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Abstract: Studies that use rivers in a last-mile delivery context are scarce. This research considers the
first multimodal alternative based on a barge for parcel delivery activities. It proposes two sustainable
network designs for a two-echelon distribution. The efficiency of scenarios is assessed through
performance indicators. A three-stage decomposition heuristic is used. Allocation of the customers
to the closest satellite at the first stage uses a non-supervised machine learning clustering method,
2D-k-means. The last two stages, comprising the two echelons routing, are solved using a heuristic
based on the nearest neighbor procedure. The fixed costs decrease by 41% and energy consumption
by 92% when applying a river transportation mode and e-cargo bikes in the distribution network’s
first and second echelon, respectively. Future research avenues are to render the results more realistic
with the consideration of other costs and a larger network.
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1. Introduction

In the last five years, an expansion of e-commerce has been taking place worldwide,
reaching a growth of around 21% [1]. The strong measures that several countries imple-
mented to deal with the COVID-19 pandemic, such as the lockdown and home office, not
only reinforced the growing trend in 2020 [2] but also caused supply chain and logistics
managers to rethink their operations [3]. E-shopping offers a lot of possibilities to the
consumer in a comfortable way, receiving all deliveries in different ways; for example, the
two most common last-mile delivery modes are (1) delivery to a selected customer destina-
tion point like home delivery or at the workplace. (2) Click-and-collect in a store, mailbox,
or at a partner location. Last-mile delivery operations include parcel sorting, transportation,
and hand-over to the consumer at the preferred delivery mode and location [4,5].

In addition, the concentration of population in urban areas is increasing; about
3.5 billion people live in cities [6], and the number will still grow since cities are where
the main economic, cultural, entertainment, and educational activities of a country are
concentrated. Moreover, according to [7], many home deliveries of online retail orders are
small parcels that must be delivered in dispersed points inside urban areas. Indeed, urban
freight transportation has become an important component of urban planning, along with
many challenges that arise in the operations associated with freight transportation. For
instance, last-mile deliveries cause up to 28% of the total delivery costs [8] and are related to
negative environmental impact issues such as air pollution and traffic congestion. Transport
systems obstruct themselves and other road users by the invasion of public space during
pickup and delivery operations in urban areas. European urban freight transportation
causes approximately 23% of carbon dioxide equivalent (CO2e) emissions [9] and between
30% to 50% of other pollutants in cities [10].

Different city logistics initiatives and strategies have been developed and modeled
to improve efficiency, relieve traffic congestion, and reduce GreenHouse Gas (GHG) emis-
sions. One of those strategies is the redesign of urban distribution networks by adding

Appl. Sci. 2023, 13, 7259. https://doi.org/10.3390/app13127259 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13127259
https://doi.org/10.3390/app13127259
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-6840-3525
https://orcid.org/0000-0002-6251-3667
https://orcid.org/0000-0002-3014-4561
https://doi.org/10.3390/app13127259
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13127259?type=check_update&version=1


Appl. Sci. 2023, 13, 7259 2 of 11

intermediate nodes such as hubs, satellites, or other types of urban logistic spaces [11–13].
Other strategies are the investment in new logistic resources, information technology sys-
tems, and automation technology [14]. When designing the last-mile supply network, the
most employed model is the two-echelon distribution system, which consists of delivering
parcels from a depot to a set of satellites and from there to a set of customers geographically
dispersed. Practitioners and academicians frequently approach this logistics distribution
problem as a two-echelon vehicle routing problem (2E-VRP) [15]. Due to the high computa-
tional complexity of the problem, many researchers are motivated to design and propose
approximate algorithms (heuristics and metaheuristics) to solve it.

