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Abstract

The COVID-19 pandemic accelerated the shift towards online shopping, reshaping consumer habits and intensify-

ing the impact on urban freight distribution. This disruption exacerbated traffic congestion and parking shortages

in cities, underscoring the need for sustainable distribution models. The European Union’s common transport policy
advocates for innovative UFD approaches that promote intermodal transportation, reduce traffic, and optimize cargo
loads. Our study addresses these challenges by proposing an agile routing algorithm for an alternative UFD model

in Barcelona. This model suggests strategically located micro-hubs selected from a set of railway facilities, markets,
shopping centers, district buildings, pickup points, post offices, and parking lots (1057 points in total). It also promotes
intermodality through cargo bikes and electric vans. The study has two main objectives: (i) to identify a network

of intermodal micro-hubs for the efficient delivery of parcels in Barcelona and (ii) to develop an agile routing algo-
rithm to optimize their location. The algorithm generates adaptive distribution plans considering micro-hub operat-
ing costs and vehicle routing costs, and using heuristic and machine learning methods enhanced by parallelization
techniques. It swiftly produces high-quality routing plans based on transportation infrastructure, transportation
modes, and delivery locations. The algorithm adapts dynamically and employs multi-objective techniques to establish
the Pareto frontier for each plan. Real-world testing in Barcelona, using actual data has shown promising results, pro-
viding potential scenarios to reduce CO, emissions and improve delivery times. As such, this research offers an inno-
vative and sustainable approach to UFD, that will contribute significantly to a greener future for cities.

Keywords Urban freight distribution, Intermodality, Micro-hubs, Routing optimization, Agile algorithms,
Environmental sustainability, Case study

1 Introduction

The rise of e-commerce, with businesses increasing their
digital presence [1], has placed growing pressure on the
logistics industry to improve the efficiency of urban
delivery and reduce negative externalities such as con-
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In this context, micro-hubs emerge as a promis-
ing alternative to the current UFD model [9, 10]. They
fit seamlessly with the sustainable distribution mod-
els promoted by public administrations [7, 11] and the
common transport policy of the European Union (EU).
These micro consolidation centers have the potential to
minimize travel distances and optimize the relationship
between actual cargo and total vehicle capacity [12—14],
thereby helping to reduce congestion and environmental
impact. Furthermore, they enable transshipment to more
sustainable modes of transportation, such as cargo bikes
and electric vans [15], further strengthening their role in
the search for more sustainable city logistics that rely less
on internal combustion vehicles [16].

The problem with implementing micro-hubs, however,
is that they alter the value chain and market presence of
current logistics operators. Governments and admin-
istrations therefore have a crucial role to play in achiev-
ing sustainable UFD, in particular in enacting legislation,
defining urban planning regulations, and establishing
public procurement practices [17]. Urban policies within
the logistics system are of paramount importance as they
hold the key to sustainability [18]. However, the chal-
lenges of limited space and time in urban areas, combined
with low operational margins, hinder the implementation
of such policies [19]. Innovation in the physical concrete-
ness of the distribution model is thus essential to ensure
that UFD is greener and has a positive impact on society,
the economy, and the environment [20].

In this context, our study proposes a new model with
various strategically located infrastructures that are
designed to function as micro-hubs, combining public
and private facilities to make better use of underutilized
space. These include railway facilities (train stations, sub-
way stations, and narrow-gauge rail stations), markets,
shopping centers, district buildings, pickup points, post
offices, and parking lots for e-commerce distribution (a
total of 1057 points). These locations are leveraged inno-
vatively to distribute e-commerce parcels, promoting
intermodality by encouraging transshipment to sustaina-
ble vehicles such as cargo bikes and electric vans. Conse-
quently, the study has two main objectives: (i) to identify
a potential network of micro-hubs that enables efficient
parcel delivery throughout the city of Barcelona while
promoting intermodal UFD, and (ii) to develop an agile
routing algorithm capable of generating adaptive dis-
tribution plans for dynamic environments. These plans
should take into account multiple optimization targets,
including operational and routing costs.

To improve the distribution of goods across our net-
work, we solved a Location Routing Problem (LRP) using
an Iterated Local Search (ILS) strategy. LRP is helpful in
deciding where to place facilities and how to plan delivery
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routes together, which is important because these two
tasks are tightly linked. Indeed, studies have shown that
it is not effective to treat these tasks separately [21-23].
Thanks to improved computing power, LRP research
has expanded considerably to include many different
approaches [24]. LRP deals with both the big picture,
such as Facility Location Problems (FLP), and day-to-
day decisions, such as designing delivery routes by solv-
ing Vehicle Routing Problems (VRP) [25]. It also looks
at making deliveries more efficient in other ways, such
as minimizing total route length. In other words, LRP
involves making decisions about the location of facilities
and designing routes in a way that meets customer needs
and addresses a wide range of logistical challenges [26,
27].

Our findings demonstrate the feasibility of implement-
ing a sustainable last-mile UFD system in cities using
existing infrastructure as potential micro-hubs, including
public locations such as parking lots and train stations,
but also private facilities. The results show that out of a
possible network of 1057 potential micro-hubs and 1000
randomly generated delivery points, only 61 micro-hubs
would be needed for a high-demand scenario. This con-
stitutes only 5.8% of the total capacity. The implementa-
tion of the proposed distribution network, combined
with the use of sustainable vehicles, would reduce the
number of kilometers traveled, CO, emissions, and deliv-
ery times. As such, this study represents a step forward in
overcoming the challenges of UFD in the post-pandemic
era and is in line with public endeavors to achieve a more
sustainable and efficient system.

This study is of significant importance, particularly
for its innovative, comprehensive and multidimensional
approach to UFD sustainability. The notability of our
research lies in the integration of sustainability concepts
into a single LRP, effectively hybridizing two distinct
algorithms into a new, unified solution tailored to prac-
tical cases in last-mile distribution. This groundbreak-
ing integration marks a considerable advancement in the
application of logistics algorithms to real-world prob-
lems. It offers a holistic solution that encompasses both
routing and facility location within a single framework.
This innovative approach is not only relevant to the cur-
rent challenges in Barcelona, but also has the potential
to serve as a replicable model for other urban areas fac-
ing similar concerns. The adaptability and applicability
of this solution to different urban contexts highlight its
essential role in global efforts to enhance sustainability
and efficiency in city logistics. This study makes a signifi-
cant contribution to the literature by filling this research
gap, and positions itself as a pioneering effort in the inte-
gration of complex logistics algorithms for the improve-
ment of UFD systems worldwide.
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The paper is structured as follows: Sect. 2 provides
a literature review. Section 3 describes the data and
methods used to carry out the study. Section 4 presents
the main findings of the research, followed by a discus-
sion in Sect. 5. Finally, Sect. 6 outlines our conclusions.

