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Abstract

The growing concern over emissions from last-mile logistics is motivating the development of innovative
delivery models aimed at reducing environmental impact and traffic congestion. To this end, we propose a
last-mile delivery scheme based on both public drop-off boxes and autonomous delivery robots. Unlike cur-
rent practices, we assume that parcels are primarily delivered by a fleet of traditional vehicles to a number
of drop-off boxes owned by the municipalities and shared by several logistics providers. Then, citizens must
autonomously reach the drop-off point to retrieve their parcels. An exception is made for a small group
of customers (like, for instance, elderly or disabled people) whose parcels are loaded on autonomous deliv-
ery robots and home-delivered, starting from the drop-off points. To tackle this problem, we devise tailored
destroy-and-repair operators to be embedded into a neighborhood-search framework. We then conduct an
extensive computational study on a set of realistic instances based on the urban area of Rome (Italy), aimed
at assessing the benefits of the proposed last-mile delivery infrastructure, compared to traditional distribu-
tion methods. Additionally, we evaluate the environmental and economic advantages of using autonomous
delivery robots and drop-off points.

Keywords: last-mile logistics; autonomous delivery robots; parcel lockers; metaheuristics

1. Introduction

The e-commerce sector is facing unprecedented growth, with global sales expected to surpass eight
trillion dollars by 2027 (Statista, 2024). This exceptional trend has created significant challenges
for the last-mile delivery industry, needing to adapt to such increasing volumes and costs, as well
as to enhance efficiency and sustainability. This has led to the development of innovative solutions
aimed at reducing costs, as well as health and environmental impacts. To this end, an emerging
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solution in the last-mile logistics sector is the use of drop-off points, which include parcel lock-
ers (PLs) (Deutsch and Golany, 2018). PLs are typically unmanned facilities where customers can
pick up their parcels through locked compartments equipped with technology for securely open-
ing (e.g., secret codes, electronic keys, or mobile apps). This system enables handling more parcels
per stop compared to traditional home deliveries. Moreover, it provides additional flexibility for
customers, because they do not necessarily need to be at home to wait for the driver to deliver
their parcels (Seghezzi et al., 2022; Zhou et al., 2026). Another emerging technology in last-mile
logistics is the use of autonomous delivery robots (ADRs), which are small, electric-powered ve-
hicles capable of navigating urban environments (mainly using sidewalks) to deliver parcels to
customers. Examples are the robots developed by Starship Technologies (www.starship.xyz), Ot-
tonomy (www.ottonomy.io), or Carteken (www.cartken.com). Recent studies (e.g., Srinivas et al.,
2022) review the advantages of employing ADRs for last-mile delivery, highlighting their potential
to reduce both emissions and delivery times, especially in densely populated areas. Other studies,
such as Koh et al. (2024), discuss several issues about the customer acceptance of autonomous
robots in last-mile delivery, emphasizing the aspects which can promote ADR adoption.

Despite the promising results of both PLs and ADRs, very few studies have investigated the
combination of these two technologies in a joint last-mile delivery model. Among these, Moradi
et al. (2024) study a problem where trucks depart from a central depot and deliver parcels directly
to either a subset of customers or PLs. Customers can choose to retrieve their items from these
PLs if they prefer the pickup option. Additionally, each truck is equipped with an ADR, which
disembarks, serves one or more customers, and returns to the truck for battery replacement and
package collection. In this context, the trucks function as mobile satellite depots for the ADRs.

In our work, we tackle this issue from a different perspective by proposing a delivery system
that leverages both public drop-off boxes and ADRs, with the aim of reducing costs, emissions,
and delivery failures. The primary innovation in our approach lies in imposing the mandatory use
of public drop-off points for the majority of customers, with only a selected group of customers
with special needs (also referred to as priority customers) allowed to receive their parcels at home,
delivered by ADRs. This scheme could be beneficial from several points of view. First, consolidating
deliveries at a number of PLs would result in a reduced number of stops for the delivery route, thus
reducing the traveled distance and lowering emissions. Moreover, this would also result in cutting
logistics costs for companies, effectively eliminating the possibility of unsuccessful first-attempt
delivery, which constitutes a serious issue (Lim et al., 2023). In addition, using ADRs would reduce
road congestion, given that they primarily use sidewalks to move around the city. As a further
positive side-effect, this scheme would encourage citizens to adopt a more active and healthier
lifestyle (e.g., the well-known “10,000 steps a day” initiative; see Tudor-Locke and Bassett, 2004).

To solve this problem, we make use of tailored destroy-and-repair operators to be embedded into
a neighborhood-search framework. Our approach is tested on a set of realistic instances based on
the urban area of Rome (Italy), in which we assess the benefits of the proposed last-mile delivery in-
frastructure, compared to traditional distribution methods. Additionally, we provide some insights
about the environmental and economic advantages of using ADRs and PLs.

The remainder of the paper is organized as follows. In Section 2, we provide an overview
of the literature related to our problem. Then, in Section 3, we formally describe the problem,
whereas in Section 4 we detail our solution approach. Finally, Section 5 presents the results of our
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computational experiments, comparing our approach with two traditional scenarios, and Section 6
concludes the paper.

2. Literature

Our paper is mainly related to the research streams involving the use of PLs and ADRs for improv-
ing last-mile delivery performance, regarding costs, first-attempt deliveries, and delivery times.

In our study, we assume that the locations of PLs have already been defined. Hence, here we
do not review the contributions about locating PLs within the urban area (see, for instance, Kahr,
2022; Zhang et al., 2023). Concerning the usage of PLs as a delivery mode, Iwan et al. (2016)
propose an analysis of their usability and efficiency in the context of the Polish company InPost.
Zhang and Lee (2016) were among the first to introduce the concept of incorporating visits to both
PLs and customers’ homes within a single routing plan, demonstrating the potential advantages
of this approach. The authors assume that each customer selects their preferred delivery location
(either a specific drop-off point or a private address), and the company then optimizes the routing
plan to minimize costs. Wen and Li (2016) study a vehicle routing problem (VRP) with soft time
windows for last-mile delivery, examining the impact of adding lockers. The goal is to minimize
transport costs, soft time window penalties, CO, emissions, and labor and vehicle costs. When in-
cluding the lockers as a delivery alternative, time window constraints are removed, and locker rental
and small van acquisition costs are included. In Zhou et al. (2018), the authors propose a multi-
depot two-echelon VRP in which customers can choose from various delivery options, enabling
them to collect their packages at designated pickup locations. To address this problem, a hybrid
multi-population genetic algorithm is proposed. More recently, Mancini and Gansterer (2021) pro-
pose a mixed delivery approach, combining home delivery and PLs with time windows. They solve
large instances using two matheuristics. In a similar fashion, Carotenuto et al. (2022) compare
two different delivery options: traditional home deliveries and locker deliveries. The results, ob-
tained using a matheuristic, show that PLs can significantly reduce pollution. A similar analysis is
presented in Pinchasik et al. (2025), where, in addition to substantial potential for CO, reductions,
decreases in external (societal) damage costs are observed, attributed to reduced traffic. Then, Zang
et al. (2023) propose an urban delivery problem aimed at minimizing delivery and self-pickup costs
under conflicting time window constraints. To address this, they formulate a mixed-integer linear
programming model and provide a branch-and-cut algorithm. A recent contribution is given by
Orhan and Wallace (2025), who assess, in cooperation with local authorities in Bergen (Norway),
how PLs can improve urban sustainability and liveability through more efficient deliveries. A sys-
tematic literature review about the usage of PL solutions for last-mile delivery is reported in Zhang
and Demir (2025).

