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Abstract: Electric cargo bicycles have become a popular mode of transport for last-mile goods
deliveries under conditions of restricted traffic in urban areas. The indispensable elements of the
cargo bike delivery systems are loading hubs: they serve as intermediate points between vans and
bikes ensuring loading, storage, and e-vehicle charging operations. The choice of the loading hub
location is one of the basic problems to be solved when designing city logistics systems that presume
the use of electric bicycles. The paper proposes an approach to justifying the location of a loading hub
based on computer simulations of the delivery process in the closed urban area under the condition of
stochastic demand for transport services. The developed mathematical model considers consignees
and loading hubs as vertices in the graph representing the transport network. A single request
for transport services is described based on the set of numeric parameters, among which the most
significant are the size of the consignment, its dimensions, and the time interval between the current
and the previous requests for deliveries. The software implementation of the developed model in
Python programming language was used to simulate the process of goods delivery by e-bikes for
two cases—the synthetically generated rectangular network and the real-world case of the Old Town
district in Krakow, Poland. The loading hub location was substantiated based on the simulation
results from a set of alternative locations by using the minimum of the total transport work as the
efficiency criterion. The obtained results differ from the loading hub locations chosen with the use of
classical rectilinear and center-of-gravity methods to solve a simple facility location problem.

Keywords: cargo bicycles; loading hub; facility location problem; computer simulations; Python
programing

1. Introduction

The growth of e-commerce during the last decade is one of the main reasons for the
exponentially increased demand for last-mile deliveries that are characterized by cargo
diversity and low utilization of vehicles’ capacity. Commercial vehicles delivering the
packages directly to customers may significantly contribute to the increase of traffic in
urban areas. Especially, this concerns the central city areas with historic buildings and low
capacity of the roads: commercial vehicles are the main source of noise and air pollution
in such areas, they cause congestions and reduce the public space. For these reasons,
nowadays, the restriction of traffic in the selected districts is provided in many cities: the
motorized vehicles may enter the area only during the specified time window (usually
these are night or early-morning hours). Such restrictions, however, negatively influence
the businesses located in the areas with restricted traffic by increasing the storage costs
and causing the loss of profit due to the lack of goods at the given time moment. In such
a situation, cargo distribution systems based on cargo bikes could be considered as the
alternative to conventional last-mile deliveries by motorized vehicles.
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Loading hubs are necessary elements of the urban distribution system based on cargo
bicycles: loads are transported by vans to the storage point located at the bound of the
area with restricted traffic and after are delivered to consignees. As examples of such hubs,
the following real-world implementations may be listed: a trailer or a semi-trailer, a cargo
container unit used as a mobile point, the dedicated transshipment bay, a parcel locker, or
a storage space having the character of a permanent loading point. As the core function of
the loading hubs, besides the transshipment operations and short-term storage, the e-bikes
charging operations should be mentioned.

Both from practical and theoretical points of view, choosing the loading hub location
constitutes a significant problem. Practically, such alternative locations should be found
that satisfy the legislative restrictions and are characterized by availability for conventional
transport and e-bikes. Then, theoretically, by applying a chosen methodology, such the hub
location should be distinguished from the set of alternative variants that guarantees the
most effective operation of the distribution system.

The current study presents the novel simulation-based methodology to choose the
location of a loading hub for a cargo bicycle system given the set of alternative locations. The
developed approach, unlike the existing simulation-based methods, considers stochasticity
of demand for deliveries in the selected urban area as well as allows the implementation of
the routing procedures as part of the technology of goods delivering by electric cargo bikes.

The paper has the following structure: The second part presents a brief review of recent
publications related to the research problem; the proposed methodology to substantiate
the loading hub location for a cargo bikes delivery system is described in the third part; the
fourth part contains the introductive description of software implementing the developed
model; the fifth section introduces case studies of choosing the loading point location for a
synthetic rectangular network and the cargo bikes delivery system in the Old Town district
of Krakow, Poland; the last part offers brief conclusions and directions of future research.