2 Literature review
2.1 The need for a new model for greener urban freight
distribution
The exponential growth of the urban population and
the associated expansion of e-commerce have signifi-
cantly increased the demand for UFD, posing major
challenges in terms of congestion, greenhouse gas
emissions, and noise pollution. In 2017, around 55%
of the world’s population lived in cities, a figure that
is expected to rise to 68% by 2050 [28]. This surge in
urbanization has led to significant congestion across all
transportation modes, particularly in UFD, exacerbat-
ing environmental and social problems [29-31].

Although UFD represents only 10-20% of vehicle
traffic, it contributes disproportionately to urban con-
gestion, especially in areas with limited road infra-
structure [32, 33]. This issue is further aggravated by
non-stop loading and unloading on active roads, which
not only disrupts traffic flow, but also contributes to
increased greenhouse gas emissions and noise pollu-
tion, factors that account for approximately 25% and
30-50% of transportation-related emissions, respec-
tively [34].

Considering these challenges, micro urban consolida-
tion centers emerge as a potential solution to mitigate the
negative externalities associated with UFD. These micro-
hubs, located throughout a city’s urban area, can facili-
tate transshipment to low-volume, low-emission vehicles,
such as electric cargo bikes and electric vans, for last-mile
delivery [35]. This would not only reduce the presence of
diesel trucks delivering in residential areas (minimizing
pollution, congestion, and traffic accidents), but it could
also provide fast, low-cost distribution in dense urban
environments, especially for lightweight and time-sensi-
tive services such as inner-city courier delivery [36, 37].

However, these innovations face limitations, particu-
larly in terms of effective integration into conventional
UED practices, which are generally divided into one-tier
and two-tier systems designed for small to medium-sized
cities and large metropolitan areas, respectively [38]. The
passive transformation of the UFD system, brought about
by innovations such as the movement of goods on pub-
lic transportation, may point to a shift towards multi-tier
systems involving additional challenges such as land use
conflicts and changes in the type of stakeholders involved
[39].
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2.2 Introducing multi-echelon UFD systems for freight
consolidation and transshipment

The implementation of multi-echelon logistics systems
is an effective strategy for addressing UFD challenges
in densely populated areas. The most common model is
the two-echelon logistics delivery and pickup network
(2E-LDPN). This model involves: (i) transporting goods
from regional warehouses or logistics platforms to inter-
mediate delivery and pickup centers, such as micro-hubs,
and (ii) distributing from these centers to end custom-
ers using smaller, cleaner vehicles. The first step in this
approach reduces reliance on diesel trucks and vans to
deliver parcels to end customers, thereby lowering emis-
sions, congestion, and traffic accidents [40]. The second
step enables more efficient and environmentally friendly
last-mile deliveries with smaller, better adapted vehicles,
meeting urban consumers’ demands for fast and sustain-
able services [41]. The use of electric vehicles and cargo
bikes in this second echelon reduces emissions and fits in
with urban policies aimed at mitigating current externali-
ties. These vehicles are well suited to the shorter routes
and frequent stops of last-mile deliveries [42].

Micro-hubs serve as nodes for deconsolidating, sort-
ing, and consolidating goods arriving from outside the
city for transshipment to greener, more flexible means
of transportation for last-mile delivery [36, 43]. This
increased flexibility also allows cargo capacity to be opti-
mized by better matching the total number of vehicles
in use. However, the implementation of micro-hubs also
poses some challenges. First, it is difficult to identify suit-
able locations that balance efficiency with minimal urban
disruption. Finding enough suitable sites in dense urban
areas without exacerbating land-use conflicts is indeed
a challenge. Second, the transition from traditional UFD
systems to micro-hubs models requires careful planning
and complex logistics management, as any new innova-
tion can significantly impact the urban transportation
network [44].

The optimal selection of micro-hubs is essential for
planning last-mile UFD. This process is usually carried
out in two stages: an initial analysis of several urban
indicators followed by a technical evaluation. [45] argue
that two-tier distribution designs with micro-hubs
offer socio-economic advantages compared to direct
delivery. [6] describe a two-step method for selecting
micro-hubs. The first step, based on the Delphi analysis,
involves defining relevant criteria for selecting candi-
date sites through information gathering, analysis, and
feedback. These criteria are then applied to the candi-
date sites using the Data Envelopment Analysis method
for technical efficiency [46]. This approach ensures that
the criteria are evaluated in a consistent and systematic
manner, facilitating informed technical decision-making.
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Conversely, authors such as [47] and [48] underline the
challenges of finding optimal locations for micro-hubs.
Previous studies highlight the importance of integrating
these models into existing urban infrastructure to mini-
mize disruption and maximize efficiency. For instance,
[21, 26] emphasize the need for robust planning tools
to deal with the complexities of two-echelon logistics
systems, including variability in customer demand and
traffic conditions. Additionally, cooperative strategies
among logistics providers can mitigate some challenges
by enabling the sharing of micro-hubs. This increases the
efficiency of city logistics networks and reduces costs by
optimizing resource utilization and ensuring fair profit
distribution among stakeholders [49].

2.3 Optimizing micro-hub location and route design

A number of complex issues surround last-mile UFD,
including FLP, VRP and a combination of the two: LRP.
These problems have many variants, including con-
straints such as time windows, vehicle fleet, and vehicle
capacity. Solving these problems often requires advanced
mathematical developments, especially when it comes
to finding exact solutions, but alternative solutions can
be inferred iteratively using heuristic and metaheuristic
techniques.

Research on micro-hub siting in last-mile UFD is evolv-
ing towards more integrated and sustainable approaches.
Studies such as [50], on green VRP with time windows,
and [51], on time-dependent green VRP with stochastic
speed, highlight the importance of considering environ-
mental factors in route planning. The integration of sus-
tainability goals in FLP reflects a more holistic approach
to logistics optimization, in line with public policies and
emission reduction strategies. In the field of heuristic
methods, the combination of techniques such as Variable
Neighborhood Search (VNS) and Tabu Search (TS) has
proven effective. For instance, [52] applies these tech-
niques to solve a VRP with recharging and delivery time
windows, achieving significant improvements in solution
quality.