Multimodal transportation, such as public transport, Unmanned Aerial Vehicles
(UAVs), Autonomous Vehicles (AVs), Electric Modular Vehicles (EMVs), Electric Vehi-
cles (EVs), and cargo bikes, to improve the efficiency and sustainability of urban parcel
distribution systems. In the context of innovative solutions to reach more sustainable
deliveries, our study proposed two scenarios in which one of these aims to use the inland
waterways in such a way that water transport can be used in the first echelon as an innova-
tive way for parcel distribution. In addition, the second echelon has a set of electric cargo
bikes (e-cargo bikes) that pick up parcels at the ports designated as fluvial satellites, where
a barge will deliver the packages for further last-mile distribution. This research aims to fill
the gap in addressing these attributes of urban parcel delivery systems. The research to
be challenged was presented at a conference [16]. This paper studied the problem of de-
signing delivery routes in two-echelon distribution networks proposing an approximation
algorithm with a three-stage decomposition strategy. In the first stage, allocation of the
customers to the closest satellite at the first stage uses a non-supervised machine learning
clustering method 2D-k-means; the second and third stages are the routing parts and
were solved by the implementation of an approximation algorithm based on the Nearest
Neighbor (NN) routing heuristic.

The remainder of this article is organized into five sections. In Section 2, we review
related literature. Section 3 discusses the methodology applied to our research. Section 4
explains the parameters to calculate the indicators and reports the results. Section 5
concludes the paper and highlights some perspectives for future research.

2. Literature Review

A literature review of some publications about routing problems in single and two-
echelon distribution systems. Since this study contains routing decisions using multimodal
transportation, we also present an overview of different studies that considered different
transportation modes to make parcel delivery in an urban context.

2.1. Vehicle Routing Problem (VRP)

The main purpose of the VRP is to satisfy the needs of a set of customers with minimal
cost that is proportional to the total distance traveled by the fleet of vehicles [17]. This
problem was introduced by [18]. From this study, the number of research on this topic
has been growing exponentially, not only in the creation of solution approaches but also
in the analysis of variants that arise from the basic model and take into consideration
more real-life issues. Several variants have been studied in the literature: heterogeneous
fleet of vehicles, delivery time windows [19], and multi-depot [20]. Moreover, multi-
echelon distribution systems are also modeled as an important variant of this problem; for
example, the 2E-VRP [15] is commonly used to model last-mile distribution networks. The
increase in the number of documents about this topic through the last eight years highlights
the relevance of this problem [21], reaching the highest number of studies in the year
2021. Perspectives about this problem are related to the use of different and eco-friendly
transportation modes, time windows, multiple depots, multi-echelon distribution systems,
and split deliveries [22].
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2.2. Transportation Modes in Urban Parcel Delivery Systems

Existing frameworks for last-mile delivery planning lack important parameters like
those that drive customer decisions or the sustainability of the delivery network. Currently,
sustainable practices are very important and have special influences on shoppers’ decisions.
So, some of the largest retailers are driving the shift to fossil fuel-free deliveries [4]. New
variants of VRP have been studied to have more efficient and sustainable applications for
e-commerce, parcel delivery, and city logistics distribution in the retail sector. Different
transportation modalities are taken into consideration in the literature for urban parcel
delivery systems; some of these are UAVs [23], AVs such as delivery robots [24,25], and
autonomous mobile lockers (AMLs) [26]. The use of public transport combines people
and goods using the metro [27], bus, tram, subway [7], water bus [28], EMVs [9], cargo
bikes [26,29,30], and finally, EVs [31].

Results obtained in scenarios using cargo bikes for freight transportation in inner-city
areas positioned this transportation mode as a promising alternative to conventional vans
to make last-mile delivery; experiments show cost and CO2e emissions savings [32,33]. The
results of these studies promote zero-emission strategies for last-mile deliveries, especially
in low-emission zones in inner-cities areas. The adoption of cargo bikes has become popular
in several cities since it is a sustainable alternative to the current unsustainable model of
freight transport. Pedal Me, in London, is one of the successfully executed projects. This
initiative is approximately 1.61 times faster than the one performed by a van. In 98 days, a
total of 3896 kg of CO2e was saved [34]. With such scenarios, tonnes of CO2e can be saved
per year.