2. Literature Review

Many recent studies underline the advantages of cargo bicycles as the sustainable
mean of transport under urban conditions [1–3]. The author of the paper [4] concludes that
the use of cargo bikes contributes to the reduction of traffic congestion and the improvement
of air quality. According to the publication [5], both operational and external transport
costs can be reduced if the delivery scheme with transshipment hubs and cargo bikes is
used for the distribution of e-commerce goods in Antwerp (Belgium). The authors of the
research [6] point out that the use of electric cargo bikes in urban logistics activities in Porto
(Portugal) reach up to 25% of reductions in external costs. Numeric results regarding the
decrease of CO2 emissions due to the use of bicycles for cargo deliveries also show the
significant impact: According to [6], CO2 emissions can be reduced by up to 73%, while the
authors of the research [7] state that the use of electrically assisted cargo tricycles results in
the CO2 emissions decrease by 54% per parcel delivered. Authors of the publication [6]
also conclude that cargo bikes can replace up to 10% of the conventional vans without
changing the overall network efficiency. The study [8] shows that the expected travel time
for delivery distances up to 20 km is on average just 6 min longer if cargo bikes are used
instead of traditional vans.

The transport of loads by bikes also has many limitations related to the delivery
distance, the consignment size, the vehicles’ speed, and the safety of the goods. However,
these limitations are not subject to the case of deliveries under the urban conditions
when electrically powered bicycles are used: Delivery distances are relatively short, the
e-bike’s capacity is comparable with the capacity of light commercial vehicles, the speed of
conventional vans does not exceed the average e-bikes’ speed due to road traffic restrictions,
and the freight is protected from the weather conditions when the bikes with the covered
bins are used.

The contemporary scientific literature describes the set of operational problems to be
solved while designing the e-bike delivery system in an urban area: vehicle routing [9–11],
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synchronization of bikes with conventional vans [12], choice of vehicle type [10,13], vehi-
cles scheduling [14,15], shaping the recharging strategy [15–17], etc. However, the most
significant practical and theoretical issue when setting up the regional e-bike delivery
system is the substantiation of the transshipment hub(s) parameters, including the type
and location of the hub(s).

As it pointed out in the study [13], contemporary knowledge about planning urban
transshipment points is very limited. Substantiation of the loading hub location refers to
the branch of the operations research known as the facility location problem (FLP) [18].
The simplest version of FLP (the Weber problem) assumes the choice of a single facility
location for the given set of customers’ locations. For the multiple hub locations, the FLP
becomes NP-hard and is usually solved by using different approximation algorithms that
find the solution within a reasonable computational time. In real-world applications of
FLP, the uncertainty of demand for deliveries, as well as the stochastic parameters of the
servicing process and resource restrictions, should be considered [19–23]; it significantly
complicates the process of searching for a reliable solution.

To solve FLP, various approaches are used by scholars and practitioners. The most
popular mathematical apparatus for substantiation of the loading hubs location is the
mixed-integer linear programming [9,14,15,21,24], although the fuzzy-logic-based models
are used as well [17,25]. Another direction for finding the solution of FLP is the simulation-
based approaches [5,8,19,26]: The delivery and servicing processes are simulated for a set
of alternative locations and the best option is being substantiated based on the simulation
results. The simulation-based approaches assume that the adequate model of the transport
system is developed as the base for simulations. The model is used to run multiple
simulations of the transport system to consider the overall influence of random parameters
on the simulations’ results and to evaluate statistically significant values of the efficiency
criteria. The authors of the study [27] use the robust optimization approach to alleviate the
impact of uncertainty on obtained solutions.

Different heuristics are used to obtain the solution for FLP. The authors of the pa-
per [28], to place bicycle stations in a way that minimizes the distance between clients and
the closest bike station in Malaga (Spain), have studied the comparative advantages of the
following algorithms: genetic algorithm, iterated local search, particle swarm optimization,
simulated annealing, and variable neighborhood search. Genetic algorithms (GA) are
quite a popular heuristic for solving FLP: e.g., the optimal location and size of charging
stations are substantiated based on the developed GA in the study [17], the location of a
transshipment hub is being chosen based on the proposed GA in the paper [29] considering
the vehicle routing problem in the multistage distribution system.