The integration of FLP and VRP into a single model has
gained popularity. [23] and [53] note that treating these
problems together leads to more optimal solutions. Some
examples follow. [54] propose a hybrid genetic algorithm
for the multi-depot vehicle routing problem (MDVRP) in
a time-varying road network. This approach optimizes
total costs, including fixed vehicle costs, penalties for
out-of-hours deliveries, fuel costs, and the influence of
vehicle speed, which is affected by load and road gradi-
ent. [55] propose a tabu-search-based heuristic approach
for the uncapacitated single allocation hub covering
problem (USAHCP) to determine optimal hub locations,
establish hub links, and allocate non-hub nodes to hubs
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in Turkey. In [56], a VRP is developed for the simultane-
ous distribution and collection of packages over several
days with generalized consistency requirements, aiming
at consistent arrival times, driver consistency, and route
consistency. In this regard, [24] define LRP as facility
location planning with simultaneous consideration of
vehicle route design. This approach has been reinforced
by studies such as [21, 26], which document the continu-
ous growth of research in this area.

In terms of exact methods, [57] develop a logistics
cost function that includes setup, processing, inventory,
and transportation costs to determine the optimal num-
ber of warehouses and routing zones. [58] present a case
study where a retailer chooses the optimal locations for
hubs to fulfill online orders and replenish stores using a
mixed-integer problem (MIP) in a solver. [59] suggest a
two-stage stochastic programming formulation for the
2E-VRP with stochastic demand, focusing on urban vehi-
cle service network design and routing of second fleet
vehicles with possible recourse strategies. [60] develop
an exact method based on a set partitioning formula-
tion, using route generation procedures and variable
reduction by branch-and-cut algorithms. [61] propose
an exact algorithm for MDVRP under capacity and route
length constraints using vehicle flow and set partitioning
formulations.

Various heuristic and metaheuristic methods have
also been proposed for MDVRP. [62] present a heuristic
approach by combining [63] and [64], aiming to mini-
mize total travel time between service hubs and demand
points. [65] use genetic algorithms to solve the uncapaci-
tated hub covering problem, aiming to minimize total
costs while covering all nodes within a certain radius.
[66] also develop hybrid genetic algorithms incorporat-
ing the Clarke—Wright Savings (CWS) method [67], the
nearest neighbor heuristic, and the iterated swap proce-
dure. [68] propose a parallel ant colony optimization for
MDVRP. In [69], population-based evolutionary search,
neighborhood-based metaheuristics, and advanced pop-
ulation diversity management are combined to solve the
periodic MDVRP. Finally, [70] propose methods for mini-
mizing the expected cost of recourse actions in stochas-
tic VRPs, demonstrating the effectiveness of combining
various heuristic strategies to address the complexities of
last-mile delivery.

Building on this body of work, our study presents a
proposal for siting potential micro-hubs in the city of
Barcelona, combining public, private, and mixed infra-
structures as a potential solution to the complexities
associated with the growth of UED. In light of the find-
ings of [71], which confirm operational inefficiencies in
UED due to divergent interests and conflicting solutions
among stakeholders, it becomes clear that addressing



Castillo et al. European Transport Research Review

(2024) 16:44

Table 1 Potential micro-hubs by category within the

e-commerce parcel delivery network

Micro-hub category

Total (1057)

Parking lots 619
Pickup points 202
Subway stations 97
Markets 39
Post offices 29
District buildings 29
Shopping centers 18
Narrow-gauge rail stations 14
Train stations 10

these challenges requires a concerted effort between pri-
vate companies and public authorities. The research by
[71] underscores the importance of communication and
cooperation between local authorities and stakeholders,
and advocates for the role of a skilled spokesperson to
manage UFD operations effectively. This is very much in
line with our approach, highlighting the need for a pub-
lic—private collaborative framework to optimize the loca-
tion of micro-hubs. By prioritizing the harmonization of
restrictions and considering sector-specific conditions,
our study aims to overcome the misalignment and lim-
ited cooperation between stakeholders.
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3 Data and methods
This section describes our data collection and analysis
methods.

3.1 Data collection

The database used for our research, which contained the
location of potential micro-hubs for e-commerce parcel
delivery, was obtained from public repositories, includ-
ing [72] and [73]. We selected a total of 1057 potential
micro-hubs and then generated 1000 random points
across the city, using real postal codes, to simulate the
delivery of e-commerce parcels from these micro-hubs.
Table 1 shows the number of facilities available to locate
micro-hubs within the delivery network based on their
category, and Fig. 1 provides a visual representation of
their locations.

To estimate the required capacity for each micro-hub, we
sought the advice of last-mile logistics operators in the prov-
ince of Barcelona. Based on their expertise, we determined
that the micro-hubs in our distribution network should have
a minimum surface area of 50 m?, which would equate to a
capacity of 1500 parcels. Again drawing on the operators’
experience, we considered the daily operating costs, which
include expenses such as staff, infrastructure, and techno-
logical equipment. Finally, we estimated a vehicle capacity of
300 parcels, a figure derived from both the operators’ experi-
ence and examples from other studies [74, 75].
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It is worth noting that our model is scalable and there-
fore customizable in terms of these initial values. In other
words, the facility capacity, operating costs, and vehicle
capacity can be adjusted as needed.

3.2 Problem definition

This problem can be represented by an LRP framework,
which involves making three simultaneous decisions:
(i) identifying the locations of micro-hubs (e.g., hubs or
depots), (ii) assigning customers to these micro-hubs, and
(iii) planning the routes for vehicles to serve the needs of
the assigned customers by departing from and return-
ing to each micro-hub. The LRP can be mathematically
modeled on a graph G=(V, A), where the set V =1U]
contains different types of nodes: (i) a finite set of custom-
ers I, each with a demand d; > 0(V; € I), and (ii) a finite
set of potential hub locations J, where D;>0 is the capac-
ity of hub j(Vj € J) and O; > 0 is the cost of opening that
hub. A is the set of arcs linking each pair of nodes, and for
each a € A, C, is the cost of traversing that arc. A set K of
homogeneous vehicles is available, each with a capacity
Q>0. It is also assumed that there is a fixed cost, VF, per
vehicle (route) used. Let S be a subset of nodes, and §1(S)
and 67 (S) the set of arcs leaving and entering S, respec-
tively. Finally, let L(S) be the set of arcs with both ends in
S. As indicated in [76], the LRP can be formulated as fol-
lows, where Y] refers to whether or not hub j is opened, X;;
defines whether or not customer i is assigned to hub j, and
[« indicates whether or not arc 4 is traversed by vehicle k:

MinZ =3 0%+ 3 3 Cafu+ > > VFu

jel acA keK keK aest(J)
(1)
Subject to:
) Z,f“kﬁ Viel )
keK aed= (i)
> D dfu=Q VieK 3)
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The objective function (1) aims to minimize the total
costs, including operating costs, routing costs, and the
fixed costs associated with vehicle usage. Constraints (2)
ensure that each customer is visited exactly once. Vehicle
capacity constraints are represented by (3). Constraints
(4) and (5) ensure the continuity of each route and that all
vehicles return to their origin. Sub-tour elimination con-
straints are represented by inequalities (6). Expressions
(7) guarantee that a customer is only assigned to an open
hub. Constraints (8) specify that hub capacity must not
be exceeded. Finally, expressions (9) define the domain of
the decision variables.