Concerning employing ADRs for last-mile delivery in urban areas, a recent review is due to
Srinivas et al. (2022). Given the limited distance that an ADR can cover with a full battery, in
the literature, they are typically studied in conjunction with other means of transport. A first
alternative is jointly using trucks and robots, for which a notable contribution is due to Boysen
et al. (2018), who propose an iterated local search approach for a problem where a truck operates
alongside multiple ADRs. In this paradigm, the truck is first loaded with parcels at a central
depot and then moves toward the city center, where the ADRs begin their routes, serving a single
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customer and returning to a designated depot after each delivery. Chen et al. (2021) address a
VRP with time windows and delivery robots, developing a two-stage matheuristic using clustering
techniques. Alfandari et al. (2022) propose a variant of this problem focusing on minimizing tar-
diness concerning customer delivery deadlines, using a branch-and-benders-cut algorithm. Other
contributions are due to Yu et al. (2022, 2024). In the former, the authors introduce a two-echelon
pickup and delivery system involving a van and a robot, in which the van stops at certain nodes
to drop off or pick up the robot, replenishing or swapping its battery if needed. To address this,
the authors propose a mixed-integer model and an adaptive large neighborhood search (ALNS)
algorithm. In Yu et al. (2022), the authors explore a variant where robots can be recharged while
on the vans, improving the distribution system’s efficiency, again using an ALNS algorithm. In
the mixed truck-and-robot delivery model proposed by Heimfarth et al. (2022), trucks also deliver
goods to customers. This problem is addressed using a variable neighborhood search. Finally,
Ostermeier et al. (2023) extend this problem to include multiple trucks and propose a customized
heuristic based on a set improvement neighborhood search.

In a different delivery setting, ADRs make use of a public transportation service as part of their
trips. Examples of works in this context are represented by Mourad et al. (2021), Ermagan et al.
(2024), and De Maio et al. (2024). In particular, Mourad et al. (2021) consider an integrated system
in which a set of freight requests needs to be delivered using a fleet of delivery robots that can use the
public transportation system. The availability of space on the public transportation vehicles is not
known in advance, so the authors present a sample average approximation method combined with
an ALNS to solve the stochastic optimization problem. Subsequently, Ermagan et al. (2024) study
a pickup and delivery problem, in which delivery robots serve a set of dynamic requests and are
allowed to use more than one public transit vehicle. To optimize real-time operations, the authors
propose a rolling-horizon algorithm based on column generation. Finally, De Maio et al. (2024)
analyze a similar routing problem in which a fleet of ADRs can travel on the road network, as
well as on vehicles of the public transportation system. To build delivery robot routes synchronized
with the rides of the public transportation lines, the authors develop a tailored destroy-and-repair
mechanism embedded into a neighborhood search algorithm.

The contribution of our paper with respect to the previous literature is twofold. First, we propose
a delivery framework in which, apart from some exceptions, home deliveries are not allowed, with
PLs as the primary destination for parcels. For priority customers, ADRs are used to bring the
parcels from the PLs to their private addresses. To the best of our knowledge, this is the first contri-
bution combining PLs and ADRs. Second, we evaluate the proposed scheme on realistic instances
based on the urban area of Rome (Italy) and assess the environmental and economic benefits of
employing ADRs and PLs.

3. Problem statement

In our envisaged last-mile delivery framework, we assume that the service territory is an urban area
infrastructure with a dense network of public PLs, managed by the municipality. In this smart-city
model, direct deliveries to private residences are not allowed, with some exceptions represented
by priority customers with specific requisites (e.g., elderly or disabled people), whose parcels are
home-delivered by ADRs, initially located at some specialized depots. The PLs are finite in number
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and have limited capacity. Once loaded with parcels, they remain unavailable until the parcels are
retrieved by customers. Two types of vehicles are involved: vans (which may be electric) and ADRs.
Starting from a main depot, vans deliver parcels to the PLs, which are accessible both to final
recipients, that is, private individuals, and to a fleet of ADRs. All recipients, except for a subset of
priority customers, are required to collect their items in person from the lockers. More specifically,
when placing a delivery request, a customer must specify k PLs in order of preference. On the
other hand, priority customers do not choose a subset of PLs, but the k closest to their address
are automatically assigned to the request. For both types of customers, if the k selected collection
points do not have residual capacity, then the delivery is performed by a van.

To formally describe our problem, let G = (V, A) be a directed graph, in which V' denotes the
set of vertices and A represents the arc set. Set V' is partitioned as V' = {0} U C U P U D, where 0 is
the van depot, C is the set of customers, P is the set of PLs, and D is the set of ADR depots. The
set of customers C is further divided into two different subsets, C, and C,,, which contain priority
and non-priority customers, respectively. We assume that each customer i € C is characterized by
a unit demand. In addition, when placing an order, a customer i € C,, specifies k alternative PLs,
associating a preference to each of them. We denote as L; C P the list of PLs chosen by customer i.
For priority customers i € C,, L; is constituted by the k PLs closest to their private address. In both
cases, such an address is added to L, with the lowest preference, to ensure that a feasible solution can
always be obtained. Each PL p € P has a limited capacity Q,, representing the number of lockers
available for hosting parcels. Concerning ADRs, each of them has a capacity Q; and a maximum
distance § that can be covered with a full battery. At the beginning of the planning horizon, the
parcels constituting customers’ requests are located at depot 0, from which a fleet of vans moves to
take them to the PLs, from which they will be either picked up personally by non-priority customers,
or delivered by ADRSs to the private addresses of priority customers. As mentioned before, if all the
preferred PLs of a request have no residual capacity, then the corresponding parcels are home-
delivered by the vans during their routes. The goal is to determine to which PL each request i € C
should be delivered, so that either the preferences expressed by customers are maximized (if i € C,)
or the distance traveled by ADRs is minimized (for customers i € C)).

A solution to our problem consists of (i) assigning each request to either a PL or to a private
address, so to favor the assignment of lockers with the highest preference to non-priority customers,
and those with the highest proximity to priority customers; (ii) routing the fleet of vans, starting
from depot 0, visiting a number of PLs and (if necessary) private addresses, and returning to the
depot; (iii) routing the fleet of ADRs, starting from a depot in D, visiting PLs to pick up some
parcels to be home-delivered to priority customers, and returning to the depot.