Due to the objective of reaching free CO2e city logistics in inner-cities areas [35],
many European cities, as in other countries, have already been regulating the flows of
non-sustainable freight vehicles (mostly with diesel engines) into defined inner-city areas,
with for example low-emission zones, or city tolls [31]. According to [36], EVs could be an
important part of the solution to achieve this goal. Ref. [37] evaluated some policies that
encouraged the use of EVs and measured the impact of the use of this transportation mode
on the environment.

From this partial literature review, we can derive the importance and relevance of
increasing the efficiency of urban parcel distribution systems due to the different public
policies and city configuration typologies. To design sustainable distribution networks
with lower emission levels using the great diversity of transportation modes that can be
adapted to each situation, with reasonable costs and efficient routes to ensure customer
satisfaction. In the literature reviewed so far, it was found that there are different transporta-
tion modes applied to urban parcel delivery. Although vessels are used for long distances,
few studies in the scientific community consider making parcel distribution through the
city’s waterways with small boats. However, some studies in Amsterdam proved that
this initiative could reduce congestion in the city center, satisfying the delivery needs of
retailers without interfering with other fluvial activities [38,39]. Consequently, we want to
address the 2E-VRP in two different scenarios that consider multimodal transportation to
first determine the allocation of customers to the satellites, then to find a set of routes for
the first and second echelon, so electric cargo bikes (e-cargo bikes) perform the last-mile
delivery. The problem objective is the minimization of the total travel time of the delivery
network. So, we can obtain very useful results in terms of CO2e emissions, distance, land
use, energy consumption, and fixed cost that can be applied to real cases in cities that have
waterways in their configurations.

3. Methodology

The NP-hardness of the 2E-VRP represents a challenge for researchers because approx-
imate algorithms such as heuristics and metaheuristics are needed to solve combinatorial
optimization problems by finding feasible solutions. Decomposition strategies are used to
solve large-scale real-world problems [40] and overcome the NP-hardiness of the 2E-VRP.
To solve this problem, a decomposition algorithm is proposed, as used in [41]. The problem
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is complex, so it is split into three subproblems ensuring the feasibility and the quality of
the solution obtained (see Figure 1). The first subproblem is a 2D-k-means clustering to
allocate the delivery points to predetermined satellites; this procedure is made before route
optimization to reduce the computational complexity. We considered the latitude and the
longitude of each customer’s geographic location as k-means clustering groups customers
into clusters based on the two-dimensional Euclidean distance [42,43]. Let k be the num-
ber of defined clusters, which corresponds to the number of satellites in the distribution
network. The centroid of each cluster k is chosen randomly. The data is analyzed, and the
distances between each client and the centroids are determined. Then, for each element, the
closest cluster centroid is assigned, and the new centroids of k clusters are updated. This
method has to be repeated until all clients have been assigned to the appropriate cluster.
Finally, the clustering results are kept and used to build the initial solution for the routing
optimization. The second sub-problem determines the routing for the last-mile delivery
from satellites to the customers. The third sub-problem proposes to find a set of routes for
the first echelon from the depots to the corresponding satellites.
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Figure 1. Represents the decomposition approach applied to solve the 2E-VRP.

The last two sub-problems were solved by an algorithm based on the NN search [44].
This procedure seeks to build Hamiltonian cycles through links to nearby neighbors. It has
been frequently applied to solve the VRP efficiently, even in large-size instances [45–47]. To
create the routes, we use the following steps:

1. Define the first point of the route (depot or satellite);
2. If the first point is the depot, continue with step 4;
3. If the starting point is a satellite, begin the routing with step 4 in the satellite of the

cluster i;
4. Find the nearest node to the last node added to the path. If the nearest node is already

in the path, then choose the next closest;
5. Repeat step 4 until the vehicle of the echelon reaches its maximum capacity;
6. Connect the last visited node to the depot or satellite (as appropriate) to form the tour.

Calculate the distance traveled by the vehicle and the total route time;
7. If there are unvisited nodes, add one more vehicle and return to step 4;
8. If there are unvisited clusters, return to step 3 in cluster i + 1.