3.3 Problem resolution

In order to tackle the LRP, we propose a multi-start algo-
rithm that leverages concepts previously developed to
address VRPs [77] and FLPs [78] separately. Our pro-
posed approach seeks to amalgamate these algorithms
into a new, hybrid solution to the LRP. The algorithm
is designed to minimize the total daily costs, includ-
ing the operational costs of maintaining the facilities
and the costs associated with daily deliveries. We chose
a multi-start algorithm because it is an iterative method
belonging to the class of nondeterministic or stochastic
methods that rely on biased (non-uniform and non-sym-
metric) random sampling. Therefore, different runs of the
algorithm will yield different good solutions, depending
on which points are randomly sampled. These algorithms
are efficient and can operate with a reduced number of
parameters, minimizing the need for time-consuming
fine-tuning processes, providing an optimal balance
between efficiency and simplicity, as highlighted in [79].
Accordingly, the initial phase of the algorithm consists of
generating a pool of promising initial solutions. The sub-
sequent phase then focuses on intensification strategies
to refine these solutions, using them as a foundation for
further improvement.

As outlined in Fig. 2, the first phase of our approach
was to generate feasible and promising solutions for the
LRP. In order to generate each of these solutions, our
heuristic method starts by determining the minimum
and maximum number of micro-hubs to be opened,
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Procedure GeneratingPromisingSolutions (microHubs,
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customers, vehCap, MaxTime, MaxIter, «)

01 minMicroHubs = ComputeMinNumberMicroHubs (microHubs, customers)

02 maxMicroHubs = ComputeMaxNumberMicroHubs (microHubs, customers)

03 while (time £ maxTime) do

04 candidateMicroHubs = SelectUniformRandomMicroHubs (minMicroHubs, maxMicroHubs)
05 map = marginalSavingsHeuristic (candidateMicroHubs, customers)

06 bestSol = applyCWS (map, vehCap)

07 for itermap = 1 to maxIter do

08 newSol = applyRandCWS (map, vehCap, o)

09 if routingCost (newSol) < routingCost (bestSol) then

10 bestSol = newSol

11 end if

12 end for

13 promisingSols = updatePoolPromisingsolutions (bestSol, promisingSols)

14 end while

15 return promisingSols

end

Fig. 2 Phase 1 of the methodology (generating promising solutions)

taking into account the demand constraints to guarantee
the fulfillment of the total daily demand. Additionally, the
objective function considered in this research includes
both the cost of operating the opened facilities and the
cost of the journeys required to complete all deliveries.
This comprehensive approach ensures that our optimi-
zation not only addresses the logistical efficiency of the
distribution network, but also incorporates economic
considerations, thus providing a holistic solution to the
challenges of UFD. The minimum number of micro-hubs
required is calculated by dividing the total daily demand
by the maximum hub capacity value, while the maxi-
mum number of micro-hubs is determined by dividing
the total daily demand by the lowest micro-hub capacity
value. The heuristic then uses a uniform random distri-
bution spanning the range between these two values to
select combinations of micro-hubs that satisfy the total
demand requirement. At this point, we have a set of fea-
sible location decisions (candidate micro-hubs), while
adhering to constraints related to micro-hub capacity
and daily demand satisfaction. The proposed heuris-
tic then proceeds to assign customers to the candidate
hubs. To achieve this, it uses the approach introduced by
[80], which relies on the marginal-savings criterion. In
essence, this criterion calculates the savings associated
with assigning a customer, denoted ‘i, to an open facil-
ity ‘/, compared to the best alternative facility /* for that
customer. This procedure generates a set of submaps,
each consisting of a micro-hub and a subset of custom-
ers. The final step in achieving a complete LRP solution is
to design delivery routes to serve all customers. Multiple
routes can be designed for each submap of the solution,
depending on vehicle capacity considerations. Various
heuristics from the literature can be used to optimize the
route design process.

We chose the CWS heuristic proposed by [67] for its
speed and ability to produce high-quality results, and
used it to generate an initial routing plan. To diver-
sify the search and evaluate different routing plans,
we integrated a randomized version of the CWS heu-
ristic into a multi-start framework. This framework is
an optimization metaheuristic that repeatedly initiates
a problem-solving algorithm from several different
initial solutions, aiming to find the best possible solu-
tion by exploring various starting points. Randomized
heuristics enable us to transform a deterministic heu-
ristic into a probabilistic algorithm while preserving
the underlying logic of the heuristic. As a result, each
iteration of the multi-start framework yields a different
solution. In our approach, we use a geometric probabil-
ity distribution characterized by a single parameter,
(0<a<1), to create skewed behavior. The optimal value
for a was determined through a short tuning process,
which found that the system performs well when a is
between 0.3 and 0.4. The multi-start procedure contin-
ues until the maximum number of iterations has been
completed, culminating in the selection of the optimal
solution, i.e. the one with the lowest routing cost. If this
solution is considered promising, it is added to a pool
of top solutions, keeping only the five most promising.
It is important to recognize that the choice of micro-
hubs has a significant impact on the potential routing
plans. Therefore, to uncover other viable solutions, we
repeated the entire process, generating additional con-
figurations until the predetermined stopping criterion
was met. Finally, the pool of promising solutions was
compiled and presented. The limits for both the maxi-
mum number of iterations and the computation time
were set following a straightforward tuning process.
This process involved experimenting with various value
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procedure IteratedLocalSearch (promissingSolutions)

01 for each solution in promissingSolutions do

02 baseSol = solution

03 bestSol = solution

04 while stopping condition not met do

05 newSol = perturbation (baseSol) //perturbation process
06 newSol = localSearch(newSol) //local search process
07 delta = cost(newSol) - cost(bestSol)

08 if delta < 0 do

09 bestSol = updateSol (newSol)

10 baseSol = updateSol (newSol)

11 credit = -1 * delta

12 else

13 baseSol = acceptanceCriterion(delta,credit, newSol)
14 end if

15 end while

16 end for

17 return bestSol

end

Fig. 3 Phase 2 of the methodology (iterated local search)

combinations on a random sample of instances. For
example, we set the maximum number of iterations for
the randomized CWS to 5000 and capped the computa-
tion time for this phase at 600 s.

