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Abstract. In this work, we propose a system for urban freight transport managed 
by an insertion algorithm for the pickup and delivery problem and characterized 
by a fleet of electrical vehicles. To improve the use of such a system, a toll for the 
most polluting vehicles is introduced, with the aim of reducing emissions and 
allowing the establishment of scale economies. In order to determine the 
influence of the pricing policy on the mode choice between the sustainable and 
the traditional system, an equilibrium model will be introduced. An application of 
the proposed model to the network of Rome is also presented. 

1. Introduction 
The problem of reducing polluting emissions in city center areas has became an important 
issue for local administrations, especially when the aim is to protect a precious artistic 
heritage, such as that of most European cities. An effective policy to pursue this objective 
could be the introduction of access restrictions to the most polluting vehicles. On the other 
hand, it is necessary to offer valid transportation alternatives to compensate the bans 
imposed to the free use of road. An important percentage of the traffic that involves the city 
center is concerned with the distribution of goods, which is often realized using highly 
polluting vehicles. On this basis, it would be helpful if a part of these movements were 
performed using a sustainable system of pickup and delivery that uses a fleet of electric 
vehicles in the context of a demand responsive service. In this work, we present a model to 
evaluate the potentiality of such a system associated with a toll pricing policy for the access 
to central areas by traditional vehicles. The proposed scenario is interesting for different 
reasons: firstly, since the sustainable system uses electrical vehicles, it allows a significant 
reduction of polluting emissions; secondly, the introduction of road pricing for traditional 
vehicles indirectly favors the use of the sustainable system and therefore facilitates the 
activation of the scale economies which characterize any scheme of organized pickup and 
delivery; thirdly, in the sustainable system the vehicle routes are designed with the aim of 
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maximizing a certain objective function, which may include the reduction of traffic 
congestion. 

The simulation of the sustainable system is obtained using a variant of the insertion 
algorithm for the dial a ride problem presented by Jaw et al. [4]. This algorithm allows to 
solve pickup and delivery problems with the further constraints concerning the use of 
electric vehicles, which are characterized by a limited energy capacity, thus implying the 
need of recharge stops along their routes (Catta, Filippi, Gentile, 2004 [1]). 

A customer who needs to deliver goods to the city center has two different alternatives: 
he can use a traditional distribution system, that in this work will be specified only in terms 
of its generalized cost; or he can opt for the new sustainable service. This choice will be 
represented using a logit model, where the costs of the two alternatives are: on one side, the 
generalized cost of the traditional system, which is to be added to the access toll; on the 
other side, the fare of the sustainable system, assumed proportional to the generalized cost 
of the traditional system. It is important to note that the latter depends on the dimension of 
the sustainable system itself in presence of scale economies within the production of the 
service, due to the greater possibility of organizing efficient vehicles routes and to the 
presence of fixed management costs. 

Thus, given the toll level, a user equilibrium is established, where the demand is 
represented by the mode choice model, and the supply is represented by the fare model of 
the sustainable system, that is characterized by scale economies. Note that this equilibrium 
is not necessarily unique because of the decreasing trend of the cost function of the 
sustainable system. The user equilibrium will be formalized as a fixed point problem 
between the demand and the supply models. The latter is based on a Montecarlo simulation 
in order to determine the average performances yielded by the actual space-time 
distribution of the demand, which is represented by the origin/destination flow matrix just 
in aggregate terms. 

On the basis of this equilibrium model, with reference to the case of Rome where a well 
defined Limited Traffic Zone (ZTL) protected by means of electronic gates is in use, a 
sensitivity analysis will be performed carrying out simulations with increasing toll levels, to 
determine the ideal dimension of the sustainable system and the optimal toll level. 
Furthermore, we will analyze the existing relationship between the toll pricing policy and 
the modal split, to find out the influence of the proposed strategy on polluting emissions in 
the center of Rome. 

2. Equilibrium model 
All the variables of the transport system are referred to a specific time interval [0,Θ] whose 
duration is such that the hypothesis of constant travel times is acceptable. The road network 
is represented by an oriented graph G = (N, A), where N is the node set and A is the arc set. 
A travel time and a slope are associated with each arc a = (i,j) ∈ A. 
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2.1. Demand 

A flow of freight transportation demand Nod referred to a standard unit of goods is 
associated with each origin-destination pair (o, d)∈ C×C, where C⊆N is the centroid set. 

Every single request of freight transportation relative to the pair (o, d), is associated 
with a desired delivery time t, with a node of effective origin i∈N(o), and with a node of 
effective destination j∈N(d), where N(x) is the subset of the nodes belonging to the zone 
whose centroide is x∈C; N(x)∩N(y) = ∅; ∀x ≠ y ∈C; ∪x∈C N(x) = N. We assume that the 
desired delivery time is uniformly distributed within the considered time interval : 
 fT(t) = {1/(Θ-w), w ≤ t ≤ Θ; 0, otherwise, (1) 
where [t -w, t] is the time window when the delivery must take place, and w is the time 
window duration. Similarly, we assume that the node of effective origin and the node of 
effective destination are distributed among those relative to their centroid: 
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2.2. Supply 

We assume that the cost Cod of a shipment from o∈C to d∈C  with the traditional system 
has a linear functional relationship with time Tod necessary to transport a unit of goods from 
o to d with reference to the considered time interval : 
 Cod = γ⋅Tod + ξ (4) 
The value of Tod is calculated by a shortest path algorithm. The introduction of the toll ρ 
represents an additional cost for the traditional system. 