To evaluate the quality of a solution, we consider three different objective functions, defined as
follows.

* Minimization of a penalty measure, representing the total inconvenience for not associating a
customer i € G, to their most preferred PL or a customer i € C,, to the PL closest to their private
address. This is expressed by ) ._ 7;, where 7; is the penalty for customer i € C.

* Minimization of CO, emissions, obtained as e, A, + e; A4, where A, and A, are the total dis-
tance (in kilometers) traveled by vans and ADRs, respectively, and e, and e, represent the CO,
emissions per kilometer for traditional vans and ADRs, respectively.
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* Minimization of the overall traveling cost, obtained as ¢, A, + ¢;A,4. Here, ¢, and ¢, represent the
fuel/energy cost per kilometer for vans and ADRs, respectively.

Details about the values of the coefficients used in our experiments are provided in Section 5.

4. Solution approach

To tackle the problem described in Section 3, we move on from an initial feasible solution and
propose tailored destroy-and-repair operators to be embedded into a large-neighborhood-search
scheme (Pisinger and Repke, 2010). In the following, we begin by describing the procedure used to
construct the initial feasible solution, based on a two-step approach, in which an integer program-
ming model chooses how each customer should be served; then a black-box solver determines the
routes visiting the drop-off points and the customers. After determining the initial solution, we then
move on to the core of the methodology: the destroy and repair operators. For each of them, we de-
scribe its purpose, the specific portion of the solution it targets, and the mechanisms through which
it either removes or reconstructs solution elements. Finally, we show how the destroy-and-repair
operators are embedded into a large-neighborhood-search framework.

4.1. Initial solution construction

The basic idea of this phase is to obtain an initial solution by first determining, for each customer,
a suitable means of service chosen among ADR/van or PL/van for i € C, or i € C,, respectively.
Then, the routes for both ADRs and vans are built.

The first step is performed by solving an integer programming model. Given customers i € C and
sets L; (i € C) as defined in Section 3, we consider decision variables y;, (i € C, p € L;), equal to
1 if i € C is associated with drop-off point p € L;, and 0 otherwise. The mathematical model is as
follows:

maxz Zy,-pa,-,,, (l)

ieC pelL;
st Y yip <1 VieC, 2)
peL;
Y yp<0, VpeP, 3)
ieC:peL;
Yip €10, 1} VieC, pelL;. 4)

The model aims to assign a drop-off point to each customer, taking into account the preferences
expressed by standard customers and the distance to the assigned drop-off point for priority cus-
tomers. To this end, the objective function (1) maximizes the weighted sum of such assignment,
where parameters a;, (i € C, p € L;) represent the weight of assigning customer 7 to drop-off point
p- This weight is set to & if p is the customer’s first choice and is decreased by 1 as the preference
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ranking decreases, so that it equals 1 if p represents the customer’s lowest preference (for customers
in C,,) or the farthest drop-off point (for customers in C,). We recall that the cardinality of L, is k
for each i € C. Constraints (2) ensure that each customer is assigned to at most one drop-off point.
Constraints (3) impose that the capacity of the PLs is not exceeded, whereas constraint (4) defines
the domain of the variables.

We notice that a feasible solution may be such that, for some customers i € C, all the corre-
sponding y;, take value 0. In this case, no PLs are selected and such customers’ requests are home-
delivered by vans.

After solving model (1)-(4), we define sets M[i] (for i € C) and L[p] (for p € P), representing
the means of service for customers, and the customers assigned to each PL, respectively. More
specifically, for each i € C,, if there is a PL p € L; for which y;, =1, then M[i] = adr and i is
added to L[p]. On the other hand, if for customers i € G,,, there is a PL p € L; for which y;, =1,
then M[i] = pl and i is added to L[p]. Finally, if for some i € C no y;, variables take value 1, then
M([i] = van.

In the second step, sets M and £ are used to determine the routes for both types of delivery
vehicles, namely ADRs and vans. As far as van routes are concerned, they start from vertex 0 and
visit customers i € C for which M[i] = van, as well as all the drop-off points p € P for which the
corresponding set L[p] contains customers i € C, U C,, characterized by M(i] = pl. On the other
hand, each ADR route starts from a depot, visits drop-off points p € P such that the corresponding
set L[ p] contains customers i € C, for which M[i] = adr, services the corresponding customers, and
terminates at the same depot.

Determining van routes results in solving a VRP, whereas obtaining the ADR routes consists of
finding the solution to a pickup and delivery problem (PDP; see Kog et al., 2020). Since the focus
of our work is not on the routing phase, instead of developing ad-hoc procedures, we make use of
an off-the-shelf solver. Details about the solvers used for both stages are given in Section 5.

4.2. Destroy operator

The destroy procedure is sketched in Algorithm 1. At each iteration, the goal is to determine a
subset C’ of customers for which modifying the locker assignment could potentially lead to an
improved solution (i.e., a solution with a better objective function value), as well as a subset of
lockers P’ to which such customers could be reassigned. The basic idea is to identify customers
that have some potential PLs in common, so that, by changing their assignments, it is likely to find
improved solutions. The procedure takes as inputs a seed customer iy and a parameter / controlling
the size of the neighborhood to be explored. Let p(i) be the locker assigned to the customer i € C in
the current solution. Starting with iy, C’, and P’ are iteratively expanded by considering customers
having common drop-off points (Algorithm 1, lines 7-10). By increasing the neighborhood size
(Algorithm 1, line 13), we take into account the possibility of exploring wider parts of the solution
space. Then, to ensure that a feasible solution can always be obtained, the set P’ is further expanded
to include all the private addresses of the customers in C’ (Algorithm 1, lines 15-17).

In Fig. 1, we report an example of applying the destroy operator of Algorithm 1 with 4 = 2,
where, for each value of “size” marked by an horizontal dashed line, we report the composition
of sets C’ and P, In particular, suppose that, in the current solution, customer iy is assigned to p,
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Algorithm 1. Destroy operator

1 procedure DESTROY(iy, /)

2 size «— 1; C" < @; P < @; C" < {ip} > initialization
3 while size < /1 do

4: Ciemp < 0 > temporary data structure
5: fori e C" do

6: C <~ Culi} > update of C”
7 forpelL;:p¢ P do

8: thmp <~ thmp U {l’ eC: P(l/) = [7}

9: P <~ P U{p} > update of P’
10: end for

11: end for

12: C" < Ciemp

13: size < size + 1 > size update
14: end while

15: fori € C' do

16: P’ < P’ U {private address of customer i}

17: end for

18: returnC’, P’

19:  end procedure

customers #; and i, are assigned to p;, and customer i is assigned to p», that is, p(iy) = p, p(i}) =
plix) = p1,and p(iz) = p>. Moreover, the preferences about the drop-off points are L;, = {p, p1, p2},
L;, = {p1, p2, p3}, Li, = {p1., p3, pa}, and L;; = {p», p3, ps}. Thus, according to Algorithm 1, for
size=1, C' = {ip} and P’ = {p, p1, p}. When size is increased to 2 (the maximum value, in this
example), C" = {iy, i1, i, i3} and P' = {p, p1, p2, p3, p4, ps}-

4.2.1. Choice of iy

The choice of the seed customer iy in the destroy step can influence the performance of the solution
approach. For this reason, in this section, we propose three alternative strategies for determining
1p.