In the second phase, the algorithm focused on refin-
ing the set of "promising” solutions identified in the first
phase by iteratively navigating the search space. The
primary goal of this process was to reassign customers
to different micro-hubs in order to improve the routing
cost efficiency of each solution. It is crucial to under-
stand that at this stage the geographical layouts, includ-
ing the locations of the micro-hubs, were fixed and
therefore remained unchanged. To accomplish this, we
used an ILS metaheuristic [81]. Figure 3 shows a pseu-
docode representation of this procedure. ILS works by
perturbing the current solution to generate a new start-
ing point, and then exploring the neighborhood of this
new solution using a local search. As a perturbation
method, we randomly selected a group of customers and
attempted to randomly reassign them to another facil-
ity, ensuring that the facility’s capacity was not exceeded.
The random selection was carried out using real postal
addresses within the city of Barcelona to simulate home
deliveries. As for the local search phase, we used a two-
opt inter-route operator. This operator exchanges two
randomly selected chains of customers between differ-
ent micro-hubs. The operation continues until no further
improvement can be achieved. Whenever a new solu-
tion outperforms the current base solution of the iter-
ated local search, the latter is updated with the former,
and the best solution is updated accordingly. In order
to further diversify the search, the algorithm may occa-
sionally accept unimproved solutions according to an
acceptance criterion to update the base solution and thus

escape local optima. Specifically, we accepted a subopti-
mal new solution if the difference between the cost of the
new solution and the best solution was less than the last
improvement achieved. The process was repeated until
the stopping criterion of this phase was met, returning
the most promising solution.

4 Results

The empirical results of our research are of significant
relevance to the academic literature, as we present a sim-
ulation that addresses three different daily demand sce-
narios—low, medium, and high—across different facility
types: (i) using only public facilities, (ii) using only pri-
vate facilities, and (iii) a hybrid approach combining both
public and private facilities.

Table 2 presents the key findings of our research,
focusing on the hybrid approach using both public and
private facilities to propose locations for micro-hubs. Fig-
ures 4 and 5 summarize the results of Table 2 for ease of
comparison.

We have chosen to highlight the results of the hybrid
approach in light of the findings of [71], who empha-
size the need to encourage public—private collaboration
to improve UFD. Below we present the results of three
parcel delivery scenarios using this approach: low daily
demand (5-25 parcels), medium daily demand (50-100
parcels), and large daily demand (100-200 parcels) for
deliveries to 1000 randomly generated delivery points
with real postal codes in the city of Barcelona. A total of
1057 locations were considered as potential micro-hubs
(see Fig. 1). It is important to note that for the large daily
demand scenario, the simulation only reaches a maxi-
mum of 600 random customers due to computational
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Table 2 Simulation of three daily demand scenarios (low, medium, and large) and their impact on opening and routing costs for last-
mile UFD using the hybrid approach

Initial simulation conditions

Vehicle capacity: 300 parcels Micro-hub capacity: 1500 parcels per day

Simulation results for three possible scenarios

Total customers Operating  Routing Total costs (€/day) Total Category of micro-hubs
costs (€/ costs (€/ micro-hubs  proposed to be opened by the
day) day) opened algorithm

Low daily demand (5-25 100 311 98.20 409.20 1 Parking lots (1)
parcels) 200 622 130.84 752.84 2 Parking lots (2)
400 1244 220.32 1464.32 4 Parking lots (3)
Pickup points (1)
600 2177 253.82 2430.82 7 Parking lots (5)
Pick-up points (2)
800 2799 311.05 3110.05 9 Parking lots (6)
Pickup points (3)
1000 3110 368.85 3478.85 10 Parking lots (7)
Markets (1)

Medium daily demand (50-100
parcels)

Shopping centers (1)
Subway stations (1)

100 1866 153.01 2019.01 6 Parking lots (3)
Pickup points (2)
Subway stations (1)
200 3110 322.86 3432.86 10 Parking lots (7)
Pickup points (3)
400 6220 598.34 6818.34 20 Parking lots (9)

Subway stations (4)
Train stations (2)
District buildings (1)
Markets (1)
Pickup points (1)
Post offices (1)
Shopping centers (1)
600 9461 642.69 10,283.69 31 Parking lots (20)
Pickup points (7)
Subway stations (3)
Shopping center (1)
800 12,751 90743 13,65843 41 Parking lots (20)
Pickup points (8)
Markets (4)
Subway stations (4)
Train stations (2)
District buildings (1)
Post offices (1)
Shopping centers (1)
1000 15,861 1093.97 16,954.97 51 Parking lots (35)
Pickup points (7)
Subway stations (6)
Narrow-gauge rail stations (1)
Railway stations (1)
Shopping centers (1)
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Table 2 (continued)
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Initial simulation conditions

Vehicle capacity: 300 parcels

Micro-hub capacity: 1500 parcels per day

Simulation results for three possible scenarios

Total customers Operating
costs (€/

day) day)

Routing
costs (€/

Total costs (€/day) Total
micro-hubs
opened

Category of micro-hubs
proposed to be opened by the
algorithm

Large daily demand (100-200
parcels)

100 3421 286.44

200 6531 482.23

400 12,751 925.35

600 18,971 1406.32

3707.44 1M Parking lots (7)
Pickup points (4)
7013.23 21 Parking lots (12)
Pickup points (6)
Subway stations (2)
Markets (1)
13,676.35 41 Parking lots (21)

Pickup points (8)

Subway stations (6)

Post offices (3)

District buildings (1)
Narrow-gauge rail stations (1)
Shopping centers (1)
20,377.32 61 Parking lots (41)
Pickup points (8)
Subway stations (4)
Markets (3)

District buildings (2)
Shopping centers (2)

Post offices (1)

limitations when processing the data. However, the large
daily demand scenario shown is considered sufficient
considering the future growth projections of e-commerce
in Barcelona and the rest of Spain.

The estimates presented in Table 2 show the optimal
number of micro-hubs, ranging from 1 to 61, along with
their respective types and locations. For instance, in a
medium daily demand scenario with an aggregated cus-
tomer base of 1000 delivery points, the model suggests
a total of 51 micro-hubs to effectively meet the daily
e-commerce demand.! Interestingly, the model’s optimal

! Based on the Government of Catalonia’s estimate (report here) of five
e-commerce parcels home delivered per second in Catalonia and Barcelo-
na’s population of 1,655,956 (IDESCAT, 2023), the daily demand for parcels
is estimated at 59,400.

solution distributes these micro-hubs across a broad
spectrum of public and private locations: 35 in park-
ing lots, 7 at pickup points, 6 in subway stations, 1 in a
narrow-gauge rail station, 1 in a train station, and 1 in a
shopping center.