Although the contemporary literature proposes a variety of methods to substantiate
the loading hub location, it should be mentioned that existing approaches are usually
case-study-sensitive and allow solving the problem for the specific situation or the given
initial data. Considering the presented literature review, the following research gaps should
be filled by the proposed simulation-based approach:

• the demand for deliveries is presented by deterministic parameters: the stochas-
tic nature of the demand for transport services should be considered, that may be
achieved by implementing the demand simulation procedure within the model of a
distribution system;

• the technological procedures are not considered in detail: the result of some servicing
operations (such as vehicle routing or loads scheduling) depend on the demand
parameters; conventional linear programming models cannot consider this; however,
the corresponding procedures may be implemented within the simulation models.

3. Simulation-Based Methodology for the Substantiation of a Loading Hub Location

As the basis for estimating the alternative location of the loading hub, the simulation
model of the transportation system is proposed to be used. Such model simulates de-
mand for transport services, as well as the technological processes: handling and charging
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operations in loading hubs, delivery of consignments to consignees located in the serviced
area, as well as loading and unloading operations at customers’ locations and in a hub. To
run the model, its proper program implementation should be developed. Based on the
simulation results and considered efficiency criteria, the expediency of the loading hub
locations is estimated.

The process of goods delivery by electric bikes is implemented within the logistic
system of the considered urban area. As basic structural elements of this system, the
following subsystems should be listed:

• the transport network of the selected urban area where the processes of goods delivery
take place;

• demand for the supply of goods reflecting the customers’ needs for deliveries;
• the subsystem serving the transport demand that includes means of transport (cargo

bicycles) and loading hubs.

Thus, the mathematical model MDS of the delivery system in a general form can be
presented as the tuple of three above listed elements:

MDS = 〈Ω, D, Φ〉, (1)

where Ω is the transport network; D is demand for transport services; Φ is the servicing
subsystem.

3.1. Transport Network Model

The most commonly used approach to modeling transport networks is the use of
mathematical structures based on graph models. The transport network can be formalized
as a pair of subsets—the nodes and the edges:

Ω =
〈
{ηi},

{
λj
}〉

, ∀ηi ∈ N, ∀λj ∈ Λ, (2)

where ηi is the i-th node being the element of the network nodes set N; λj is the j-th edge
being the element of the network edges set Λ.

In the proposed mathematical model, as the nodes of the network, the locations of
potential customers of transport services are presented, while the edges (links) are used
to reflect the relevant sections of the road network connecting the nodes. Locations of the
loading hubs, from which the cargoes are delivered by bikes, can be also represented as the
network vertices. Additionally, for the more detailed networks, the nodes can be used to
model the road intersections.

The basic characteristics of a node are its geographical coordinates and lists of ingoing
and outgoing edges:

η = 〈x, y, λin, λout〉, (3)

where x and y are the coordinates characterizing the node location (latitude and longitude
may be used as such coordinates); λin and λout are the sets of ingoing and outgoing edges
for the given node η : λin ⊂ Λ, λout ⊂ Λ.

The obligatory set of parameters describing the graph edge includes its weight and
end vertices:

λ = 〈w, ηout, ηin〉, (4)

where w is the edge weight (e.g., the length of the corresponding road section, the travel
time, the transport costs, etc.); ηout and ηin are the beginning and the ending nodes of the
edge: ηout ∈ N, ηin ∈ N.

Note that in a more advanced version of the network model, the set of node and edge
parameters could be extended depending on the problem being solved.

3.2. Model of Demand for Goods Delivery

The core unit shaping transport demand is a request for the delivery of goods un-
derstood as the customer’s need for services, supported by his purchasing ability, and
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presented on the market to be satisfied. A set of requests for the services of a given com-
pany forms the demand for the services of a transport enterprise. Each request could be
quantified based on a set of numerical parameters.

In the general form, the demand model for goods delivery can be presented as an
ordered set of requests:

D = {ρ1, ρ2, . . . , ρN}, (5)

where ρi is the i-th request in the flow: ρi ≺ ρi+1 if ti ≤ ti+1, ti is the moment of appearance
of the i-th request; N is the number of requests in a flow.

A single request for delivery is characterized by the following parameters:

ρ = 〈ηo, ηd, ζ, ω, 〈θl , θw, θh〉〉, (6)

where ηo and ηd are the transport network nodes defining the location of a sender and a
recipient: ηo ∈ N, ηd ∈ N; ζ is the time interval between the moments of appearance of the
given and previous requests [min]; ω is the consignment weight [kg]; θl , θw, and θh are
dimensions of the load unit—its length, width, and height [cm].