Random. A first straightforward approach is a random choice in which every customer has the
same probability of being selected.

Adaptive. Here, we perform a random choice in which the probabilities that customers are se-
lected dynamically change on the basis of how frequently they have been previously included in ',
in the fashion of a softmax function. Specifically, we denote by n; the number of times customer
i has been included in set C'. Initially, n; = 0 for every customer i € C, and the selection proba-
bility is set as Prob(i) = 1/|C|. Then, at each iteration, we set n; = n; + 1 for every i € C’ and let
i; = nyer — n; denote the number of times 7 has not been included in C’, where 7;, is the number of
iterations performed. Finally, for each customer i € C, the selection probability is obtained as

elli—maxicc (7))

ER N S e

where the term max,cc(7;) is added to overcome overflow issues.
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C" = {io}
P = {p,p1,p2}

C" = {ig, i1, 12,3}
P' = {P,p1,p2,p3, 01,5} size =

Fig. 1. Example of a destroy operator with 4 = 2.

Restricted. In this strategy, we perform a random choice as in the first alternative, but the can-
didate customers’ list is restricted to contain only those who have never been in C’ before. If the
candidate list becomes empty (i.e., all the customers have been included at least once in C’), the
procedure is re-initialized by assigning the same probability 1/|C| to each customer.

4.3. Repair operator

After the destroy phase, the repair operator aims to rebuild the solution by reinserting the elements
from (’, assigning them to the alternatives in P’, possibly enhancing the overall quality of the solu-
tion. To this end, we propose the following binary optimization model that assigns each customer
to one of the available alternatives:

mlnz Z WiaXia, (5)

ieC’" acLiNP
st Y xa=1 Viel, (6)
acl;NP'
> xu<Q, VaeP, @
ieC.ael;
Xipp(ip) = 0 ®)
Xiq € {0, 1} VieC,aeP. 9)

© 2026 The Author(s).
International Transactions in Operational Research published by John Wiley & Sons Ltd on behalf of International Federation
of Operational Research Societies.

8510017 SUOWILIOD AITER.D 3|ed1 ke aU) Aq PoueA0B a6 BRI YO ‘35N 10 S3|N1 10} AXeidl1 BUIIUO AB1A UO (SUO HIPUOO-pUE-SWBILLID"/B |14 ARe.q 1[BUIIU0//STY) SUOIIPUOD PUE S | 8U) 89S *[9202/90/80] UO AXeidl|8UIIUO /31 * 30915 7, 101]0lIG JU J0S OMBES P BISIBAIN Ad 69TOL JONTTTT OT/I0p/WOd A8 |IW AZRIq1pu 1|u0//:SdNY OIS POpeo|umoq ‘9 ‘9202 ‘G66EGLYT



3834 G. Ghiani et al. / Intl. Trans. in Op. Res. 33 (2026) 3825-3854

Algorithm 2. Pseudocode of the large-neighborhood-search algorithm

1 procedure LARGENEIGHBORHOODSEARCH(S0, Mmins fmax, Tax, Z)
2 current < s,

3 while time < T;,,« do

4 h <~ hmin

5: ip <= CHOOSESEEDCUSTOMER()

6 while /1 < /i, do

7 s* < DESTROY-AND-REPAIR(current, iy, /)
8 if z(current) < z(s*) then

9: current < s*

10: h < Nin

11: else

12: h<—h+1

13: end if

14: end while

15: end while

16: returncurrent

17: end procedure

Here, the decision variable x;, takes value 1 if i € C’ is assigned to alternative ¢ € L; N P’, and 0
otherwise. The objective function aims to minimize a weighted sum of the assignment variables,
prioritizing customer satisfaction (i.e., assignment of a customer to the alternative with the highest
preference), while penalizing van deliveries. In (5), parameter w;, represents the weight of assigning
customer i to alternative a. This weight is set to 0 if @ is the customer’s first choice, and is increased
by 1 as the preference given to an option decreases. If a refers to a delivery by a van at a private
address, wy, is set to a reasonably high value. Constraints (6) ensure that each customer is assigned
to exactly one alternative. Constraints (7) impose that the capacity of PLs is not exceeded, whereas
constraint (8) prohibits reassigning customer i to its original PL. Finally, constraints (9) define the
domain of the variables.

After reassigning each element of C’ to a feasible alternative, the routing is demanded to an
off-the-shelf solver in the fashion of Section 4.1. Again, details about the specific solvers used are
provided in Section 5.

4.4. A large neighborhood search procedure

As mentioned before, the sequence of destroy-and-repair operations is repeated until a stopping
criterion is met, in a large-neighborhood-search fashion (Shaw, 1998). The pseudocode of the pro-
cedure is reported in Algorithm 2 for the sake of completeness. The algorithm takes as inputs: sp, the
initial solution; /., and /.y, the minimum and the maximum level of depth in the destroy phase,
respectively; Thax, the time limit; z(-), the performance measure according to which a solution is
evaluated. Regarding the latter, in this paper, we consider the three different objective functions
defined in Section 3, all of which must be minimized.
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The procedure is repeated until a maximum time limit is reached (Algorithm 2, line 3). Starting
with the lowest value for parameter / for the destroy phase (Algorithm 2, line 4), we first identify
the seed customer iy (Algorithm 2, line 5), as defined in Section 4.2.1. Then, a destroy and a repair
step are performed in sequence on the current solution (Algorithm 2, line 7). If the new solution
obtained is better than the current, then the current is updated and /4 is eventually set back to the
initial value (Algorithm 2, lines 8-10). Otherwise, / is increased by 1 to widen the search space to
be explored within the destroy-and-repair step (Algorithm 2, line 12).

5. Computational experiments

In this section, we describe the computational results of the analysis we have performed to assess
our approach. All the algorithms have been coded in Java, whereas the mathematical models have
been coded in OPL and solved using IBM ILOG CPLEX 22.1.0. As an off-the-shelf solver for
the VRP and the PDP, when constructing the initial solution and when repairing the solution,
we have used the OR-Tools library by Google (https://developers.google.com/optimization). The
experiments have been run on a Linux machine with an Intel Core 17 processor clocked at 3 GHz
and equipped with 16 GB of RAM. In what follows, we first describe the instances used in our
tests and the algorithm setting, and then we present and discuss the results of our experimentation,
together with a sensitivity study. Finally, we report some insights of a managerial analysis to show
the potential cost and environmental benefits of the proposed delivery framework, in comparison
to more conventional approaches.