The instances that were used to solve this problem were taken from a dataset previ-
ously proposed by [21], where a case study was presented to solve a parcel distribution
problem in an urban delivery system. In this case, a small instance of 50 randomly dis-
tributed customers was generated within the city of Paris, France (Figure 2). In Paris,
e-commerce accounts for 9.8% of retail trade. This generates 2.8 million weekly goods
movements in the greater Paris metropolitan area. Many products sold through e-commerce
are delivered to the consumer via carriers operating on the messenger system. These in-
clude all manufactured products. The transport of parcels requires a specific organization.
The last mile is very important in this scheme, as the branch is not necessarily located in
the direct vicinity of the consumer. In addition, the distribution network will have different
characteristics in the first echelon. Two different transportation modes will be used to serve
the satellites depending on the case. Figure 2 shows three nodes in red which are referred
to as fluvial satellites and will be served by a barge (Scenario 1), while the nodes colored in
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yellow will be the satellites of Scenario 2, which a delivery van will serve. The satellites
are located within the city and will act as centroids to cluster customers in such a way that
they are assigned to the closest satellite to make last-mile distribution more efficient.
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Two scenarios are proposed with the aim of making comparisons through performance
indicators such as distance traveled, travel time, CO2e emissions, fixed cost of each vehicle,
energy consumption, and land use. These indicators will be explained further in Section 4.
The proposed scenarios are described next:

• Scenario 1: In this scenario, we considered a depot located outside the town and is
located near the Seine River. A barge begins its trip in the depot and will attend two
previously defined ports inside Paris that will be the satellites of this distribution
network (fluvial satellites); from these satellites, e-cargo bikes as second-echelon
vehicles can serve the customers.

• Scenario 2: In this scenario, the depot is located outside the town but not necessarily
near the river. The fleet of the first echelon is composed of delivery vans, and this
transportation mode serves a set of satellites located inside the town. The second
echelon is like the one proposed in Scenario 1 but with different satellite locations (the
number of customers and the transportation mode used in the second-echelon fleet is
the same).

4. Results

The solution procedure was coded in Python, and experiments were run on a computer
with processor Intel® Core™ i7-10510U, CPU at 2.3 GHz, and 16 GB RAM. Two main
scenarios were evaluated. Regarding the scenarios, Scenario 1 considers three fluvial
satellites located in predetermined ports next to the Seine River; these satellites do not have
limited capacity. In addition, a barge is the transportation mode used to serve the satellites
in the first echelon and e-cargo bikes in the second echelon.

Scenario 2 consists of a set of three uncapacitated satellites located inside Paris and are
not fluvial ports. The distribution network in this scenario has a heterogeneous fleet. The
fleet of vehicles is composed of delivery vans (diesel-fueled) for the first echelon, and the
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second echelon has the same transportation mode as Scenario 1. For the generated instance,
the transportation modes considered will have load capacities that are proportional to the
type of vehicle. These are not the actual capacities for the purpose of this research. Further
studies will be done to extend this problem to the actual instance, which comprises more
than 90,000 delivery points. The dataset is provided by a French parcel delivery company
whose name must be kept confidential. The capacity of the barge, delivery van, and e-cargo
bike is respectively 50 kg, 45 kg, and 8 kg.

Key performance indicators were considered to compare both scenarios and see
how sustainable they are. The number of vehicles, CO2e emissions, fixed cost, energy
consumption, and land use were some of them. The CO2e is a universal measurement used
to indicate, in terms of CO2e, the equivalent of each of the greenhouse gasses with respect
to its potential for global warming [48]. Land use is considered primarily to ensure that the
distribution network does not invade public space in large proportions. Fixed costs allow
decision-makers to determine which scenario suits their needs better. Energy consumption
allows for monetization of the cost of the energy (diesel or electricity) that each type of
vehicle needs to perform the delivery activities. Table 1 shows the factors that were used to
calculate the indicators and the average travel speed for each type of vehicle.

Table 1. Specificities of each mean of transportation.

