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Abstract. An increase in e-shopping and (last mile) parcel deliveries
has contributed to a rapid growth of urban freight transportation. This
generates major impacts on city sustainability and liveability. Current
solutions for urban logistics concern road traffic, but multiple Dutch
cities have an extensive range of city canals that could be used for freight
transportation over water. It was investigated how the city canal network
of Amsterdam can be utilised for last mile parcel delivery, and what the
related effects are. A MILP formulation of a Two-Echelon, Multi-Depot,
Capacitated Vehicle Routing Problem (2E-MD-CVRP) was developed.
The model describes a network in which ships transport parcels to pre-
determined satellite locations in the city centre, where the parcels are
transferred to cargo e-bikes for the last mile of the delivery to the cus-
tomer. The model was optimised by minimising the total costs, using the
Genetic Algorithm (GA). The algorithm was able to find solutions but
could not always stay within the constrained search space. Different pos-
sible network scenarios were evaluated, describing the consequences with
respect to emissions, costs, and traffic flows. The results show promising
economic, social, and environmental outcomes for a network with ships
and cargo e-bikes instead of delivery vans. A daily and investment cost
reduction of 16% and 36% respectively and a CO2 emission reduction of
78.26% can be realised.

Keywords: Vehicle routing problem · Genetic algorithm · Urban
logistics · Last mile parcel delivery · City canal network · Cargo bikes

1 Introduction

During the last few years, urban logistics and last mile parcel delivery have
become issues of great importance. The amount of city inhabitants is increasing,
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and people tend to order more goods online every day. In the Netherlands,
one out of six vehicles in city centres is driving around for the transportation
of goods. As a result, many cities are currently facing social, environmental,
and economic problems caused by transport and traffic [3]. When travelling
through a city centre, one will almost always experience traffic congestion. In
addition, cities become more polluted, and the number of accidents is increasing
[5,7]. Consequently, new solutions are needed to enhance urban transport while
decreasing the negative impacts described above.

Many of the current regulations and solutions for urban logistics concern
land traffic, mainly on roads. However, multiple Dutch cities have an extensive
range of city canals that could possibly be used for freight traffic over water.
It has already been proven that (electric) waterway transport can contribute to
sustainable logistics, so why not use this in urban areas as well [14]? In fact,
the initial purpose of city canals was to serve as a waterway network for the
transportation of goods and people [10,16].

Amsterdam, the capital of the Netherlands, has one of the most extensive
city canal networks in the world. The aim of this paper is to evaluate a Vehicle
Routing Problem (VRP) that describes a network which utilises ships in the
city canals of Amsterdam, in combination with cargo e-bikes, for last mile parcel
delivery. The goal is to investigate to what extent this solution would result in
economic, environmental, and social benefits. A VRP is a combinatorial opti-
misation problem that calls for the optimal set of routes for a fleet of vehicles
to deliver the demand of a given set of customers. In this case, the problem is
divided into two levels or echelons. The first level consists of electric ships that
leave the distribution centre at the Port of Amsterdam and drive through the
city canals as a depot. These ships supply the cargo(e-)bikes that deliver the
parcels to the customers in the second level. All locations where transfer of the
packages between the vehicles of the two different levels is possible are called
satellites. These satellites are located at docks in the city centre.

Section 2 elaborates on the case study that was conducted and the different
scenarios that were evaluated. There exist many different variants of the Two-
Echelon (2E) VRP [2]. In Sect. 3.1, the mathematical formulation of the applied
2E-VRP is given. Next, Sect. 3.2 focuses on the Genetic Algorithm that was used
to optimise the model. Lastly, the results are presented in Sect. 4 and the final
conclusion is given in Sect. 5.

2 Case Study

A numerical analysis was executed in Python 3.7. The data set that was used
represents the average daily parcel demand in Amsterdam for one transportation
party. The effects were evaluated with respect to three different KPIs: costs
(euros), CO2 emissions, and traffic flows (given by the amount of vehicles per
day).