5.1. Test instances

To test our approach, we have generated instances resembling the distribution of parcels in the
urban area of Rome (Italy). By uniformly sampling from a dataset of real addresses extracted from
OpenStreetMap (www.openstreetmap.org), we have obtained the customer locations, the drop-off
points, the ADR depots, and the van depot. Thus, we have generated three datasets of 10 instances
each, characterized by |C| € {500, 700, 900}, | P| = 50, and | D| = 25. Moreover, we have considered:
number of priority customers, |C,| = 0.3|C|; number of alternative PLs, k = 3; PL capacity, 0,
uniformly selected in {3, 4, 5, 6, 7, 8}; ADR capacity, O; = 3; ADR maximum distance that can be
covered with a full battery, § = 16 km.

5.2. Algorithm setting

Our algorithm has been tested with a time limit 7;,,x = 30 minutes and the three different strategies
for selecting the seed customer i, described in Section 4.2.1, namely random, adaptive, and re-
stricted. Moreover, the values of A, and /sy, are 2 and 5, respectively, and we impose a time limit
of five minutes for each repair step. Regarding the three performance measures, their parameters
are defined as follows.
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* Total penalty: the penalty associated with each customeri € C,, is 7; = j, if the assigned PL is the
jth among those in L;, in order of decreasing preference (j = 1, ..., k). If the customer is served
by a van, then 7; = k + 1. Concerning customers i € C,, the penalty is ; = 0 if the customer is
served by an ADR, and 7; = k£ + 1 if it is served by a van.

* CO; emissions: similarly to De Maio et al. (2024), in our experiments, we have considered e, =
0.200 kg of CO,/km, and ¢; = 0.001 kg of CO,/km.

» Costs: again inspired by De Maio et al. (2024), the fuel cost per kilometer for traditional vans is
obtained by considering a cost of 1.90 € /1 of diesel fuel and an average consumption of 8.21/100
km (mixed driving), leading to ¢, = 0.156 € /km. Regarding ADRs, the energy cost per kilometer
is obtained by multiplying an energy cost of 0.30 € /kWh and an energy consumption of 0.0247
kWh/km, obtaining ¢; = 0.007 € /km.

Concerning the options used for the routing solver in OR-Tools, to generate the initial solution, we
employed PATH_CHEAPEST_ARC for the VRP and PARALLEL_CHEAPEST_INSERTION
for the PDP. The former starts from the route’s start node and iteratively connects it to the
node that yields the cheapest additional segment, extending the route from the most recently
added node. The latter incrementally builds a solution by inserting, at each step, the cheapest
node in its cheapest feasible position. For the local search phase, in both problems we selected
GUIDED_LOCAL_SEARCH, which relies on the guided local search metaheuristic (Voudouris
et al., 2025) to escape local minima.

5.3. Results analysis

In this section, we analyze the results obtained by our solution approach with the three strate-
gies for selecting customer iy and the three performance measures of Section 3. Tables 1-9 report
the results differentiated according to the number of customers and the performance measure. The
strategies used to identify the seed customer are labeled as “RANDOM,” “ADAPTIVE,” and “RE-
STRICTED.” On the other hand, the performance measures are labeled as “PENALTY,” “EMIS-
SIONS,” and “COST.” In the tables, the “INITIAL” columns contain the objective function values
of the initial solutions. Moreover, for each seed customer strategy, the column headings are as fol-
lows: “z*,” best solution found by the considered strategy, within the given time limit (the bold
values are the best among all the three strategies); “DEYV,” percentage deviation of the performance
measure value compared to INITIAL, obtained as DEV = 100(z* — INITIAL)/INITIAL (as far
as DEV is concerned, a negative value means that the considered result is better than INITIAL);
“Time best,” time (in seconds) to find the best solution; “A,,” total distance (in kilometers) trav-
eled by vans in the best solution; “A,,” total distance (in kilometers) traveled by ADRs in the
best solution.

Concerning the PENALTY performance measure, it is worth noting that the initial solution
obtained by model (1)—(4) is already of very high quality. In fact, this solution matches the best
solution found at the time limit in five, eight, and three out of 10 instances for the cases with 500,
700, and 900 customers, respectively. For the remaining instances, the best strategy turns out to
be RESTRICTED for the cases with 500 and 700 customers, and RANDOM for those with 900
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Table 10

Results of the sensitivity analysis for k& for the instances with 500 customers

Instance Emissions Cost Emissions Cost DEV emissions DEV cost Emissions Cost DEV emissions DEV cost
500_1 66.44 5630 67.32 52.77 1.32% —6.26%  69.26  56.77 4.24% 0.85%
500_2 65.68 54.17 66.95 51.05 1.94% —5.74%  66.48 5498 1.22% 1.51%
500_3 68.37 56.82 61.76 52.61 —9.66% —7.40%  64.96 53.17 —4.98% —6.42%
500_4 80.17 66.01 58.14 4843  —27.48% —26.63%  70.27 58.00 —12.35% —12.13%
500_5 62.29 51.57 60.57 50.38 —2.76% —2.32%  73.83  60.73 18.52% 17.76%
500_6 48.83  41.05 65.50 54.45 34.14% 32.63% 59.43  49.45 21.71% 20.44%
500_7 61.28 5379 81.08 66.13 32.31% 22.95% 66.18  54.58 7.99% 1.48%
500_8 64.35 53.05 64.66 53.26 0.48% 0.39% 78.33  64.15 21.72% 20.92%
500_9 74.50  60.98 76.13  58.00 2.19% —4.89% 7426 64.35 —0.32% 5.53%
500_10 58.55 5511 68.40 55.86 16.82% 1.37% 65.63  57.40 12.10% 4.16%
AVERAGE 65.05 5488 67.05 54.29 4.93% 0.41% 68.86  57.36 6.98% 5.41%

customers. However, the average improvements are minimal, amounting to only a few tenths of a
percentage point.

When we consider the other two performance measures, namely EMISSIONS and COST, which
are both proportional to the total distance traveled by vans and ADRs, there is no clear strat-
egy outperforming the others. This is probably due to the fact that none of them explicitly bases
the choice of the portion of the solution to destroy on the minimization of the traveled distance.
More specifically, ADAPTIVE achieves the best results for EMISSIONS with 500 and 900 cus-
tomers (average improvements of —4.78% and —4.58%, respectively) and for COST with 700 and
900 customers (average improvements of —2.22% and —4.20%, respectively). On the other hand,
RESTRICTED yields the best performance for EMISSIONS with 700 customers (—1.70%) and
for COST with 500 customers (—2.87%). Overall, however, the approaches that do not achieve the
best performance still yield results that remain close to the best observed values.

If we take into account the column “Time best,” we observe that all three strategies are typically
able to find the best solutions well before the time limit. Across all instances, the best solution is
obtained close to the limit only in a very small number of cases.