Parameter E-Cargo Bike Delivery Van Barge

Average speed (km/h) 15 30 12
CO2e emissions (kg CO2e/km) 0.005 0.278 0.069
Land use (m2) 3.48 9.15 66.98
Fixed costs (€/km) 0.63 1.32 0.76
Energy consumption (€/km) 0.00126 0.15592 0.01949

For first-echelon results, see Table 2. Scenario 1 has the best results in terms of distance,
CO2e emissions, fixed cost, and energy consumption, as these indicators depend on the
distance traveled by the barge. However, due to the travel speed of this transportation
mode and the maximum speed allowed on the Seine River, which is 15 km/h, the travel
time is longer than Scenario 2. Moreover, the area occupied by the barge in the river is
66.98 m2 since the barge is bigger than the delivery van selected in this study. In Scenario 2,
the complete delivery operation of the first echelon can be performed in 2.89 h, which
is 1.12 h faster than in Scenario 1, even if the distance is greater to arrive at the desired
delivery point (satellite).

Table 2. First-echelon results per indicator.

Indicator Scenario 1 Scenario 2

Number of vehicles 1 1
Distance (km) 48.11 86.98
Travel time (h) 4.01 2.89
CO2e emissions (kg) 3.34 24.18
Fixed cost (€) 36.56 114.82
Land use (m2) 66.98 9.15
Energy consumption (€) 1.69 13.56

In the second echelon, the customers are clustered in three groups that are the number
of satellites in each scenario. This clustering was performed to reduce the distance between
the delivery points and the satellite (centroid of the cluster) in such a way that clients are
allocated to the closest satellite. Table 3 shows the results for both scenarios per cluster and
the total values for each indicator per scenario. For both scenarios, the last-mile delivery is
performed by an e-cargo bike. This means of transportation has a limited route duration
of 1.5 h per tour due to the duration of the battery. Scenario 2 requires more e-cargo bikes
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than Scenario 1. Indicators like distance, travel time, CO2e emissions, fixed cost, and
energy consumption have better values in Scenario 2 despite having an extra vehicle; this
additional e-cargo bike is also the reason why the land use is lower in Scenario 1.

Table 3. Second-echelon results per indicator.

Scenario N◦ of
Vehicles

Distance
(km)

Travel
Time (h)

CO2e
Emissions

(kg)

Fixed Cost
(€)

Land Use
(m2)

Energy
Consumption

(€/km)

Scenario 1

Cluster 1 2 33.5 2.2 0.17 21.11 6.96 0.041
Cluster 2 2 38.0 2.5 0.19 23.93 6.96 0.048
Cluster 3 2 40.6 2.7 0.20 25.60 6.96 0.051
Total 6 112.1 7.5 0.56 70.64 20.88 0.141

Scenario 2

Cluster 1 3 53.1 3.5 0.27 33.45 10.44 0.067
Cluster 2 2 35.9 2.4 0.18 22.60 6.96 0.045
Cluster 3 2 18.7 1.3 0.09 11.77 6.96 0.023
Total 7 107.7 7.2 0.54 67.83 24.36 0.135

Regarding the global results, Figure 3 presents a comparison between scenarios per
indicator. Regarding the total distance traveled, Scenario 1 shows a reduction of 17% while
the travel time increases by 14% since the average travel speeds of the barge and e-cargo
bikes are slower than the average travel speed of the delivery van. Moreover, Scenario 1
causes more public space invasion because the area of the barge is considerably bigger than
the other transportation modes.
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Figure 3. Differences between scenarios in terms of global results.