In the Equation (6), the time interval ζ characterizes the intensity of the demand for
deliveries for the given consignor: the more the value of the interval, the less intense the
demand for transport services.

For a flow of requests with a finite number of elements, the subsetting of requests by
sender and recipient can be presented in the form of a travel matrix ∆. An element δij of
such the matrix reflects the number of requests for which the sender is located in the node
ηi (origin node), while the recipient—in the node ηj (destination node).

For a single request, its numerical parameters are deterministic, but for the requests
flow, these parameters are random, and can be described by stochastic variables. It follows
that the demand model for cargo transport can be presented as a set of random variables
characterizing the numerical parameters of requests for cargo deliveries supported by the
origin-destination matrix defining spatial distribution of the requests:

D =
〈

∆, ζ̃, ω̃,
〈

θ̃l , θ̃w, θ̃h

〉〉
, (7)

where x̃ is a random variable characterizing some numeric parameter x of demand for
cargo deliveries.

Given the set of ordered requests for the cargo deliveries characterize the demand, the
task of demand modeling can be presented as the task of generating numerical parameters
of the requests in a flow. Implementation of the demand model as a flow of N elements
is a set of requests in the form (5), where numerical parameters are values from samples,
generated for the respective random variables, and the locations of senders and recipients
are defined by the matrix ∆.

3.3. Model of the Servicing Subsystem

Basic components of the servicing subsystem are the fleet of vehicles (cargo bicycles)
and a set of loading hubs:

Φ =
〈
{bi},

{
pj
}〉

, ∀bi ∈ B, ∀pj ∈ P, (8)

where bi is the i-th cargo bicycle being the element of the vehicles fleet B; pj is the j-th
loading hub being the element of all the loading hubs’ set P (in case, when the single hub
location problem is solved, the set P contains just one element).

The basic parameters of cargo bikes as elements of the servicing system are their load
capacity, dimensions of the cargo space, and technical speed:

b = 〈qb, vb, 〈lb, wb, hb〉〉, (9)
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where qb is the load capacity of a cargo bicycle [kg]; vb is the average technical speed of a
cargo bicycle [km/h] (the technical speed may be also considered as a random variable); lb,
wb, and hb are dimensions of the bicycle cargo space—its length, width, and height [cm].

Note that the battery capacity may be considered as the key parameter for electric
bikes, if it is used as the restriction in the problem being solved or if it is needed for the
estimation of the resulting efficiency criteria. The dimensions of the loading space are
considered in the model as the additional restriction to the load capacity (these parameters
may be used if the solution of the knapsack problem is being considered in the procedure
implementing the loading operations).

Loading hubs within the frame of the proposed model are short-term (temporary)
storage points to which cargo is transported by other means of transport (usually—by
delivery vans) to deliver them to the final recipient. The basic characteristics of loading
hubs are their location and capacity:

p =
〈
ηp, qp

〉
, (10)

where ηp is the node of the transport network representing the location of the loading hub,
ηp ∈ N; qp is the loading hub capacity (possible maximum amount of cargo that can be
stored at the hub) [t or m3].

3.4. Shaping the Routes for Delivery of Cargoes by Electric Bikes

In most cases, the deliveries of goods by bicycles are carried out under conditions of
combined consignments: By aiming the minimization of the total distance, the delivery
routes are being formed for the requests that are received during the considered time
window (in such situations, the total weight of the combined consignment should not
exceed the vehicle’s capacity). Assuming that servicing companies behave rationally and
shape rational (or optimal) delivery routes while servicing the clients, the simulation model
should approximate the real-world behavior of transport operators, and thus—it should
contain the implementation of routing procedures.

As input data in the routing algorithms, the matrix of the shortest distances between
the vertices of the transport network is used. To estimate such matrix, any known method of
searching for the shortest paths should be used (e.g., Dijkstra algorithm or Floyd–Warshall
algorithm [30]). For the generated flow of requests, the task of shaping the delivery routes
is solved as the traveling salesman problem (TSP), where the location of the load sender
(the parameter ηo) is defined as the location of a loading hub, and locations of recipients
(the parameter ηd)—as the locations of the corresponding nodes in the transport network
model. Known heuristic methods can be used for solving the TSP (e.g., Clarke–Wright
algorithm, simulated annealing method, methods based on genetic algorithms, ant colony
optimization methods, etc. [31]). The result of the routing procedure is a set of delivery
routes, being the ordered sets of vertices of the graph representing the network model. The
first and last element in the set of nodes shaping the route are the vertices defining the
location of a loading hub.