5.4. Sensitivity analysis

Here, we investigate how the performance of our approach can vary according to some instance
parameters. To this end, we study the sensitivity of the solutions to changes in the number of al-
ternative PLs k& and the number of priority customers |C,|. In particular, we run the ADAPTIVE
algorithm with |C,| € {0.2|C], 0.4|C], 0.5|C|} (in addition to the original value |C,| = 0.3]|C|) and
k € {5, 7} (in addition to the previous value k = 3). The quality of the solutions is evaluated with
respect to the emissions and costs objective functions, which are the most relevant to evaluate the
impact of the proposed delivery scheme on the community.

The additional computations are reported in Tables 1015, where a time limit of 30 minutes is
considered. More specifically, Tables 10—12 refer to the sensitivity study for k, whereas Tables 13-15
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Table 11
Results of the sensitivity analysis for k& for the instances with 700 customers

k=3 k=5 k=17
Instance Emissions Cost Emissions Cost DEV emissions DEV cost Emissions Cost DEV emissions DEV cost
700_1 77.02 63.89 77.15 64.49 0.18% 0.94% 76.46  68.83 —0.73% 7.73%
700_2 79.03  63.18 67.60 56.73 —14.46% —-10.21%  74.63 61.56 —5.57% —2.56%
700_3 76.55 6339 7432 66.59 —-2.92% 5.05% 87.32 70.54 14.07% 11.29%
700_4 85.54 68.59 81.31 66.38 —4.94% —-3.22% 7420 62.14 —13.25% —-9.41%
700_5 80.37 66.89 76.35 63.73 —4.99% —4.72% 76.85  63.99 —4.37% —4.33%
700_6 81.55 63.19 82.07 6898 0.63% 9.16% 85.97 67.20 5.41% 6.35%
700_7 7776 6445 8091 67.73 4.05% 5.10% 83.82 69.72 7.80% 8.19%
700_8 82.64 65.14 76.54 6345 —7.39% —2.59% 76.21  60.17 —7.79% —7.64%
700_9 70.19 5876 76.80 63.85 9.41% 8.66% 82.24  66.24 17.16% 12.72%
700_10 77.82 70.20 83.77 69.63 7.65% —0.82% 88.84  72.63 14.16% 3.45%
AVERAGE 7885 64.77 77.68 65.16 —1.28% 0.74% 80.65  66.30 2.69% 2.58%
Table 12
Results of the sensitivity analysis for & for the instances with 900 customers
k=3 k=5 k=17

Instance Emissions Cost Emissions Cost DEV emissions DEV cost Emissions Cost DEV emissions DEV cost
900_1 80.75 67.90 87.82 72.36 8.76% 6.57% 86.19 71.35 6.73% 5.09%
900_2 7737 6559 81.67 73.63 5.55% 12.25% 91.48 76.98 18.24% 17.36%
900_3 91.16 73.05 90.54 75.40 —0.68% 3.21% 90.03  74.67 —1.24% 2.22%
900_4 87.57 7631 94.68 74.66 8.11% —-2.17% 96.83  80.99 10.57% 6.14%
900_5 90.83 7622 86.41 73.66 —4.87% -3.36% 90.43  75.45 —0.44% —1.02%
900_6 92.60 77.12 88.49  73.69 —4.45% —4.45% 89.62  74.61 —3.23% -3.26%
900_7 83.95 70.92 89.85 7447 7.03% 5.00% 79.99 67.32 —4.71% -5.07%
900_8 85.31 71.00 87.74 72.36 2.85% 1.92% 86.48  72.33 1.37% 1.87%
900_9 82.53 69.64 9339 69.36 13.16% —0.40% 91.82 77.31 11.25% 11.02%
900_10 84.41 70.82 8229 70.27 —-2.51% -0.77% 87.73 72.86 3.93% 2.88%
AVERAGE 8565 71.86 8829 7299 3.30% 1.78% 89.06 74.39 4.25% 3.72%

refer to the analysis for |C,|. The column headings are “Emissions,” EMISSIONS performance
measure for the reference value (i.e., k = 3 for the number of alternative PLs and |C,| = 0.3|C|
for the number of priority customers), obtained as e, A,; “Cost,” COST performance measure for
the reference value, obtained as ¢,A,; “DEV emissions,” percentage deviation of the emissions of
the alternative value compared to the reference value; “DEV cost,” percentage deviation of the
costs of the alternative value compared to the reference value. Both deviations are computed as
100(Alternative value — Reference value)/Reference value, so that a positive value means that the
alternative value performs worse than the reference value.

Concerning the sensitivity analysis on k, the tables indicate that the best results are obtained
with the original choice & = 3 for all the alternatives considered, with the sole exception of the
emissions value for 700 customers, where k = 5 yields an improvement over the reference value of
—1.28%. A closer inspection of Tables 10—12 shows that the overall sensitivity to the parameter k
is limited. For the instances with 500 customers (Table 10), both k£ = 5 and k = 7 generally lead to
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Table 13
Results of the sensitivity analysis for |C,| for the instances with 500 customers

|C,| = 0.3|C] |C,| = 0.2|C] |C,| = 0.4|C]
Instance Emissions Cost Emissions Cost DEV emissions DEV cost Emissions Cost DEV emissions DEV cost
500_1 66.44 5630 65.51 53.77 —1.41% —4.49% 78.68  65.45 18.41% 16.26%
500_2 65.68 54.17 69.60 56.61 5.98% 4.52% 7481 62.16 13.90% 14.75%
500_3 68.37 56.82 70.81 57.51 3.58% 1.22% 84.01 60.90 22.87% 7.19%
500_4 80.17 66.01 69.07 5544 —13.84% —16.01%  65.87 55.20 —17.83% —16.38%
500_5 62.29 51.57 56.10 45.36 —9.94% —12.05%  69.62 61.99 11.76% 20.21%
500_6 48.83 41.05 61.80 50.96 26.57% 24.12% 78.00 64.65 59.74% 57.47%
500_7 61.28 5379 5194 42.89 —15.24% —-20.26%  64.12 53.81 4.62% 0.05%
500_8 64.35 53.05 6228 47.62 —-3.21% —-10.23%  75.05 63.02 16.63% 18.79%
500_9 74.50 60.98 59.04 48.92 —20.75% —19.77% 7147  66.70 —4.06% 9.38%
500_10 58.55 5511 60.90 49.68 4.01% —9.85% 64.94  54.06 10.92% —1.90%
AVERAGE 65.05 5488 6271 50.88 —2.43% —6.28% 72.66  60.79 13.70% 12.58%
Table 14
Results of the sensitivity analysis for |C,| for the instances with 700 customers