Two different scenarios were analysed. In Scenario 1, it is assumed that all city
canals and appointed (un)loading docks are available during the day. However, it
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is currently not allowed to transport goods through the canals in the inner part of
the Amsterdam city centre between 10am and 8pm. Even though it is possible to
receive a permit if one has a concrete plan which the municipality supports, this
might not always be the case. Therefore, Scenario 2 only includes availability
of the canal network outside the city centre. In Scenario, 31 satellites (docks
indicated by the municipality) are available for the (un)loading of the parcels.
In Scenario 2, this was decreased to 11.

Furthermore, increasing portions or percentages of the total daily demand
were used. This was called the delivery performance, which ranges from 25%
to 130%. I.e. it was investigated what the effects are if x% of the current daily
demand was delivered via the proposed network. The remaining parcels would
then be delivered as usual, with electric vans. In order to compare the outcomes
to this current situation, the effects when using electric delivery vans were eval-
uated too, using the same model (Sect. 3.1).

3 Model

3.1 MILP Formulation

This problem can be defined as a Two-Echelon, Multi-Depot, Capacitated Vehi-
cle Routing Problem (2E-MD-CVRP) [13]. Both levels of the problem are repre-
sented separately by the model that is formulated below. In other words, there
are two MD-CVRPs. First, the routes of the second level fleet of cargo bikes
should be determined, where the demand is given by the customer demand, and
the (pre-determined) satellites in the city centre serve as depots. The outcome
will then include the amount of parcels that should be distributed from every
satellite, i.e. the demand for the ships. After that, the routes of the ships in
the first level can be determined, where hubs at the Port of Amsterdam are
the depots, and the satellites from where the cargo bikes should depart are the
customers.

The mathematical formulation of these MD-CVRPs is defined on a graph
G = (V,A), where V = {1, · · · , n + w} is the set of nodes and A = {(i, j) :
i, j ∈ V, i �= j} the set of edges. V consists of two subsets: the set of n customers
Vc = {1, · · · , n} and the set of w depots Vd = {n + 1, · · · , n + w}. At every
depot, a fleet of vehicles, K with each a maximum capacity Qk and fixed cost
hk is available. All vehicles are restricted to a maximum work time T . For every
customer i, a non-negative demand pi and service time ri is given. The travel
cost and time between node i and j is given by ci,j and ti,j respectively.

The decision variable for this problem is given by the binary variable xk
i,j ∈

{0, 1}, which is equal to 1 if vehicle k travels from node i to node j, and 0 if
otherwise. The MILP formulation of the model is given below.

min
∑

i∈V

∑

j∈V

∑

k∈K

xk
i,jci,j +

∑

i∈Vd

∑

j∈V

∑

k∈K

xk
i,jhk (1)

s.t.
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∑
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i,j = 0 ∀j ∈ Vd,∀k ∈ Kj (10)

∑

i∈S

∑

j∈S

xk
i,j ≤ |S| − 1 S ⊆ Vc, 2 ≤ |S| ≤ n,∀k ∈ K (11)

xk
i,j ∈ {0, 1} ∀i ∈ V,∀j ∈ V,∀k ∈ K (12)

The objective function (1) aims to minimise the total costs. Constraints (2)
assure that only one vehicle arrives at every customer exactly once, and Con-
straints (3) ensure that this single vehicle also leaves the customer once. Con-
straints (4) are flow conservation constraints, such that a vehicle leaves a cus-
tomer after delivering. Constraints (5) state that every vehicle cannot be loaded
beyond its capacity. Constraints (6) make sure that the total duration of the
route does not exceed the defined work-day. Constraints (7) and (8) ensure that
the vehicles also arrive and leave their home depots at most once. Constraints (9)
states that a vehicle can only depart from its assigned home depot. In addition,
Constraints (10) ensure that the vehicles may also only return to this assigned
home depot, however, these are only applicable to the first level of the 2E-VRP.
The ships should return to their home depot to spend the night and be re-loaded
for the next day, but cargo bikes are finished as soon as they served the last
customer of their route. Constraints (11) are sub-tour elimination constraints.
Lastly, Constraints (12) define the binary variable that can either be equal to 1
or 0, depending on whether the vehicle travels along that arc. Solving this model



A Two-Echelon Multi-Depot Capacitated Vehicle Routing Problem 607

will give a network including a required fleet size per depot, routes for the first
and second echelon, and an applicable schedule.