The value of the fare Zod to use the sustainable system is assumed proportional to the 
generalized cost Cod : 
 Zod = β ⋅ Cod (5) 
where β is a given coefficient. 

It is assumed that the sustainable system is characterized by a fixed operating cost G0 
and by an operating cost G(D) variable with the demand D that uses the service; moreover 
the fares are such that the revenue covers totally the operating cost: 
 ∑od Zod ⋅ Dod = G0 + G(D) (6) 
based on equations (5) and (6), it is: 
 β = [G0+ G(D)] / ∑od Cod ⋅ Dod  (7) 
Thus, from (5) and (7) we have: 
 Z = Z(D) (8) 

Note that the costs are a decreasing function of the demand for the presence of fixed 
management costs and scale economies in the production of the service. 
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2.2.1. Determination of G(D) using a Montecarlo simulation 

As it has been said, the vector D does not specify completely the demand of the sustainable 
system, being each shipment request characterized by random variables (see (1), (2) and 
(3)). Let H(D) denote the set of single shipments correspondent to demand D. 

To determine the variable operating cost we use a Montecarlo approach, that is we 
calculate G(D) as the mean of the operating cost ϕ resulting from the solution of the pick up 
and delivery problem for n sets of shipments randomly extracted: 
 G(D) = E[ϕ(H(D))] ≈ 1/n ⋅∑k = 1, … , n ϕ(Hk) (9) 
where Hk is the result of the k-th extraction. 

The set of the actual demand Hk is obtained extracting randomly for every pair (o, d) an 
integer number 
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where rod∈[0,1) is a uniformly distributed, 

of triplets (t,i,j) from the distributions fT(t), fG(i;o) and fA(j;d) defined respectively by the 
equations (1),(2) and(3). 

2.2.2. Modal split and equilibrium model 

Using the Logit model the probability Pod that a customer chooses the sustainable system is: 
 Pod = 1 / (1 + exp[(Zod - Cod -ρ) /θ] (10) 
In compact form: 
 P = P(Z; ρ) (11) 

Therefore the flow of goods transported from o∈C to d∈C by means of the sustainable 
system is given by: 
 Dod = Nod ⋅Pod(Zod; ρ) (12) 

For every given toll ρ, the equilibrium between the mode choice and the fare of the 
sustainable system can be therefore formalized as the following fixed point problem: 
 D = diag(N) ⋅ P(Z(D); ρ) (13) 
Problem (13) can be solved using the method of successive averages. 

2.3. The pickup and delivery problem with energy constraints 
In this section a heuristic algorithm for the solution of the pickup and delivery problem 
with time windows, which is concerned with developing a set of routes for a fleet of 
electrical vehicles serving customers who demand to ship goods from a specified origin to a 
specified destination within a specified time window. 

Vehicle routes must respect the following constraints:  
• each route of a vehicle starts and ends at a specified depot; 
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• for each request, both the pickup and the delivery must be performed within a same 
route and the pickup must precede the delivery; 

• the total load capacity of the vehicle can never be exceeded; 
• the delivery of goods must be carried out within the allowed time window. 

An additional constraint is concerned with the fact that every vehicle has a battery of 
limited capacity and is characterized by an energetic consumption which is proportional to 
the transported load and to the slope of the arcs on its route, then:  

• during a route the residual energy available by the vehicle cannot become lower 
than a given threshold. 

The proposed algorithm builds up dynamically the vehicle routes by means of 
sequential insertions guided by a non-linear objective function, extending the method 
presented in Jaw et al. [4] to the case of the pickup and delivery problem with energy 
constraints. Because electrical vehicles have a limited energy capacity, they need to be 
recharged during the service. The insertion of a new shipment into the work schedule of a 
vehicle is unfeasible if it causes the violation of the energy threshold during any task 
already assigned to that vehicle, including the return to the depot at the end of the actual 
schedule. When the performed insertion is such that at some point during the resulting 
vehicle route the reserve of energy is lower than the specified threshold, the algorithm tries 
to insert in the schedule a recharge (that is a detour to the nearest charging station and a 
charging period), searching among all the available slack times (that are the periods when 
the vehicle idles) in chronological order between the threshold violation and the previous 
recharge. The duration of the charging period depends on the maximum amount of energy 
that can be refilled and on the vehicle recharging speed, consistently with the upper bound 
due the tasks already assigned. 

3. A numerical application to the network of Rome 
In this section we present some figures concerning the application of the proposed model to 
the network of Rome. For a discrete set of tolls ρ spanning from 0€ to 14€ we have 
determined the modal split of the new system, the costs of the two systems, the revenue and 
the required number of electrical vehicles, which are shown as a function of the fare ρ. 

As expected as the toll increases the modal split of the new system increases, while the 
total cost and the environmental cost decrease. The revenue from the toll pricing has a 
maximum around 6€. Clearly the number of vehicles required increases also. 
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Figure 1. Results obtained applying the model to the network of Rome  
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