urban travel cost 0.037 €/km electric — 0.083 €/km
gasoline vehicles; extra-urban travel cost 0.047 €/km electric
—0.071 €/km gasoline vehicles).

C'* equals to 5 € considered in the former analysis results
in an EV economic convenience for any delivery configura-
tion form the traveled distance perspective. Thus, a former
investigation is performed to evaluate C*" for a different
level of incentive to sustainable parcel delivery, namely 0,
3 and 7 € as ticket price per day. Figure 3 presents C*”
surfaces as a function of r and (D¢ + D) for those C'
values, increasing from bottom to the top. Furthermore, the
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black plane identifies the boundary which makes the EV
more (above the plane) or lower (under the plane) convenient
compared to the FFV alternative. A very high incentive to the
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adoption of electrical vehicle C** = 7€ makes this delivery
option much more convenient compared to more pollutant
alternatives, from 17.8% to 24.6%. However, this economic
saving is not affected by the traveled distance and its distribu-
tion between r and (D’ + D). Lowering C"* = 3€ the EV
is not convenient for short traveled distance, e.g. r < 31 km
and (D¢ + D) < 47km. Indeed, under these circumstances,
the additional fixed cost required to purchase the EV and
to rent its battery is not overcome by the benefit of a lower
kilometric cost due to a cheaper fueling option. Finally, of
major interest is the assessment of the economic feasibility of
electrical parcel delivery with no incentives, e.g. C'i = 0€.
For most of the delivery configuration, the FFV is much
cheaper (even to —64%). However, the electric distribution
is still profitable if the total traveled distance is greater than
119 km, e.g. (r + D' 4+ D) > 119km. Furthermore, this
positive trend is much higher if the portion of the total
distance traveled using urban road increases (for increasing
r values). Indeed, in the long run, the saving achievable by the
electric vehicle due to a cheaper fuel overcome the additional
initial investment due to more expensive vehicle purchase and
it makes this option more convenient than the gasoline one
even without any incentive.

A further relevant assessment deals with the determination
of Cf* which makes the electrical vehicle comparable to
the gasoline one in terms of the economic performance for
the Ctick price considering the extension and shape of their
congestion charge area (which determines r average value)
considered parcel delivery, i.e. C;** = 0. This information
could be fruitfully adopted by the policymakers to define the
and the geographical distribution of the distribution center
of the logistic service providers which operate in their area
(which determines (D" + D") average value).

g

5 15725735 45 55 65 75 85 95
Routelength [km]
r

b b o 4 mow koo

Congestion chargeticket [€]

FIGURE 4. Congestion charge ticket value ¢ which makes the electric
vehicle comparable to the gasoline-fueled one from an economic
perspective C;7 = 0, as a function of the route length and the distance
from and to the distribution center and the route.

As proposed by Figure 4, whatever the distribution config-
uration is, C* — 4.68€ ensures the electric vehicle to be
the most profitable option for the considered parcel delivery.

71888

Increasing the traveled distance, cheaper Ctick js enough to
suggest the adoption of an EV. Ticket cost reduction is higher
with r increment compared to longer (D™ + D). Thus,
for those delivery configurations distinguished by longer
route traveled in an urban area, the incentive value which
lets electrical distribution be competitive drops with a dra-
matically steep slope. Finally, for a total traveled distance
(r + D" + D7) greater than 120 km, C* is negative. Under
these circumstances electrical delivery is more convenient
than the traditional one, thus it does not requires an incentive.
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FIGURE 5. Environmental saving of electric vehicle as a function of the
route length and the distance from and to the distribution center and the
route, 2D (a) and 3D (b) views. Black line and plane distinguish between
electric vehicle saving or loss.

