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ABSTRACT 
The rise of new types of vehicles, as the electrical vehicles (EVs), requires defining new models for 
transport simulation and design, both for freight and for passengers. This paper focuses on freight 
transport on the land side and it is in the area of the smart city where transport, energy and information 
and communications technology sectors are considered. This paper focuses on the transport sector and, 
in particular, the formulation of a vehicle routing problem is considered. The adopted approach 
considers three aspects: reliable travel time, path generation and best route design for electric vehicles. 
A possible formulation for a vehicle routing problem with time windows is reported, considering a 
specific constraint for electric vehicles. The main results obtained in some case studies are reported. 
Keywords:  electrical vehicles, vehicle routing problem, smart cities. 

1  INTRODUCTION 
The freight’s planning [1], optimization and management, in recent years, have assumed a 
relevant role from sea (S) side [2], [3] and land (L) side [4]–[6]. In this paper methods adopted 
in land side for solving the problem of freight vehicle routing is considered. 
     The paper can be considered in the area of smart city [7]. In this area, there are three main 
interconnected sectors of interest: (1) Transport; (2) Energy; and (3) Information and 
Communications Technology (ICT). This paper is mainly defined in the sector of (1) 
transport planning. The problem is studied assuming external and fixed scenario for: (2) low 
emission vehicle in relation to the energy; and (3) technologies adopted in the information 
and communications areas. 
     In land (L) side and transport planning sector (1) of the smart city area, the main objective 
of the method is to design the Transport Freight Services (TFS): it consists in defining the 
best order of visit and the best route followed by freight vehicles in taking and delivery of 
freight [8]–[10] and the planning of the best location of the distribution centre [11]. 
     For the method reported in this paper (L., 1., TFS), in the state of the art the following 
aspects are considered: (a) estimation of reliable link travel time; (b) generation and choice 
of the best path (assumed as the connection between two points of visit); (c) evaluation and 
choice of the best route (assumed as joint paths for a ring); d. typology of vehicles; (d) 
propulsion system adopted for the vehicles. Very often single aspects or combination of two 
or three of them are considered. 

(a) In relation to the estimation of reliable link travel time it could be evaluated adopting 
three methods: 
a.1 traffic assignment, simulating the interaction between transport demand and supply 

performances [12], [13] or the design of the supply configuration [14];  
a.2 real-time system monitoring, assuming the value observed with a monitoring system 

derived from ICT [15], [16];  
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a.3 reverse assignment, considering data from ICT monitoring system (a.2) and 
adopting a reverse assignment simulation (a.1) and optimization model [17].  

(b) In relation to the generation and choice of the best path the problem is solved simulating 
two level of choice:  
b.1 choice set generation, simulating the choice of paths alternatives perceived by the 

drivers and the system manager [18]–[21]; 
b.2 choice from the choice set (b.1), simulating the alternative chosen. 

(c) In relation to the evaluation of the best route:  
c.1 exact approaches, designing the optimal route in an exact way: [22]–[31]; 
c.2 heuristic approaches, designing a route more or less near to the optimal with an 

approximate approach [32]–[40]. 
(d) In relation to the propulsion system, the electric vehicles can be classified as [41]–[43]: 

d.1 pure electric vehicle with only electric propulsion and rechargeable batteries; 
d.2 hybrid electric vehicle with mix electric and tradition fuel propulsion; in relation of 

the grade of hybrid it can be sub-classified in sub-, micro-, mild-, full-hybrid; in 
relation of the architecture of the two propulsion it can be classified in series-, 
parallel-, series_parallel-, complex-hybrid; 

d.3 extended range electric vehicle considering together d.1, d.2 and improving fuel 
efficiency. 

     Category d.1 are plug-in. Category d.2 and d.3 can or cannot be plug-in. 
     Note that ICT is included in points a.2 and a3. 
     In land side, transport planning sector of the smart city area, for design the transport freight 
services, the innovation of this paper consists in integrating the four (a., b., c., d.) aspects in 
a whole method. The method is specified considering reliable link travel times and electrical 
vehicles. 
     The paper is divided in the following sections: in Section 2 the method adopted is 
specified; in Section 3 some results and application obtained in literature are reported; in 
Section 4 some conclusions and further developments are reported. 

2  METHOD 
The method (Fig. 1) is applied to a transport system. The system is modelled by considering 
two subsystems: supply, represented by a transport network; demand, represented by the 
travel demand for passengers and freight (Section 2.1). 
     The data relating to the transport model are used to calculate the link costs to be used in 
the transport network. This step gives the performances on each link of the network as output 
data (Section 2.2). 
     Given the performances on the links, methods for paths search are applied; it considers 
the generation of the choice set and choice of routes. This step gives the best path from each 
pair of visit points as output data (Section 2.3). 
     At the last level the vehicle routing optimization procedure are applied. This step gives 
the best route (vehicle routing) for vehicles as output data (Section 2.4). 