The basic characteristics of delivery routes, calculated based on given parameters of
the mathematical model, are the route length (total distance covered), the total weight of
transported cargo, and the total transport work. These technological characteristics may be
considered as key indicators to estimate the efficiency of the routing procedures, as well as
the efficiency of the delivery system for alternative facility locations.

Note that time windows may be added to the model as additional restrictions: for
each consignor, the time window when a parcel should be delivered may be considered.
More advanced optimization techniques should be used within the routing procedure
in this case, as far as the solution for the capacitated vehicle routing problem with time
windows should be found.
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3.5. The Objective Function for the Hub Location Problem

Special scientific literature proposes various efficiency criteria for solving FLP. The
most widely used criterion is total costs: In the research [5], the e-commerce distribution
system based on cargo bikes and delivery points is assessed with total operational and
external costs, the authors of the paper [9] propose to select cost-minimizing locations of
parcel lockers for goods deliveries by cargo bikes, the study [15] uses total costs as the
objective function to substantiate the location of recharging stations for electrical vehicles.
However, some recently developed approaches define facility locations considering envi-
ronmental pollution together with operational costs: The model developed in [10] uses
the total costs and the environmental impacts to assess alternative configurations of urban
consolidation centers, while the study [27] considers the combination of total costs and
parameters of environmental pollution to select locations of refueling stations.

There are also other efficiency criteria mentioned in recent studies and used to sub-
stantiate the facility location. Authors of the publication [20] use total system travel time
and total system net energy consumption for optimal positioning of dynamic wireless
charging infrastructure for battery electric vehicles, while the minimization of the power
loss in a distribution network is considered as the objective function in the study [17] when
solving the problem of the charging stations location. The paper [24] proposes solving
the multimodal capacitated hub location problem based on the profitability of alternative
locations. The authors of the study [7] use the total distance traveled and the CO2 emissions
per parcel delivered to substantiate the efficiency of an urban micro-consolidation center
located in the delivery area where the deliveries are performed by electrically-assisted
cargo tricycles and electric vans.

For solving the hub location problem based on the simulations of the delivery process,
the minimization of total transport work can be used as the core objective function reflect-
ing the technological operations performed within the logistic system of the considered
urban area:

Wtkm(ηH) = ∑NR
i=1 ∑

NS(i)
j=1 qij × dij → min, (11)

where ηH is the node of the transport network Ω that represents the loading hub location,
ηH ∈ NH, NH is the set of possible loading hub locations, NH ⊂ N; NR is the number of
delivery routes formed to service the transport demand in the considered city area; NS(i)
is the number of segments at the i-th route, NS(i) ≥ 2; qij is the total weight carried by a
vehicle at the j-th segment of the i-th route [tons]; dij is the distance covered by a vehicle at
the j-th segment of the i-th route [km].

Note that ∑
NS(i)
j=1 qij × dij represents the total transport work performed by a vehicle

at the i-th delivery route.
The proposed objective function may be used for solving the multiple hub location

problem as well. In such a case, the subsets of locations representing alternative solutions
should be formed prior (if the number of available alternative locations n is greater than
the number k of hubs to be located, then the number of subsets is equal to the number of

possible combinations
(

n
k

)
), and the total transport work should be estimated for each

of the combinations.
Criterion (11) is the resulting technological parameter that may be used as the base for

the calculation of other indicators. The performed ton-kilometers estimated at the level of
delivery routes can serve for evaluation of total costs, environmental pollution, and energy
consumption for a heterogeneous fleet of vehicles (total transport work may also be used
to estimate the values of these indicators for homogenous fleet).

4. Software Implementation

To implement simulation models of the systems of goods transport by cargo bikes,
a library of core classes was created. The library has been developed by using the Python
programming language (Version 3.9, Manufacturer–Python Software Foundation), and
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it is available in an open-source repository [32]. The structure of the library is presented
in Figure 1.
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Figure 1. UML-diagram of the library for modeling of goods delivery by cargo bicycles.