To conclude the Discussion Section, it is of major impor-
tance to assess the environmental aspect of SPD. Aim of
this final analysis is the evaluation of the pollution emissions
saving achievable by delivering goods using EV compared to
traditional one fueled by gasoline measured in terms of green-
house gases emissions (kg CO; eq.). Figure 5 presents the rel-
ative environmental saving of electric vehicle adoption E}*”
evaluated for multiple delivery scenarios varying the route
length r between 5 and 100 km and the distance from and
to the distribution center and the route (D" + D) between
5 and 120 km. The congestion charge ticket is obviously not
considered in this scenario since it does not have any impact
from an emission perspective. Figure 5a presents Ei*” as a
function of r and (D" + D'®). The greater the portion of the
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delivery distance traveled using the urban road is, the greater
E}* is. Furthermore, the black line depicted on this figure
enables us to quantitatively determine the equation which
could be used to define if an electric vehicle is more eco-
logical than a traditional one for parcel delivery. This electric
vehicle sustainability is achieved uniquely for those deliveries
whose traveled distances satisfy the following Eq. 15:

(D' + D) < 1.428 % r — 4.821 (15)

The manufacturing of EVs is much more pollutant than a
traditional one due to the lithium battery emissions generated
during its fabrication and during its disposal. This limit is
overcome by the lower kg CO; eq. emitted during the vehicle
usage due to traveling activities which makes electricity a
much more sustainable fuel option compared to gasoline, but
only for urban transit (e.g. urban travel emissions 0.109 kg
CO; eq./km electric — 0.144 kg CO; eq./km gasoline vehi-
cles; extra-urban travel emissions 0.140 kg CO; eq./km elec-
tric — 0.122 kg CO; eq./km gasoline vehicles).

Finally, Figure 5b is of major help to further analyze this
relevant pattern. ES*” the slope is not constant. On the con-
trary, it is much more positively affected by an increment
in the urban distance traveled rather than by the identical
increase of the extra-urban one, due to the afore described
background. The black plane distinguishes those delivery
distances, both (D" + D) and r, which makes electrical
delivery more sustainable than traditional one from an envi-
ronmental perspective.

VI. CASE STUDY

In this section, it is presented the application of the model to
a real case study. The company is situated in Northern Italy
and serves various cities. It is considered the parcel delivery
problem to one specific city, located 15km from the distribu-
tion center. It is applied a standard route, of about 60 km, all
inside the city center; to calculate this route the algorithm of
Baldacci, Christofides and Mingozzi is used [50]. Moreover it
is considered that a standard route has 1 parcel for customer
delivery point (i.e. 22 parcels in total). Table 3 summarizes
the input data for the case study.

TABLE 3. Input data for the case study.

Variable Value Unit
i 22 -
i 1 -
D+ Dre 30 km
r 60 km
Ctick 5 €

Applying the SPD model, the delivery cost and the delivery
emissions are calculated for both vehicles, FFV and EV.
Table 4 summarizes results. Considering economical saving,
it is more convenient the EV solution with 15.24 € per
route (without considering the operator costs), with a saving
of 19%. In particular the fixed costs are higher for the EV
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TABLE 4. Results of the case study.

FFV EV
C‘f,‘i""ery 18.79 € 15.24 €
fix
cll 6.60 € 11.45¢€
Crf’?el 7.19€ 3.79¢€
Click 5.00€ -
E;l:livery 12.25kg CO2eq | 11.04 kg CO2 eq
grmanuf 1.13 kg COz eq 1.46 kg CO2 eq
Ef}fel 11.12kg CO2eq | 9.577kg COzeq
Ciav 18.9%
Ef_av 9.00%

solution (+73.5%), but fuel costs are lower (—47%) and there
is no daily ticket cost. Considering the environmental saving,
it is more convenient the EV solution too, even if with a lower
saving (9%). That’s because the impact of EVs and battery
constructions are much more incisive than FFV one.