2.1  Transport network and travel demand 

The transport network is represented by a graph G(N, A), where N (N = {1, 2, …,n}) is the 
set of nodes and A (A = {j:j=(h, l); h, l N)}) is the set of links. Besides, it is defined the set 
C  N of customers including the depot d. Each element rC is characterized by a quantity 
qr (greater than 0) of freight to deliver, a time window [otr ctr] and a service time str. The 
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Figure 1:  Adopted method. 

depot quantity and service time are assumed equal to zero and is not considered the time 
window constraint. For each couple r and s of elements belonging to the set C it is defined a 
cost, as reported is Section 2.3. To evaluate the performances of the transport network, we 
have to consider the interactions between different categories of vehicles. Particularly, the 
travel demand for passengers and freight is considered to evaluate the traffic flow and link 
cost for each element of the network, as explained in Section 2.2. 

2.2  Link cost and performances 

The reliable travel cost 𝑐̂௠௝ on a link j in a time slice m is defined as a function () depending 

on the average link cost 𝑐௠̅௝, the cost variance 𝜎௠௝, and the traffic flow 𝑓௠௝: 

 𝑐̂௠௝ ൌ 𝜑൫𝑐௠̅௝, 𝜎௠௝, 𝑓௠௝൯. (1) 

With this definition, the reliable cost 𝑐̂௠௝ for a link j is, in general, different for each time 
slice, as reported in Fig. 2.  
 

 

Figure 2:  Link cost in relation to links and time slices. 

𝑐̂௠௝ 

time slice m, link j 

Time slice
Link 1 … m ..

1
…
j 𝑐̂௠௝

…
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2.3  Paths search and best path 

The path cost is, in general, defined summing (additive cost) the cost of links belonging to 
the path. Also non additive cost can be considered, with an extension of the model reported 
in this section. For the evaluation of the additive cost, the link-path incidence matrix is 
considered. Since the link cost depend also on the time slice m, this approach is modified in 
order to make the path cost dependent on the time slice: 

 𝑔௞ሺ௥,௦ሻ ൌ ∑ 𝛿௞ሺ௥,௦ሻ௠௝ ൈ 𝜑൫𝑐̂𝑚𝑗൯௝ , (2) 

where: 
k(r,s)mj is a binary variable equal to 1 if the link j belongs to the path k(r, s) from origin r to 
destination s in the time slice m, 0 otherwise; 
𝜑൫𝑐̂𝑚𝑗൯ is a function of the reliable link cost. 
 
     Fig. 3 shows this relation. 
 

 

Figure 3:  Path cost. 

2.4  Vehicle routing and best route 

The problem is formulated in order to minimize the total cost of the fleet tour. Assuming a 
fleet of homogenous vehicles (e.g. same load capacity, same battery capacity, …), the 
formulation of the problem is reported in eqn (3), where the objective function is the sum of 
the costs related to all tours needed to perform the delivery service (a tour for each vehicle 
v). The cost is represented by gk(r, s) (defined in previous section), the problem (binary) 
variable is represented by Xvk(r, s). Eqns (4)–(7) are the problem constraints: constraint (4) 
establish that an user s can be reached only once, constraints (5) and (6) impose that the 
vehicles start and come back to the depot d, constraint (7) is on the load capacity of the 
vehicles, constraint (8) is related with the max length of the tour, in relation to the range of 
the vehicle (depending on the battery capacity). This specific constraint is named electric 
constraints. 
     Finally, the constraint (9) defines the value that can be assumed by the design variable. 
     The model, including the objective function, the control variables and the constraints, is: 

 𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒 ሺ𝑿ሻ ൌ ∑ ∑ 𝑔௞ሺ௥,௦ሻ𝑋௩௞ሺ௥,௦ሻ௞௩ , (3) 

subject to: 

 ∑ ∑ 𝑋௩௞ሺ௥,௦ሻ ൌ 1௦    ௩    ∀ 𝑖 ∈  𝐶;  𝑖, 𝑗 ് 𝑑; 𝑖 ് 𝑗, (4) 

 ∑ ∑ 𝑋௩௞ሺௗ,௦ሻ ൌ 𝑢௦௩ , (5) 

 ∑ ∑ 𝑋௩௞ሺ௦,ௗሻ ൌ 𝑢௦ ,௩  (6) 

 ∑ ∑ 𝑞௦  ∙ 𝑋௩௞ሺ௥,௦ሻ ൑ 𝑏௩             ∀ 𝑣,௦  ௥  (7) 

𝑐̂௠௝ 

time slice m, path k(r,s) 

𝑔௞ሺ௥,௦ሻ ൌ ෍ 𝛿௞௠௝ ൈ 𝜑൫𝑐̂௠௝൯
௝

 

r 

s 
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 𝐿௠௔௫ ൑ 𝛼 ∙ 𝑅𝐴𝑁௩                  ∀ 𝑣, (8) 

 𝑋௩௞ሺ௥,௦ሻ ∈ ሼ0, 1ሽ, (9) 

where: 
u is the number of vehicles; 
bv is the load capacity; 
qs is the freight quantity; 
Lmax the max length of a tour; 
RANv is the vehicle range; 
 is a parameter less than 1 to avoid the total discharge of the battery [44]. 
 