The values assigned to the parameters of the mathematical model are given
in Table 1 below.

Table 1. Parameter values mathematical model.

Parameter Ships Cargo e-bikes Delivery vans

Speed [km/h] 6 24 30

Capacity [parcels] 1517 40 184

Work-day [hours] 9 4 8

Service time [hours] 0.5 0.05 0.05

Wages [euros/hour] 70 40 55

Operational costs [euros/100km] 20.92 0.15 10

Fixed costs [euros/vehicle/day] 19.17 3.30 28.50

Investment costs [euros/vehicle] 200,000 4,000 60,000

Emissions [kgCO2/km] 0.582 0.00417 0.278

3.2 Genetic Algorithm

The VRP is an NP-hard optimisation problem. Therefore, meta-heuristics should
be used to guide the process of searching for solutions and approximate a suffi-
cient solution. The Genetic Algorithm (GA) was used most often to successfully
solve VRPs in general [1,4,6,8,12,15]. Also, it was found that the GA was able
to optimise problems similar to the one introduced earlier. In the past, the algo-
rithm accomplished to obtain high quality solutions for the 2E-CVRP [17]. In
addition, the GA has proven to be a successful approach to optimise several MD-
CVRPs [11]. However, it has not been applied yet to the specific 2E-MD-CVRP
defined before. Therefore, the GA was implemented to solve this paper’s VRP.
Operators were applied that allow crossover, inversion and insertion mutation,
and to merge routes. In addition, elite solutions were selected to be passed on
to the next generation without alternations. The GA parameter values are given
in Table 2. Different test-runs have shown that in general, the solution does not
improve significantly anymore after approximately 200 generations.

Table 2. Parameter values genetic algorithm.

Parameter Value Parameter Value

Number of generations 250 Insertion mutation rate 0.1

Population size 50 Merge routes rate 0.05

Crossover rate 0.05 Elite selection size 4

Inversion mutation rate 0.05
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4 Results

In Figs. 1, 2, 3 and 4 the outcomes per KPI (i.e. emissions, costs, traffic flows)
are visualised in bar charts. In every chart, both Scenario 1 and 2 are indicated,
and the earlier introduced delivery performance changes over the x-axis. Red
represents the effects caused by the electric ships, and yellow the cargo e-bikes.
In addition, the blue bars show the outcomes if (only) electric vans would be
used.

When executing the experiments to find routes for the ships in Scenario 2, no
feasible solutions were found. Only when the vehicle capacity was increased to
2000 parcels, the search space of possible solutions was found. Therefore, these
results include this relaxation of the capacity constraint.

Also, the algorithm was not able to find feasible solutions for the delivery
vans serving a demand of 50% or 100%. Consequently, the corresponding results
were extrapolated using the solutions for the cargo e-bikes.

Fig. 1. Emissions per scenario.

Fig. 2. Daily costs per scenario.
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Fig. 3. Investment costs per scenario.

Fig. 4. Road traffic flows per scenario.

Fig. 5. Traffic flows on water per scenario.
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In addition, the solutions showed that the vehicle capacity was used up to
almost 100% in every case. However, a utilisation of less than 50% of the total
work-day capacity for the bicycle couriers was given. The route duration stayed
under 2 h, while their work-day was set to 4.