The results of the other approaches are provided in
Appendix. The total number of micro-hubs remains
stable, but the type of facility chosen by the algorithm
clearly differs. Private facilities are dominated by park-
ing lots and pickup points. For public facilities, although
there is a greater variety of types, subway (and train) sta-
tions, markets, and post offices seem to dominate. Fig-
ure 6 shows the geographical basins of these approaches,
showing where different sets of micro-hubs operate and
distinguishing them by type—public or private. This is in
the context of a medium daily demand scenario, serving


https://ccam.gencat.cat/web/.content/05_arees_actuacio/comerc/estudis/estudi_mobilitat_de_les_compres_online_anys_2018_2020_accessible.pdf
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Fig. 6 Geographical basins of the proposed micro-hubs for a medium daily demand serving 1000 aggregated customers using the public

and private approaches

1000 randomly aggregated customers, as detailed in
Table 2.

The geographical distribution of the micro-hubs in
Fig. 6 supports the strategy to comprehensively cover
the city’s daily e-commerce delivery needs. The var-
ied placement of the hubs—color-coded for public and
private facilities—demonstrates a targeted approach
that leverages major transportation routes, residential

neighborhoods, and industrial areas to ensure that large-
demand areas are well served. The micro-hubs are strate-
gically clustered in key areas, reflecting higher customer
densities and strategic access points. This indicates a
focused approach to maximizing operational efficiency
and accessibility. At the same time, their distribution
across the urban landscape demonstrates a deliberate
design to ensure efficient service coverage throughout
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Table 3 Computational times (in seconds) required by our approach to obtain the solutions

Customers 100 200 400 600 800 1000
Low demand 0.58 0.60 1.13 1.24 2.01 291
Medium demand 3.81 14.55 18.56 2243 26.89 3147
Large demand 176.02 505.20 93394 2674.88 - -

the city. This balanced distribution ensures that hubs are
conveniently located relative to dispersed customer loca-
tions, minimizing delivery times and costs. This approach
reveals a carefully considered balance, designed to meet
urban demand while optimizing operational efficiency.
The proximity of these hubs to scattered customer loca-
tions implies a deliberate effort to minimize delivery
times and costs, pointing to a well-considered balance
between ensuring operational efficiency and meeting
urban demand.

Two significant insights emerge from our findings.
First, the hybrid and private approaches show a consist-
ent preference for parking lots and pickup points across
all optimal solutions. This preference is primarily driven
by their widespread availability and ease of access for
both delivery vehicles and customers. Parking lots, in
particular, are chosen as preferred micro-hub locations
due to a number of advantageous factors. They typically
have ample space for the temporary storage and sorting
of parcels, which facilitates efficient operations. They are
often strategically located in urban areas where there is a
large daily demand for deliveries, such as near business
districts, shopping centers, or densely populated residen-
tial areas, which helps to reduce the last-mile delivery
distance. Additionally, parking lots usually have existing
infrastructure that can support e-commerce logistics,
such as road access for different types of delivery vehi-
cles and the potential to install automated parcel lock-
ers. This makes them ideal for the rapid deployment of
micro-hubs, leading to a more resilient and responsive
e-commerce delivery network. The public approach, in
contrast, relies more on train stations, markets, and even
post offices.

Second, the model suggests that only 61 out of the 1057
locations identified as suitable for intermodal e-com-
merce delivery would be required to meet current e-com-
merce demand in the city. This represents less than 6%
of the potential locations suitable for this purpose. This
finding places policymakers at a critical juncture. With
the proliferation of e-commerce deliveries, they must
define the role of public authorities and assess whether
public infrastructure can adequately support UFD for
more sustainable delivery methods. Providing public
space at subsidized rates could encourage the growth
of zero-emission last-mile operators, while relying on

the private sector could lead to greater efficiency, but
potentially less collaboration and control over logistics
operations in the city. These considerations underscore
the multifaceted choices that policymakers must make
to ensure the future of sustainable UFD. The hybrid
approach we present, which combines micro-hubs in
both public and private facilities, emerges as a potential
solution to the sustainable last-mile problem in the city
of Barcelona.

5 Discussion

Our research has successfully achieved both objectives
outlined in previous sections. First, we have identified
an optimal network of micro-hubs that strategically inte-
grates a wide range of public, private, and mixed-use
infrastructures to facilitate efficient and sustainable UFD
in Barcelona. This network is flexible and adaptable to
different daily demand scenarios, promotes intermodal-
ity, and adapts to the evolving needs of city logistics [35].

Second, we have developed an agile routing algorithm
capable of generating adaptive distribution plans, tak-
ing into account multiple optimization objectives. This
algorithm tackles dynamic environments by optimizing
operational and routing costs, thereby contributing to the
comprehensive improvement of UFD efficiency [45]. The
importance of the developed algorithm is underscored by
its innovative approach, which involves integrating two
different algorithms to solve a practical last-mile distri-
bution case within competitive computational times, as
shown in Table 3. The table displays the computational
times (in seconds) invested by our approach to obtain the
provided solutions.

By hybridizing solutions to the LRP, the algorithm not
only improves upon existing methods, but also offers a
novel contribution to the literature. Its significance lies
in the synergistic combination of location analysis and
routing optimization, providing a holistic solution that
addresses the complexities of last-mile delivery [23, 53].
This advancement in logistics strategy not only bolsters
operational performance, but also represents a significant
leap forward in the field of UFD systems [21].

Considering the findings of [82] our study also under-
scores the critical importance of optimizing last-mile
logistics to reduce vehicle kilometers traveled (VKT)
and negative externalities. Their research emphasizes
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the role of micro-hubs and parcel lockers in creating effi-
cient UFD networks. By utilizing a spatial methodology
and a genetic algorithm, they identified optimal micro-
hub locations in Sydney, significantly reducing VKT
and improving coverage areas. However, our approach
enhances this framework by integrating a nimble routing
algorithm that optimizes adaptive distribution plans and
considers multiple optimization objectives. This provides
a more holistic and efficient solution that simultaneously
addresses the selection of micro-hub locations of differ-
ent types (public, private, and mixed-use) and delivery
routes. This synergistic combination of location analysis
and route optimization not only further reduces VKT
and operational costs but also better adapts to fluctuating
daily demands, representing a significant advancement
in the efficiency and sustainability of UFD systems. This
approach becomes an effective tool for policymakers.