|C,| = 0.3]C| |C,y| = 0.2|C] |C,| = 0.4|C|
Instance Emissions Cost Emissions Cost DEV emissions DEV cost Emissions Cost DEV emissions DEV cost
700_1 77.02  63.89 65.17 54.00 —15.38% —15.48%  88.46 68.36 14.86% 6.99%
700_2 79.03 63.18 60.98 50.74 —22.84% —19.69%  87.09 74.19 10.20% 17.42%
700_3 76.55 63.39 64.83  58.30 —15.31% —8.02% 92.70  78.49 21.10% 23.83%
700_4 85.54 68.59 70.28 58.06 —17.84% —15.36%  85.38  72.30 —0.19% 5.41%
700_5 80.37 66.89 63.59 52.65 —20.87% —21.29%  88.35 73.45 9.94% 9.81%
700_6 81.55 63.19 6291 57.73 —22.87% —8.63% 7837 64.45 —3.90% 1.99%
700_7 7776 6445 6249 52.90 —19.64% —17.92%  84.04 70.26 8.08% 9.03%
700_8 82.64 65.14 69.87 56.71 —15.45% —12.94%  75.81 73.58 —8.27% 12.95%
700_9 70.19 58.76 66.73  55.52 —4.93% —5.52% 75.07 71.37 6.95% 21.46%
700_10 77.82 7020 68.32 52.49 —12.21% —-25.23%  86.84 72.69 11.60% 3.54%
AVERAGE 78.85 64.77 65.52 5491 —16.73% —15.01%  84.21 7191 7.03% 11.24%

positive deviations in EMISSIONS and COST, indicating deteriorations of up to about 7% (for the
emissions) with respect to the baseline &k = 3. For the 700-customer instances (Table 11), as already
noticed, k = 5 provides a slight marginal improvement in EMISSIONS, while all other deviations,
for both EMISSIONS and COST, remain almost null or close to about 2.50%, confirming that
k = 3 remains the preferable choice. For the instances with 900 customers (Table 12), increasing k
generally worsens performance in both objectives, as indicated by positive deviations for most con-
figurations. Overall, these findings confirm that the proposed methodology is robust with respect
to the choice of k: the baseline setting &k = 3 consistently provides strong results, and deviations
from this value tend to lead only to modest, most often unfavorable, changes in performance.
Considering the analysis for the variation of |C,|, Tables 13-15 show that the solution quality
is more sensitive to the choice of the percentage of priority customers than to the parameter k.
In particular, for the instances with 500 customers (Table 13), reducing the proportion of priority
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Table 15
Results of the sensitivity analysis for |C,| for the instances with 900 customers

|C,| = 0.3|C] |C,| =0.2|C| |C,| = 0.4|C]

Instance Emissions Cost Emissions Cost DEV emissions DEV cost Emissions Cost DEV emissions DEV cost
900_1 80.75 67.90 81.15 63.26 0.50% —6.84%  100.40 84.28 24.33% 24.12%
900_2 7737 6559 8145 67.59 5.27% 3.04% 91.25 7722 17.94% 17.73%
900_3 91.16 73.05 84.14 64.96 -7.70% —11.08% 113.82 90.57 24.86% 23.99%
900_4 87.57 7631 7948  65.87 —9.24% —13.68% 97.89 81.82 11.78% 7.21%
900_5 90.83 76.22 8047 66.30 —11.40% —13.02%  93.64 80.53 3.10% 5.66%
900_6 92.60 77.12 86.19 70.53 —6.92% —8.55% 9537 83.46 2.99% 8.22%
900_7 83.95 7092 82.50 73.46 —1.73% 3.58% 96.16  81.37 14.54% 14.74%
900_8 85.31 71.00 86.77 65.98 1.72% —7.07% 92.13 78.52 8.00% 10.59%
900_9 82.53 69.64 81.80 63.48 —0.88% —8.85% 96.77  79.69 17.26% 14.43%
900_10 84.41 70.82 83.81 68.80 —0.72% —2.84% 94.88  80.07 12.40% 13.07%
AVERAGE 8565 71.86 8278 67.02 —-3.11% —6.53% 97.23  81.75 13.72% 13.98%

customers to 0.2|C| leads to moderate average improvements in both EMISSIONS (—2.43%) and
COST (—6.28%) with respect to the reference value 0.3|C|. Conversely, increasing the proportion to
0.4|C| systematically degrades performance, with average deviations of 13.70% in EMISSIONS and
12.58% in COST. A similar behavior is observed for the 700-customer dataset (Table 14), where the
configuration |C,| = 0.2|C]| yields substantial improvements on average (—16.73% for EMISSIONS
and —15.01% for COST), while the choice |C,| = 0.4|C| results in consistent deteriorations in both
objectives, with deviations of 7.03% and 11.24%, respectively. Finally, for the instances with 900
customers (Table 15), the trend remains the same, that is, decreasing the percentage of priority
customers to 0.2|C| provides slight improvements (average deviations of —3.11% in EMISSIONS
and —6.53% in COST), whereas increasing it to 0.4|C| leads to marked deterioration, with average
deviations of 13.72% for EMISSIONS and 13.98% for COST. Overall, these findings indicate a
clear pattern: reducing the proportion of priority customers from the baseline value of 0.3|C| tends
to improve both EMISSIONS and COST across all instance sizes, while increasing it to 0.4|C]
systematically worsens performance. This suggests that allowing a smaller proportion of priority
customers generally leads to more favorable performance.

5.5. Managerial insights

The goal of this section is to show the potential cost and environmental benefits of the proposed
delivery framework, in comparison to more traditional approaches.

We first compare our proposed scheme, in its ADAPTIVE setting, with a baseline in which
a conventional delivery method using exclusively vans is employed (BASELINE VANS, in the
following). The fleet of vans is routed by using an off-the-shelf solver as in Sections 4.1 and
4.3. As before, a time limit of 30 minutes is given. The results of this analysis are reported
in Tables 16, 17, and 18, referring to the instances with 500, 700, and 900 customers, respec-
tively. The column headings are: “Emissions,” value of the EMISSIONS performance measure
for BASELINE VANS, obtained as ¢,A,; “Cost,” value of the COST performance measure for
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Table 16

Results provided by BASELINE VANS for the instances with 500 customers

Instance Emissions Cost DEYV emissions DEV cost
500_1 137.42 107.19 106.82% 90.40%
500_2 145.34 113.37 121.30% 109.29%
500_3 150.96 117.75 120.80% 107.24%
500_4 145.48 113.47 81.47% 71.91%
500_5 140.30 109.43 125.23% 112.19%
500_6 146.14 113.99 199.28% 177.66%
500_7 148.86 116.11 142.90% 115.87%
500_8 131.42 102.51 104.22% 93.22%
500_9 149.72 116.78 100.97% 91.51%
500_10 118.10 92.12 101.72% 67.17%
AVERAGE 141.37 110.27 120.47% 103.65%
Table 17

Results provided by BASELINE VANS for the instances with 700 customers

Instance Emissions Cost DEYV emissions DEV cost
700_1 164.32 128.17 113.35% 100.60%
700_2 165.30 128.93 109.15% 104.08%
700_3 164.92 128.64 115.44% 102.93%
700_4 160.38 125.10 87.48% 82.38%
700_5 167.78 130.87 108.77% 95.65%
700_6 155.62 121.38 90.82% 92.10%
700_7 167.00 130.26 114.77% 102.12%
700_8 158.36 123.52 91.62% 89.61%
700_9 166.46 129.57 137.14% 120.50%
700_10 169.82 132.46 118.23% 88.68%
AVERAGE 164.00 127.89 108.68% 97.87%
Table 18