It is important to highlight the reduction in CO2e emissions when using Scenario 1
because the entire operation of the second echelon is executed by e-cargo bikes with very
low emissions. The difference between scenarios in terms of CO2e emissions is 84%, which
means that the implementation of Scenario 1 will have lower values of greenhouse gas
emissions, so it is more sustainable. Something similar happens with the cost of the energy
consumption since the barge has a consumption of 1 l/100 km (diesel) compared to the
consumption of the delivery van, which is 6 l/100 km (diesel). In this specific study, the
least polluting means of transportation is the barge. Moreover, this means of transportation
has cheaper costs -fixed costs and costs of energy consumption- than those associated with
the van. To sum up, the fixed costs decrease by 41% and energy consumption by 92% when
applying a river transportation mode and e-cargo bikes in the first and second echelon,
respectively, of the distribution network (scenario 1 versus scenario 2).
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5. Conclusions

The popularity of the Internet and social networks, followed by historical and disrup-
tive events like the COVID-19 pandemic, have reinforced the increase of online shopping,
generating an expansion of e-commerce. Many retail stores had to rethink their operations
and start offering online sales channels to catch up with the trend, expand their boundaries
and be able to maintain their sales despite the restrictions imposed, delivering the ordered
products to their customers’ homes. Due to the considerable increase in demand, delivery
companies have had to rethink their logistics and supply chain management operations to
provide efficient last-mile delivery, as this activity is the core of e-commerce delivery opera-
tions. The most common distribution systems applied in urban logistics are two-echelon
delivery networks. The two-echelon distribution network has an Urban Distribution Center
or depot located outside the town, and from this facility, the parcels are distributed to
a set of Urban Consolidation Centers or satellites that are located inside the cities and
are such a cross-docking facility to distribute the parcels to a geographically dispersed
customer (last-mile delivery). This paper studied the problem of designing delivery routes
in two-echelon distribution networks. An approximation algorithm with a three-stage
decomposition strategy was implemented dealing with the computational complexity of
the problem: (1) a 2D-k-means clustering procedure is performed to allocate the customers
to the closest satellite, (2) to find the second echelon routes, (3) is the first echelon routing.
The two last stages were solved by the implementation of an approximation algorithm
based on the NN routing heuristic.

A small-size instance (50 nodes) taken from a dataset that contains delivery points
of a real-life French company was used for the experiment. Two different scenarios were
proposed in which a heterogeneous fleet of delivery vehicles was evaluated using multi-
modal transportation. We use inland waterway transportation (barge), delivery vans, and
e-cargo bikes. The performance of the delivery networks proposed was assessed. Results
show that the consideration of environmental-friendly transportation modes has a great
potential to reduce some of the issues and externalities caused by conventional urban parcel
delivery systems. In this specific study, the least polluting means of transportation is the
barge. Moreover, this means of transportation has cheaper costs -fixed costs and costs
of energy consumption- than those associated with the van. To sum up, the fixed costs
decrease by 41% and energy consumption by 92% when applying a river transportation
mode and e-cargo bikes in the first and second echelon, respectively, of the distribution
network (scenario 1 versus scenario 2).

It is important to note that the scenario that involves the use of inland waterways for
parcel distribution is very useful because waterways are much less congested than Parisian
city roads. However, thinking about further applications and tests in different cities, there
are different aspects to be considered. First, there can be certain periods of the year when
the river may not be navigable; in those cases, scenarios involving vans as a complementary
distribution network should be used. In addition, the schedules established for navigation
on the river must be taken into account since navigation is not allowed on a continuous
daytime basis. Each city, in particular, has its own geography and infrastructure. For
example, not all cities are suitable for this type of scenario because waterways are needed
for its implementation; furthermore, public policies not only for navigability but also for
last-mile distribution may differ. Hence, further studies should consider some additional
aspects to analyze the viability of these scenarios in other cities.

This research has some limitations that open research avenues. Last-mile logistics
is a very complex activity due to different factors, such as the instability of actors. The
research needs to be reinforced. First, river logistics is understudied: the analysis of the use
of barges in an urban context for the first echelon could be deepened. If this study gives the
first elements, the study of costs must be studied further. Secondly, the proposed model
must be applied to different original real-life case studies to validate our conclusions more
strongly. Moreover, the service time is stochastic. Time at each delivery time is different.
Considering this parameter could give more realistic results. Furthermore, adding new
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attributes to the model as mobile satellites or a heterogeneous fleet—electric vans, different
cargo bikes, etc.—in the same echelon could be studied.
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