 

Figure 4:  Vehicle routing. 

3  NUMERIC RESULTS 
In this section some results obtained in recent publications in three case studies are reported 
(Table 1). 

3.1  I. 

The first experience [45] is relative to an experiment developed in Catania (Italy). In this 
experiment, some vehicles delivering dairy products are equipped with a GPS tracker in order 
to detect the vehicles tour and stops. The surveyed data allows to obtain: (i) values related to 
the travel time related to a set of links; and (ii) the sequence of users served by each vehicle. 
Considering the surveyed data on travel time, a link cost function was specified and calibrated 
for three categories of links. Considering the data on the sequence of users, a comparison 
between observed and optimized tours (by a genetic algorithm) was performed. The results 
demonstrate that the optimization procedure can reduce the observed time by up to 16%. 

3.2  II. 

The second experience [46] is relative to an experiment developed in Villa San Giovanni 
(Italy). The proposed approach is based on the network fundamental diagram (NFD) at two 
levels (link and area). A reliable link travel times function is proposed by considering a 
congestion term (generalized cost) and a reliability term (depends on the NFD of the link and 
on the NFD of the area where the link is located). In the experiment, two objective functions 
are defined for VRP: the first one considers only the generalized cost, the latter the reliable 

𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒 ሺ𝑿ሻ ൌ ෍ ෍ 𝑔௞ሺ௥,௦ሻ𝑋௩௞ሺ௥,௦ሻ 

routes 

𝑔௞ 
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link travel time. The results demonstrate that the approach with reliable link travel time can 
improve the optimization by up to the 5%. 

3.3  III. 

The third experience [47], [48] is relative to an experiment developed in Roccella (Italy). The 
experiment is relative to the backward area of the Port. Electric vehicles are considered for 
the routing. The energy for vehicle recharge will be produced by the sea and the transport 
service will be with zero emission in the wall chain Well-To-Tank/Tank-To-Wheel. Data 
considered for the models’ calibration are obtained from floating car data. 
     Routing services are designed in different mobility scenarios. Three objective functions 
(eqn (3)) are considered in the optimization: minimum energy; minimum travel time; 
minimum travel distance. In the objective function, only one objective is considered (mono-
criterion approach) among those reprinted. Furthermore, the energy consumption is evaluated 
considering the equations of the mechanics of locomotion, considering also the recoveries of 
energy in the case of the electric vehicle. Therefore, the energy consumed and the travel time 
do not have a high degree of correlation. With the criteria of minimum travel time (III.a), the 
travel time reduction is about 22% respect the values obtained with the criteria of minimum 
energy consumption. With the criteria of minimum energy consumption (III.b), the energy is 
reduced about 29% respect the values obtained with the criteria of minimum travel time. 
     These analyses become relevant when planning the number of paving stones to be used 
as energy savings require longer travel times and therefore a greater number of available 
vehicles and related costs. 

Table 1:  Comparison of the case studies. 

Case study I. II. III. 
Urban (U), Extra-urban (E) U and E U U and E 
Floating car data Yes (Small) No Yes (Big) 
  
a. Estimation of reliable link travel 
time 

Yes 
No 

(simulated)
Yes 

b. Generation and choice of best path Yes Yes Yes 
c. Evaluation and choice of best route Yes Yes Yes 

d. Typology of vehicles Traditional Traditional 
Traditional and Pure 

Electric 
  

Criterion for the optimum Travel time Travel time 
III.a Travel 

time 
III.b 

Energy 
Reference scenario Current Current III.b III.a 
Travel time in optimal scenario  -16% -5% -22% – 
Energy in optimal scenario – – – -29% 

4  CONCLUSIONS 
In this paper, the problem of optimizing vehicle routing has been studied. The problem is 
relevant for the planning of services and the ex-ante evaluation of the effects deriving from 
interventions. The problem has been faced considering the use of electric vehicles that require 
particular autonomy constraints but allow the planning and realization of sustainable 
services. 
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     The problem has been formulated considering three main aspects: the generalized cost on 
the links of the transport network and the relative reliability; the route cost between each pair 
of nodes to be visited for the taking and delivery of the freight; the best sequences of the 
nodes to visit. 
     Some case studies have been reported where it is noted that the optimization of services 
produces benefits of travel times varying between 5% and 22%. In terms of the use of electric 
vehicles, the optimization with respect to energy implies an increase in travel times; in 
percentage terms, the two quantities (energy reduction and increase in travel time) are quite 
comparable (29% and 22%). 
     The reported and commented results refer only to case studies. In the future these results 
will have to be confirmed and compared in other case studies to validate the goodness of the 
reported methodology. 
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