Our approach goes beyond the conventional use of
logistics centers as micro-hubs in the public realm to
include other key locations such as markets, shopping
centers, district buildings, post offices, pickup points,
and most importantly parking lots. This approach can
help policymakers to explore a variety of options for sit-
ing micro-hubs within both public and private facilities
[21, 26]. The inclusion of parking lots as an integral part
of this strategy is particularly relevant as it represents a
novel opportunity that many European cities, including
Barcelona, are beginning to explore in order to expand
and optimize their urban distribution network [39]. This
innovative use of urban space not only addresses the
challenges of last-mile logistics, but is also in line with the
broader objectives of sustainability and efficient resource
utilization? [36, 37].

Our study makes a significant contribution to the aca-
demic discourse on sustainable UFD by advancing our
understanding of the location and prioritization of shared
micro-hub networks in metropolitan areas. Previous
research has advocated for the use of shared micro-hub
networks in conjunction with parcel lockers or public
transportation infrastructure (e.g., commuter lines, sub-
ways, and trains) to optimize last-mile delivery processes
[6, 83, 84]. Our research is distinctive in that it pioneers
the integration of this concept into an LRP framework,
which we approach with a novel multi-start, two-step
methodology [6, 45].

The importance and relevance of incorporating LRP
into our approach lies in its unique ability to simultane-
ously consider the selection of optimal micro-hub loca-
tions and the most efficient delivery routes. Traditional
methods often treat these issues separately [85], which
can lead to suboptimal solutions that do not fully account

% See “Car parks as city logistics hubs” by Saba. More information here.
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for the interdependencies between location selection
and routing optimization. By treating these two critical
components as a single, integrated problem, our method
provides a more comprehensive and potentially more
cost-effective strategy for managing the complexities of
UED [46]. This not only meets economic imperatives,
but also supports environmental and social objectives by
promoting more efficient use of urban space and reduc-
ing the impact of delivery operations on urban traffic and
emissions [40, 41].

Our research also enriches the dialogue on how to
improve UFD by incorporating an array of urban infra-
structure into the proposed distribution network. The
results of our simulations confirm the viability of estab-
lishing a sustainable UFD network in urban landscapes
by using a variety of locations as distribution origins.
Its scalability to different daily demand scenarios (low,
medium, and large) highlights its adaptability and poten-
tial for expansion [36, 43]. This is consistent with the
existing literature, which emphasizes the need for distri-
bution networks that are able to adapt to fluctuating mar-
ket demand [86].

Building on the findings of [71], our study further
positions itself as an invaluable tool for decision-mak-
ers seeking to adopt a UFD model that brings together
public and private facilities. This collaboration can har-
ness synergies, optimize the use of resources, and bolster
the network’s efficiency. The importance of this model
lies in its integrated approach, which capitalizes on the
strengths of both sectors. Public locations can provide
widespread accessibility and may already be part of peo-
ple’s daily routines, offering convenience and reducing
additional traffic. Private locations can offer flexibility
and specialized services that can be tailored to the spe-
cific needs and daily demands of the e-commerce market
[71]. Together, this hybrid approach can facilitate faster
deliveries, reduce environmental impacts through more
direct routes and shared resources, and ultimately pro-
vide a resilient structure that accommodates the dynamic
nature of urban commerce [49].

Therefore, the most substantial contribution of our
proposal is the inclusion of multiple locations as micro-
hubs, particularly parking lots. Traditionally, distribution
facilities have focused on centralized hubs or warehouses.
However, our approach is in line with the emerging trend
of using a variety of locations, including a combination
of public infrastructure and private facilities. This reflects
the concept of a more decentralized and diversified UFD
[87].

Lastly, our proposal considers the optimal number of
micro-hubs for deliveries based on daily demand and
total number of deliveries, which could reduce the num-
ber of vehicles on urban roads, reduce CO, emissions,


https://www.sabagroup.com/informeanual2020/en/sustainable-urban-mobility/car-parks-as-urban-logistics-hubs/
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and alleviate traffic congestion. This is consistent with
research advocating for delivery consolidation as an
effective strategy for improving UFD efficiency [21].

6 Conclusions

Our research marks a significant step forward in the
field of city logistics, establishing an optimal network of
micro-hubs and pioneering an agile routing algorithm to
boost the efficiency of UED. It is important to underscore
that while our proposal outlines an optimal framework
for policymakers, any final decisions on micro-hub place-
ment should be left to their judgment, informed by local
knowledge and strategic priorities. Our findings not only
demonstrate the practicality and benefits of integrating
various urban infrastructures, including parking lots, into
distribution networks as micro-hubs, but also highlight
opportunities for further refinement.

The potential to enhance the model to more fully opti-
mize the parcel delivery process, in particular to account
for different types of vehicles, is acknowledged. Moreo-
ver, the accuracy and relevance of our findings would
benefit from access to more detailed and up-to-date data
on e-commerce activities in Barcelona. Such data would
allow for more precise scenario analysis and direct appli-
cability to the real world. Our research thus provides a
foundation for future endeavors towards more sustain-
able and effective UFD, highlighting the importance of
continuous collaboration and flexibility in meeting the
dynamic daily demands of city logistics.

While our study provides important theoretical
insights into the use of micro-hub networks in urban
environments, as illustrated by our Barcelona case study,
it also recognizes the need for further refinement. Our
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model adeptly integrates an LRP through a multi-start,
two-step methodology that addresses both the optimal
number and positioning of micro-hubs, but it does not go
so far as to perfect the entire parcel delivery process in
urban environments. In particular, it overlooks the seg-
ment that precedes the last-mile—transit from peripheral
consolidation centers to micro-hubs. Additionally, our
current model’s inability to account for different vehicle
types limits its ability to provide comprehensive assess-
ments that would consider total distances, costs, and
CO, emissions across the delivery network.

Furthermore, our findings underscore the impor-
tance of cooperative strategies among logistics provid-
ers to improve the efficiency of city logistics networks
and reduce costs by optimizing the use of resources and
ensuring a fair profit distribution among stakeholders.
Cooperative use of micro-hubs can also lead to more bal-
anced and less congested urban areas, encouraging infra-
structure sharing and reducing duplicated delivery routes.

Finally, more robust and up-to-date data on e-com-
merce transactions in Barcelona would greatly enhance
the practicality of our model. Such data would allow us
to develop scenarios that more accurately reflect real-
world conditions and facilitate comparisons with our
modeled results. Our research lays the groundwork for
continuous improvement of UFD systems and high-
lights the need for adaptive and resilient urban freight
distribution strategies.