Furthermore, the algorithm was not always able to find feasible solutions.
For Scenario 1, a relatively small percentage (between 8% and 21.2%) of the
250 generations offered feasible solutions for ship routes. However, in Scenario
2, after increasing the ship capacity from 1517 to 2000, this was almost equal
to 100%. For the cargo bike routes the number of generations with feasible
solutions was higher (between 7.2% and 100%). When considering this limited
amount of successful generations, it can be stated that the current constraints
are quite strict, and make it difficult for the GA to find sufficient solutions.
Therefore, additional constraints such as traffic jams, multiple trips, and uniting
the two levels, might make it impossible to find feasible solutions. Despite the
experienced difficulties, it can be argued that the performance of the algorithm
has shown to be sufficient in order to find an optimal set of routes for the
vehicles. There are feasible solutions available that were optimised over at least
30 generations. Moreover, all solutions follow similar and constant trends, and
show no significant outliers. However, even though previous research has shown
much promise, the Genetic Algorithm applied to the mathematical model was
not validated using another algorithm or meta-heuristic to compare it with. It
could be possible that in this specific case, another algorithm shows different,
e.g. more favourable, solutions.

Several conclusions can be drawn from the results. First of all, as the relative
amount of customers that were served increases from 25% to 100%, the generated
emissions, costs, and traffic flows rise as well (Figs. 1 to 5). This applies mostly
to the second level of the network, where cargo e-bikes are used, and less to the
ships.

The generated emissions stay below 100 kgCO2 per day for the proposed net-
work (Fig. 3). On the other hand, if delivery vans would be utilised this number
goes up to more than 250 kgCO2 per day, which means that employing ships
and cargo e-bikes is more environmentally friendly.

When meeting 100% of the daily parcel delivery demand, the proposed net-
work of ships and cargo e-bikes requires at best only 84% and 64% of the daily
and investment costs respectively needed for delivery vans (Figs. 1 and 2).

Regarding the traffic flows, the outcomes show that (at least) 3 ships are
needed to meet 100% of the demand (Fig. 5). This amount can be considered to
be low, which means that no inconveniences will be caused in the city canals. In
addition, around 150 cargo e-bikes are required to execute the last mile of the
delivery (Fig. 4). However, the bicycle couriers are assigned to routes that last
on average less than 2 h, while their work-day duration is set to 4. Therefore,
it seems possible to let the bicycle couriers work two shifts. As a result, only
half of the cargo e-bikes have to be acquired, which also significantly lowers the
investment costs. In both cases, on a daily basis, 75 cargo e-bikes will drive
around for 4 h each, thereby replacing 8 delivery vans that occupy the streets for
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8 h each. Since cargo bikes can be passed by easily and park on the pavement,
this results in less traffic congestion which has several social, economic, and
environmental advantages.

The favourable outcomes for Scenario 2 (limited canals) compared to Sce-
nario 1 (all city canals) at first appear to be unexpected. This difference can
be explained by the order of optimising the two levels of the VRP. First, the
routes for the cargo e-bikes are determined. The availability of a larger amount
of depots divides the pick-up or start locations of the cargo e-bikes over more
satellites. As a result, the number of customers or stops for the ships increases
as well. Therefore, a higher amount of ships and longer routes are required in
Scenario 1. Uniting both levels and optimising them as one would solve this
drawback and may lead to more optimal solutions.

5 Conclusion

A GA was used to optimise a 2E-MD-CVRP that describes a network of ships
and cargo e-bikes for (last mile) parcel delivery in Amsterdam. When meeting a
demand of 100%, favourable outcomes for a network with ships and cargo e-bikes
compared to one with delivery vans were obtained. On a daily basis, 56.13 instead
of 258.22 kgCO2 will be emitted. Also, the daily and investment costs equal
11,627.95 and 1,192,000 euros, which saves 16% and 36% respectively compared
to employing delivery vans. Moreover, the daily traffic flows are represented by
3 ships and 150 cargo e-bikes or 8 delivery vans. However, the bicycle couriers
only work for a route duration of less than 2 h, which means they could execute
two trips. This could halve the number of cargo bikes to 75 and the related
investment costs from 592,000 to 296,000 euros. Due to the current constraints,
the algorithm was not always able to stay within the search space of feasible
solutions. However, due to its constant behaviour it can be concluded that the
solutions that were obtained sufficiently optimise the network. In the future,
the solutions of the optimiser could be tested using discrete event simulation
including stochastic effects [9].
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