The developed library contains the following core classes that are used to create a
simulation model of the cargo bicycle transport system:

• Net class is used to implement the mathematical model of the transport network
described in the previous section; this class contains lists of Node and Link elements
defining the network configuration and the list of Consignment objects implementing
the model of demand for transport services; the servicing system is implemented in
the Net class as the lists of LoadPoint and CargoBike elements;

• Node and Link classes allow implementing the network vertices and edges as the
models described by Equations (3) and (4);

• Consignment class is used to model requests for the delivery of goods; the sender
and the consignee locations are defined within the given class as references to the
appropriate Node objects of the transport network model;

• Route class allows implementing the program model of the delivery route; as far as
the delivery route model can be defined only within a specific transport network,
this class contains an object of the Net type being a reference to the network program
model; the sequence of the route is defined as a list (ordered collection) of elements of
the Consignment type; numeric parameters of the route (transport work, route length,
total consignment weight) are calculated by methods implemented as properties of
this class;

• CargoBike class is the program model of a cargo bicycle as the mean of transport used
in the process of handling requests for the goods delivery;

• LoadPoint class is dedicated to developing program models of loading points; the point
location is defined by the reference to the object of the Node type that represents the
respective vertex of the transport network.

The Net class contains methods for generating demand as a flow of requests for the
given random variables defining parameters of requests (consignment weight, the time
interval between requests), the methods for calculating the shortest distance matrix based
on the Floyd–Warshall and Dijkstra algorithm, as well as the methods for shaping delivery
routes that implement the Clarke–Wright algorithm, the simulated annealing method, and
the GA-based heuristic.
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5. Case Studies and Discussion

The use of the proposed methodology of substantiating the loading hub location is
presented for a synthetic transport network with two alternative locations and the real-
world case study of the Old Town district in Krakow (Poland) with a set of feasible loading
hub locations. The considered case studies represent examples of solving the FLP problem
for a single facility.

5.1. Synthetic Network Example

Let us consider the rectangular (square) transport network, where the nodes define the
locations of clients. To generate such the network, the dedicated procedure is implemented
within the class Net [32]: the method takes as arguments the size of the network (the side
of the square in nodes) and the random variable representing the length of the network
edges. The Figure 2 shows the configuration of the square network with the square side
equal to 7 nodes.
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Figure 2. Synthetic network and alternative locations of loading hubs.

As alternative locations of the loading hub, the nodes connected to the corner node
(location A) and the mid-side node (location B) are considered. The hub nodes are connected
to the network with the edge that has the weight generated based on the same random
variable that was used for the network generation.

To choose the loading hub locations out of two alternatives, the following simulation
experiment was conducted:

• for each alternative location, 100 runs of the simulation model representing the deliv-
ery system were made,

• the distance between adjacent network vertices was generated as the random variable
uniformly distributed between 50 and 200 m,

• the weight of shipments was generated as the normally distributed random variable
with the average value of 30 kg and standard deviation of 5 kg,

• the probability of the request appearance (the probability that a client located in the
given node has a request for goods delivery) is set equal to 0.5,

• total transport work at each launch of the simulation model was measured as the sum
of ton-kilometers for all delivery routes obtained based on the Clarke–Wright heuristic
(capacity of vehicles was set to 150 kg).

The results of the computer simulations are shown in Figure 3 as the distributions of
random variables representing the total transport work conducted for each of the alternative
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variants of a loading hub location. The normal distribution of the random variables for both
locations is confirmed with the Kolmogorov–Smirnov test for the probability of confidence
equal to 0.95.
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synthetic network.

The obtained results of simulations show that the average total transport work for
location A (0.757 tkm) is lower than the average value of this indicator for location B
(0.789 tkm). On this basis, it can be concluded that the location of the loading hub in the
corner of the rectangular network allows reducing the total transport work compared to
the option of locating the hub in the middle of the rectangle side. However, it should
be noted that such configurations of the network sections length and the parameters of
demand are possible when the corner location of the transshipment point is characterized
by a greater value of the objective function (in the conducted experiment, the 46 largest
values of transport work for location A are greater than the corresponding lowest values of
the objective function for location B).