Results provided by BASELINE VANS for the instances with 900 customers

Instance Emissions Cost DEYV emissions DEV cost
900_1 213.46 166.50 164.35% 145.22%
900_2 188.84 147.30 144.07% 124.56%
900_3 202.22 157.73 121.83% 115.92%
900_4 184.02 143.54 110.13% 88.09%
900_5 182.18 142.10 100.57% 86.43%
900_6 203.86 159.01 120.14% 106.17%
900_7 183.68 143.27 118.80% 102.02%
900_8 193.18 150.68 126.46% 112.22%
900_9 203.44 158.68 146.50% 127.86%
900_10 187.74 146.44 122.41% 106.78%
AVERAGE 194.26 151.52 127.53% 111.53%
© 2026 The Author(s).
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Table 19
Results provided by BASELINE VANS+PL for the instances with 500 customers
Instance Emissions Cost DEV emissions DEV cost
500_1 99.44 77.56 49.66% 37.78%
500_2 89.46 68.62 36.21% 26.69%
500_3 114.88 82.57 68.03% 45.33%
500_4 96.20 81.90 20.00% 24.07%
500_5 91.20 71.26 46.41% 38.17%
500_6 74.52 57.88 52.61% 40.98%
500_7 94.20 73.46 53.71% 36.58%
500_8 94.82 73.44 47.35% 38.44%
500_9 86.86 74.60 16.59% 22.33%
500_10 85.66 67.39 46.31% 22.30%
AVERAGE 92.72 72.87 43.69% 33.27%

BASELINE VANS, obtained as ¢,A,; “DEV emissions,” percentage deviation of the emission
value of BASELINE VANS compared to ADAPTIVE; “DEV cost,” percentage deviation of the
cost value of BASELINE VANS compared to ADAPTIVE. Both deviations are computed as
100(BASELINE VANS — ADAPTIVE)/ADAPTIVE, so that a positive value means that BASE-
LINE VANS performs worse than ADAPTIVE.

The results reported in the tables clearly show that a delivery framework with PLs and ADRs
could allow for achieving huge savings in terms of both emissions and operational costs, compared
to a traditional approach with only a fleet of vans. Indeed, for the instances with 500 customers
(Table 16), the average emissions are 141.37, with an increase of about 120% with respect to the
value of 65.05 provided by ADAPTIVE (see Table 2). A similar result is observed for the cost,
with an average increase of 103.65% for BASELINE VANS. Similar results are obtained as the
number of customers increases to 700 and 900. In particular, for 700 customers (Table 17), the
average increases of emissions and cost are about 109% and 98%, respectively, whereas such average
increases are about 128% and 111%, respectively, for the instances with 900 customers (Table 18).

In a further comparison, we consider a setting in which, as before, only vans can be used as de-
livery vehicles, but, in addition to BASELINE VANS, PLs can also be used. This new baseline is
termed BASELINE VANS+PL. As before, we impose a time limit of 30 minutes for each instance.
The results of this analysis are reported in Tables 19, 20, and 21 for 500, 700, and 900 customers, re-
spectively.

As the tables show, with 500 customers, neglecting the possibility of using ADRs for deliver-
ing to priority customers results in an increase in emissions and costs of about 44% and 33%,
respectively (Table 19). Similar increases are confirmed for larger instances. In particular, with 700
customers (Table 20), the average percentage deviations for emissions and costs are about 42% and
32%, respectively. Such values are about 48% and 36% for emissions and costs, respectively, when
the number of customer requests grows to 900 (Table 21).

All in all, the outcome of this managerial analysis, by considering a delivery framework in which
the service territory is an urban area infrastructure with a sufficiently large number of public drop-
off points to which all private deliveries should be made (with the exception of customers with
special needs), would result in huge reductions in both CO, emissions and costs.
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Table 20

Results provided by BASELINE VANS+PL for the instances with 700 customers

Instance Emissions Cost DEV emissions DEV cost
700_1 116.46 90.11 51.21% 41.03%
700_2 103.86 81.54 31.41% 29.06%
700_3 109.08 85.94 42.49% 35.58%
700_4 118.68 83.35 38.74% 21.52%
700_5 113.38 89.15 41.08% 33.29%
700_6 106.40 80.46 30.47% 27.34%
700_7 117.44 83.40 51.03% 29.41%
700_8 100.22 81.84 21.27% 25.63%
700_9 110.26 88.61 57.08% 50.79%
700_10 118.78 90.25 52.64% 28.55%
AVERAGE 111.46 85.46 41.74% 32.22%
Table 21

Results provided by BASELINE VANS+PL for the instances with 900 customers

Instance Emissions Cost DEYV emissions DEYV cost
900_1 117.80 91.88 45.88% 35.33%
900_2 122.70 9391 58.58% 43.17%
900_3 125.46 94.50 37.63% 29.37%
900_4 115.70 99.37 32.12% 30.22%
900_5 126.56 97.50 39.34% 27.92%
900_6 129.94 99.78 40.32% 29.37%
900_7 128.90 102.24 53.55% 44.17%
900_8 129.36 99.70 51.64% 40.42%
900_9 135.08 104.63 63.67% 50.24%
900_10 130.98 88.50 55.17% 24.97%
AVERAGE 126.25 97.20 47.79% 35.52%

6. Conclusions

In this paper, we have proposed a last-mile delivery framework that aims to enhance customer sat-
isfaction and sustainability by reducing operational costs, CO, emissions, and delivery failures. In
particular, we have assumed that the service territory is an urban area infrastructure with a suffi-
ciently large number of PLs. A fleet of vans delivers parcels to such PLs, from which private citizens
are required to retrieve their items. Exceptions are allowed for a (small) subset of customers with
special needs. For such customers, home deliveries performed by ADRs are possible. To tackle the
problem of deciding to which PL each customer request should be delivered, as well as to determine
the routing for the fleets of traditional vehicles and ADRs, we have designed tailored destroy-and-
repair operators to be embedded within a neighborhood-search framework. At each iteration of the
search process, we identify a subset of customers for which modifying the locker assignment could
likely result in an improved solution. In particular, we have proposed three different strategies for
determining such customers, as well as an optimization model to repair the solution. The qual-
ity of the solutions obtained by the different variants of the proposed approach has been assessed
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on a number of realistic instances of increasing size, resembling parcel distribution in the urban
area of Rome (Italy). Moreover, through a managerial analysis, we have shown that combining PLs
with ADRs would allow us to achieve huge benefits with respect to both costs and CO, emissions,
compared to traditional delivery schemes.

Future work may focus on further improving the solution methodology. A possibility is repre-
sented by incorporating additional features—such as, for instance, the distance among customers
or PLs—into the destroy-and-repair operators. Another avenue for enhancement is the adoption
of a more sophisticated neighborhood-search scheme, such as an ALNS, to enable a more effective
exploration of the solution space.
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