VII. CONCLUSION AND MANAGERIAL IMPLICATION

The paper develops an original model called SPD model to
evaluate the economic and environmental savings in a parcel
delivery problem using a mixed fleet of EVs and FFVs for
third-party logistics providers. The focus is on the transporta-
tion of small items (e.g. packages) from a central distribution
center located outside the city center to a set of delivery point
located inside and/or outside it; the access of FFVs to the
city center is regulated with a congestion charge, e.g. a daily
ticket which has to be paid to get a one-day travel allowance
in this area. The E-VRP is not considered in this research but
is taken as an input for the model, as the aim is to carry out the
conditions for economic and environmental savings in using
EVs for SPD problem. The model is applied to a specific case
study of parcel delivery performed in Italy by a commercial
vehicles with both traditional internal combustion engine as
well as full electric fueling options varying three relevant
parameters as the route length, the distance from and to the
distribution center and the daily ticket cost. Furthermore,
the model relies on different input parameters as the route,
the delivery points, and the vehicle technical, economic and
environmental performances. As the society aims is to reduce
urban freight transport to improve social welfare, national
and local policies are considered as fiscal incentives, zone
fees, and vehicle taxes reduction from the 3PL providers’
point of view. This work is 3PLs oriented as it aims to quan-
tify economic and environmental savings for these subjects.
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The explanatory study quantifies, for the specific case study
considered, the possible economic and environmental sav-
ings using EVs in sustainable parcel delivery. Due to recent
growth of importance of sustainability in the transports field,
from technologies to pollution regulations, this work carries
out a SPD model useful for 3PLs to evaluate and quan-
tify the convenience of EVs also from a sustainable point
of view.
The following main conclusions can be summarized:

(a)

(b)

(c)

(d)

71890

As the route length (urban roads) increases, the greater
is the economic saving (in %) provided by using EVs,
from 5% to 25%. Moreover, these results are stronger
related to the distance from/to the Distribution center
(D" +D’®), as the economic saving of the EV adoption
is much greater if the prominent portion of the total
distance is traveled using urban roads. In particular if r
is >70km, the economic saving in using EVs is almost
the 20%, while if (D" 4+ D'*) > 50km the economic
saving in using EVs is almost the 10%.

Considering the daily ticket for urban access, as it
increases the more economic saving is achieved using
EVs. The explanatory study considers different daily
tickets costs, quantifying the economic saving with
a maximum of 24.6% in the highest case (7€/day);
otherwise, in the lowest case (0€/day, i.e. no daily
ticket) the FFVs results in the more convenient with a
maximum saving of 64% against EVs solution. In gen-
eral, the more the daily ticket is high, the more it is
convenient to use the EVs. Secondly, the EVs could
be not economically convenient if the daily ticket is
cheap and the urban route is short. In the considered
case study, the sum of all distances (r + D 4 D’®)
should be almost 120km to make EVs more convenient
without the daily ticket.

Instead, considering environmental savings, results
show that the greater the portion of the delivery distance
traveled using the urban road is, the greater they are.
Anyway, it is necessary to consider the manufactur-
ing of EVs that is much more pollutant than a tradi-
tional one; this limit is overcome by the lower kg CO»
eq. emitted during vehicle usage due to traveling activ-
ities which makes electricity a much more sustainable
fuel option compared to gasoline, but only for urban
transit. For the considered case study, if the route r
is greater than 80km, there is always environmental
saving using EVs; otherwise, it depends on D" 4 D’¢
as the greater it is, the lower are benefits.

Considering the case study, it is evident the different
influence that each cost and emission has on the total
saving. Fixed costs, in general, are higher for EVs than
FFVs; this is in accord with government policies that
aim to incentive EV purchases with facilitations. The
fuel costs, instead, is much lower for EVs, as expected.
On the other hand, emissions for producing both vehi-
cles are higher, but more the EV’s one due to battery
production; the emissions due to the route are lower

©)]

for the EV, as expected. Further considerations might
be carried out changing vehicles models and country, to
individuate the better combination of factors affecting
the two savings.

Finally, the model carries out useful graphs and results
to evaluate EVs utilization in the Parcel Delivery prob-
lem in urban and extra-urban areas for 3PLs. The model
has been analyzed starting from data of an Italian case
study, i.e. data as fuel costs, daily tickets, the standard
number of working days, distance from city centers,
etc. are from an Italian database. Further researches
might be carried out in other different countries, to
study the different effects of these input data on eco-
nomic and environmental savings. Another important
input data is the optimal route, carry out with a gen-
eral model that aims to minimize the total traveling
distance; future researches will be about the study of
the effects on economical and environmental savings
of different VRP and E-VPR applied to carry out the
optimal route. Different routing objectives might influ-
ence (or not) the economical and environmental sav-
ings. Moreover, the influence of the external weather
on EVs performance might be considers for further
researches, as Italian warm climate is different from
Northern countries climates, as Sweden or Norway.
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