A sufficient number of observations was evaluated for each of the experiment series
based on the normal distribution of the objective function. For the significance level equal
to 0.05, the sufficient number of the model runs is 29 for the series with location A and
35 for the series where a loading hub is located in node B. As the number of completed
runs of the simulation model is bigger than the sufficient number of observations, it can
be stated that the obtained results are statistically significant for the considered level of
significance (the corresponding probability of confidence equal to 0.95).

The solution for the single-facility location problem obtained based on the rectilinear
location model [18] for the considered example is the node located in the center of the
network (that is node 24 highlighted at the net presented in Figure 2). Accordingly, when
choosing between locations A and B, the node located closer to the center of the network
would be a more preferable alternative (evidently, that is node B). As we can see, the
solution obtained based on the proposed methodology differs from the conventional
approach. This result may be explained by the effect of the routing procedures considered
in the simulation model.
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5.2. Kraków Old Town Case

The Old Town district of Krakow is the area with restricted traffic: only 3 streets of
this district are not closed for motorized vehicles. At the same time, Krakow Old Town
is the main touristic attraction of the region, where hundreds of restaurants, shops, and
other touristic objects are located (locations of 730 commercial enterprises out of 954 objects
registered in Google Maps are shown in Figure 4).
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As far as the district is closed for heavy vehicles, the supply of the objects located in
the district is allowed in the morning from 8 p.m. to 9.30 a.m. under the condition that only
light good vehicles with the carrying capacity not exceeding 1.5 tons deliver the goods.
Such restrictions lead to the increase of logistics expenses due to additional storage costs
and the lack of the ability to implement on-time deliveries. The use of cargo bicycles is a
solution that allows reducing logistics costs in this situation while preserving the tourist
appeal of the district and low level of environmental pollution.

The location of a loading hub for the bikes delivery system in the Old Town of
Krakow should be chosen from the set of alternative variants that satisfy the conditions
of transport accessibility (both for conventional vehicles and cargo bicycles) and consider
the architectural features of historic buildings in the district. The set of such alternative
locations is presented in Table 1.
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Table 1. The alternative locations of a loading hub in the Old Town district of Krakow.

Hub Location Longitude Latitude Address of Location

A 50.05435 19.93880 St. Giles str.
B 50.06208 19.93341 St. Anna str.
C 50.06036 19.94142 Holy Cross str.
D 50.06416 19.93542 St. Stephen sq.
E 50.06364 19.94214 Holy Spirit sq.

Using the developed software, the transport network model that considers roads
available for bicycles was prepared for the district of the Krakow Old Town. Initial data
for the network model (locations of the objects and intersections, the type of the objects)
were obtained by the means of Google Maps API. Enterprises and non-commercial objects
located in the Krakow Old Town (including hotels, shops, restaurants, cafés, museums,
and theaters) and the set of alternative locations of a loading hub were considered as the
nodes of the graph representing the network model. The graph of the obtained network
model is presented in Figure 5.
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To choose the best location of the loading hub, the Monte-Carlo simulations were
performed based on the developed model. For each element of the considered set of
possible hub locations, 30 runs of the following procedure were conducted:

• requests for goods delivery were generated for the set of the clients,
• the delivery routes were formed for the set of generated requests by using the Clarke–

Wright algorithm,
• the total transport work was calculated for the obtained delivery routes.

For the demand simulation procedure, the probability of the request appearance was
taken equal to 0.1 for each client and the random variable of the consignment weight was
generated as the normally distributed variable with the average value equal to 30 kg and
standard deviation equal to 5 kg.

As the result, the samples characterizing random variables of the total transport
work were obtained for the alternative loading hub locations (distributions of the total
ton-kilometers performed at the delivery routes are shown in Figure 6).
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More detailed characteristics of the random variables representing the total transport
work for the considered locations are presented in Table 2. To confirm that the obtained
samples are big enough to make statistically significant conclusions, the sufficient number
of observations was calculated for the level of significance equal to 0.05, assuming that the
random variables representing the total transport work have a normal distribution. As it
follows from the data presented in Table 2 (the number of performed observations is bigger
than the corresponding sufficient number), the obtained results should be considered as
statistically significant with the confidence probability equal to 0.95.

Based on the obtained results of computer simulations, locations C and E are the best
options in the Krakow Old Town case, as they are characterized by the smallest mean value
of the total transport work.
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Table 2. Results of computer simulations for the considered loading hub locations.