Appendix
See Tables 4 and 5.

Table 4 Simulation of three daily demand scenarios (low, medium, and large) and their impact on opening and routing costs for last-

mile UFD using the public approach

Initial simulation conditions

Vehicle capacity: 300 parcels

Micro-hub capacity: 1500 parcels per day

Simulation results for three possible scenarios

Total Operating costs Routing costs (€/ Total costs (€/day) Total micro-  Category of micro-hubs
customers (€/day) day) hubs opened proposed to be opened by the
algorithm
Low daily demand 100 622 135.83 757.83 2 Markets (1)
(5-25 parcels)
Subway stations (1)
200 1244 21148 145548 4 Subway stations (2)

Markets (1)

Train stations (1)
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Table 4 (continued)

Initial simulation conditions

Vehicle capacity: 300 parcels Micro-hub capacity: 1500 parcels per day

Simulation results for three possible scenarios

Total Operating costs Routing costs (€/ Total costs (€/day)  Total micro-  Category of micro-hubs

customers (€/day) day) hubs opened proposed to be opened by the
algorithm

400 2177 250.64 2427 .64 7 Post offices (2)

Subway stations (2)
District buildings (1)
Parking lots (1)
Train stations (1)
600 2799 325.07 3124.07 9 Parking lots (3)
Markets (2)
Subway stations (2)
Post offices (1)
Train stations (1)
800 3110 37043 3480.43 10 Subway stations (4)
Markets (1)
Narrow-gauge rail stations (1)
Parking lots (1)
Post offices (1)
Train stations (1)
1000 3421 460.29 3881.29 11 Subway stations (6)
Narrow-gauge rail stations (2)
Markets (1)
Post offices (1)

Train stations (1)

Medium daily 100 3110 34436 3454.36 10 Subway stations (4)
demand (50-100
parcels)

Narrow-gauge rail stations (2)
Markets (1)
Parking lots (1)
Postal offices (1)
Train stations (1)
200 6531 706.71 7237.71 21 Subway stations (7)
Markets (6)
Parking lots (4)
Post offices (2)
Narrow-gauge rail stations (1)

Shopping centers (1)
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Table 4 (continued)

Initial simulation conditions

Vehicle capacity: 300 parcels Micro-hub capacity: 1500 parcels per day

Simulation results for three possible scenarios

Total Operating costs Routing costs (€/ Total costs (€/day)  Total micro-  Category of micro-hubs
customers (€/day) day) hubs opened proposed to be opened by the
algorithm
400 9641 658.11 10,299.11 31 Subway stations (12)
Markets (5)

Parking lots (5)
Post offices (5)
Shopping centers (2)
District buildings (1)
Train stations (1)
600 12,751 864.00 13,615.00 41 Subway stations (19)
Parking lots (7)
Markets (6)
District buildings (4)
Post offices (4)
Narrow-gauge rail stations (1)
800 15,861 869.34 16,730.34 51 Subway stations (18)
Markets (14)
Parking lots (8)
Train stations (4)
Post offices (3)
Narrow-gauge rail stations (2)
District buildings (1)
Shopping centers (1)
1000 15,861 922,96 16,853.96 51 Subway stations (18)
Markets (14)
Parking lots (8)
Train stations (4)
Post offices (3)
Narrow-gauge rail stations (2)
District buildings (1)
Shopping centers (1)
Large daily 100 3421 279.72 3700.72 11 Subway stations (6)
demand (100-200
parcels)
Narrow-gauge rail stations (2)
Markets (1)

Train stations (1)

Post offices (1)
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Table 4 (continued)

Initial simulation conditions

Vehicle capacity: 300 parcels Micro-hub capacity: 1500 parcels per day

Simulation results for three possible scenarios

Total Operating costs Routing costs (€/ Total costs (€/day) Total micro-  Category of micro-hubs
customers (€/day) day) hubs opened proposed to be opened by the
algorithm
200 6531 71543 724643 21 Subway stations (7)
Markets (6)

Parking lots (4)
Post offices (2)
Narrow-gauge rail stations (1)
Shopping centers (1)

400 12,751 74134 13,492.34 41 Subway stations (16)
Parking lots (7)
Postal offices (6)
Markets (4)
District buildings (3)
Narrow-gauge rail stations (2)
Train stations (2)
Shopping centers (1)

600 18,971 1589.52 20,560.52 61 Subway stations (28)
Parking lots (10)
Postal offices (8)
Markets (7)
Narrow-gauge rail stations (4)
District buildings (3)

Train stations (1)
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Table 5 Simulation of three daily demand scenarios (low, medium, and large) and their impact on opening and routing costs for last-
mile UFD using the private approach

Initial simulation conditions

Vehicle capacity: 300 parcels Micro-hub capacity: 1500 parcels per day

Simulation results for three possible scenarios

Total customers Operating  Routing Total costs (€/day) Total Category of micro-hubs
costs (€/ costs (€/ micro-hubs  proposed to be opened by the
day) day) opened algorithm

Low daily demand (5-25 100 311 93.93 404.93 1 Parking lots (1)
parcels) 200 622 143.40 765.40 2 Parking lots (1)
Pickup points (1)
400 1244 205.00 1449.00 4 Pickup points (3)
Parking lots (1)
600 2177 270.90 2447.90 7 Parking lots (4)
Pickup points (3)
800 2799 337.59 3136.59 9 Parking lots (6)
Pickup points (3)
1000 3110 38297 349297 10 Parking lots (6)
Pickup points (4)
Medium daily demand (50-100 100 186 15941 202541 6 Parking lots (3)
parcels) Pickup points (3)
200 3110 309.81 3419.81 10 Parking lots (6)
Pickup points (4)
400 6531 534.06 7065.06 21 Parking lots (14)
Pickup points (7)
600 9641 73517 10,376.17 31 Parking lots (19)
Pickup points (12)
800 12,751 088.88 13,739.88 41 Parking lots (20)
Pickup points (19)
Shopping centers (2)
1000 15,861 1195.55 17.056,55 51 Parking lots (36)
Pickup points (12)
Shopping centers (3)
Large daily demand(100-200 100 3421 289.93 371093 1 Parking lots (9)
parcels) Pickup points (2)
200 6531 528.61 7059.61 21 Parking lots (14)
Pickup points (7)
400 12,751 952.46 13,703.46 41 Parking lots (25)
Pickup points (13)
Shopping centers (3)
600 18,971 1549.52 20,520.52 61 Parking lots (37)
Pickup points (22)
Shopping centers (2)

Abbreviations
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