Alternative
Hub Location

Mean Value of Total
Transport Work [tkm]

Variance of Total
Transport Work [tkm2]

Sufficient Number of
Observations [obs.]

A 5.828 0.335 11
B 3.521 0.128 12
C 2.999 0.076 10
D 3.130 0.073 9
E 2.992 0.087 11

According to the center-of-gravity approach [18], for the set of potential clients located
in the Old Town district of Krakow, the center of gravity is the point with coordinates
(50.06178, 19.93846). Thus, based on the set of considered alternative locations, the solution
of the single-facility location problem is the point closest to the center of gravity. The
distances obtained from Google Maps (biking mode) and Euclidean distances between the
gravity center and alternative hub locations are shown in Table 3.

Table 3. Distances from the gravity center to alternative hub locations.

Alternative Hub
Location

Euclidean
Distance [m]

Distance According to
Google Maps [m]

A 744 850
B 506 500
C 328 300
D 386 450
E 412 400

As follows from the data presented in Table 3, both Euclidean and Google Maps
distances to the gravity center are the smallest for location C, while location E is not the
best alternative according to the conventional approach. Note that location A is evaluated
as the worse possible option by the proposed methodology, as well as by the center-of-
gravity approach.

The solution obtained by using the proposed simulation-based approach is superior
to the one obtained based on the center-of-gravity approach: by choosing location E,
we guarantee the minimum of the average total transport work (with 95% level of the
probability of confidence), while by choosing location C, the minimum of the averaged
values of the objective function cannot be guaranteed.

6. Conclusions

The proposed approach to the modeling of goods deliveries by cargo bicycles allows
considering the stochastic nature of the demand for transport services and the used tech-
nology of the delivery process. The numerical parameters described in the mathematical
model are the core characteristics, but the proposed model can be extended to be adapted
for solving other optimization problems. Unlike the existing approaches, the proposed
method allows taking into account the use of rational delivery routes, which increases the
adequacy of the obtained results and the validity of the choice for the loading hub location
problem. Since the main tool for choosing the loading hub location is the logistic system
simulation, the proposed approach can be expanded by including other technological
procedures in the program model in addition to routing.

By using the developed model and its software implementation, the problem of
choosing the location for a loading point in the cargo bikes delivery system was solved for
the Krakow Old Town district. It should be noted that the obtained results are preliminary:
The detailed studies of demand and its simulation in the frame of the proposed model are
needed for the real-world implementation of the system of goods delivery by cargo bicycles.

The use of the proposed approach in practice has the following implications:



Energies 2021, 14, 839 15 of 16

• the chosen location of the transport hub will guarantee the minimum of total ton-
kilometers performed by all e-bikes servicing the clients in the considered urban area;
supposedly, the minimum of transport expenses will be achieved as well (for the
homogenous fleet of vehicles);

• the stochastic nature of the demand for consignments delivery in the area will not
affect the efficiency of the distribution system for chosen alternative location;

• the use of combined consignments will not deteriorate the resulting total transport
work, as the rational behavior of the carriers regarding the used delivery routes is
considered in the simulation model.

However, the use of the proposed methodology may have certain limitations placed
upon its practical implementation:

• the parameters of demands should be studied prior for each group of potential clients
located in the serviced area: for this, the surveys should be carried out aiming the
estimation of the demand characteristics as stochastic variables; additionally, direct
visual observations can be made for the selected clients to estimate the demand
intensity (random variable of the time interval between requests in a flow);

• the method (or methods) of forming the delivery routes used by the carriers should
be implemented within the simulation model: this limitation may be overcome di-
rectly if the carriers use a decision-support system that optimizes the delivery routes;
otherwise, the behavior of the carriers should be studied to define the used rout-
ing strategies.

As the directions of further research on the developed methodology, the following
topics should be mentioned:

• the development of the advanced procedures of demand simulations;
• the expansion of the model with algorithms of such technological operations as vehicle

scheduling and stacking of load units in a bicycle cart;
• the study of the influence of different heuristics for solving the TSP problem on the

simulation results for various parameters of demand for transport services;
• the consideration of additional restrictions related to the servicing subsystem, such as

the number of available drivers and the drivers’ schedule.
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