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Abstract: A city’s transport and distribution system requires the effective organization of urban freight
deliveries that take into consideration the economic, ecological, and social impact. Implementation of
the concept of green logistics necessitates the use of environmentally friendly and energy-efficient
modes of transport, which consider the existing infrastructure and the possibility of its development.
The aim of this work was to facilitate the transfer to rail transport, using the existing tramway
infrastructure, those shipments which previously entered the city center by road. The paper proposes
a simulation model for small consignments delivered by freight trams in the city of Poznan, Poland.
Operational planning is carried out in conditions of uncertainty and risk. The uncertainty is due to
the stochastic nature of the demand for products. The risk is characterized by the probability that,
due to technological and technical limitations, a given customer will not be fully served from the
distribution center. The authors provide a decision support tool for evaluating the possible locations
of tram depots and for route planning. The assignment of the routes, with the criterion of minimizing
the costs for the carrier, and with a limitation on tram operating time, is based on the use of genetic
algorithms, which makes it possible to obtain a solution that is close to optimal, within a reasonable
time period. As a result of a series of simulation experiments and statistical data processing, the
distribution laws and expected average values of the technological parameters were determined for
the functioning of the city transport and distribution system under conditions of uncertainty and risk.

Keywords: freight tram; green logistics; simulation model

1. Introduction

The development and effective functioning of a city’s transport and distribution
system require the rational organization of the urban transportation of goods, taking into
account global trends, as well as economic, environmental, and social requirements.

In the European Union in 2019, transport accounted for a quarter of the global green-
house gas (GHG) emissions measured in CO, equivalents, of which 71.7% came from road
transportation [1]. Emissions from the transport sector have increased by 33.5% in the past
three decades, while global emissions (including industry, energy supply, agriculture, and
residential and commercial activity) have dropped by 24% in the same period [2].

The negative impact of transport is particularly significant in urban areas due to the
size of their populations. Cities suffer from congestion, noise, and poor air quality. Urban
transport is responsible for approximately a quarter of CO; emissions from transport, and
69% of road accidents occur in cities [3].
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In 2015, as part of the Paris Agreement, 197 countries committed to substantially
reducing GHG emissions in order to limit this century’s global temperature increase to
2 °C [4]. To achieve this goal, in 2020, the European Commission proposed, as part of
the European Green Deal, that by 2030 GHG emissions would be reduced by at least 55%
compared to 1990 and zero net emissions would be achieved by 2050 [5]. As a part of this
effort, a 90% reduction in GHG from transport should be achieved by 2050. In 2019, 74% of
goods transported over land in the European Union were carried by road and only 17%
by rail [6]. Meanwhile, the well-to-wheel GHG emissions for rail transport are on average
5.7 times lower compared to road transport [2].

Thus, there has recently been a significant increase in the environmental requirements
for the organization of transport processes and an emphasis on the development of green
supply chains. Due to the scope of the impact of transport on inhabitants (the emission
of exhaust gases, congestion, noise, etc.), there is a strong need to reorganize transport
systems in cities. This necessitates the use of environmentally friendly means of transport
and a shift towards public transport modes [7]. This must take into account the constraints
associated with the existing infrastructure and the need to provide transport services for
passengers as well as to supply goods to all the businesses, organizations, etc., operating in
the city. Planning deliveries in the city, which reduce the negative impact of transport, is a
challenge and requires the right tools.

The aim of this work was to enable the transfer to rail transport, using the city’s
existing rail infrastructure, those shipments that previously entered the city center by road.
The authors provide a decision support tool to enable decision-makers to evaluate possible
locations for tram depots and route planning. The remainder of the paper is organized
as follows: Section 2 presents the literature review including other research related to
urban transport policy, freight tram systems, and the optimization methods used to solve
distribution problems; Section 3 describes the scope of the problem and methodology;
Section 4 presents the problem formulation; Section 5 shows the case study results of the
simulation experiments conducted for stationary demand and for stochastic demand in the
city of Poznan; Section 6 discusses the results; finally, Section 7 concludes the study.

2. Literature Review
2.1. Urban Transport Policy

Global trends in the development of production and transport systems aim at the use
of energy-efficient technologies [8-10], a reduction in the negative impact on the environ-
ment [11,12], and the provision of social benefits [13]. At the same time, development of
the infrastructure network, namely the choice of locations for infrastructure facilities and
the organization of the distribution system, should contribute to an increase in the profits
of transport companies [14].

In cities, the key issue is to ensure freight deliveries both to shops, service points
and, thanks to the development of e-commerce, to individuals. This requires setting up
distribution centers and warehouses, and then delivering shipments, many of which are
transported in small batches to end users [15,16].

Thus far, shipments have mainly been transported by road transport using vehicles
with combustion engines. Greater environmental awareness and legal regulations aimed
at limiting the negative impact on the environment call for a change in the way goods are
distributed.

European Union policy focuses on the development of transport systems which con-
sume less energy and therefore produce less pollution. To reduce the negative, transport-
related, external costs in urban areas, the interface between long-distance and last-mile
transport should be organized more efficiently to limit individual deliveries. One of the
major goals is to halve the use of conventionally fueled cars in urban transport by 2030,
to phase them out of cities by 2050, and finally to achieve CO;-free city logistics in major
urban centers by 2030 [3].
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The most important changes are restrictions on conventional vehicles entering city
centers (low-emission zones), road pricing, and even the exclusion of entire zones from road
traffic [17]. Conventional vehicles are also being replaced by low-emission vehicles, mainly
electric ones, and rail transport is being promoted in order to switch transport modes. The
integration of freight and passenger transportation systems, by performing sustainable
vehicle routing, and by adopting combined transportation, is strongly encouraged in
order to increase the efficiency of urban transport systems [18,19]. Such actions now force
transport and logistics companies to work on alternative ways to deliver goods in urban
areas.

2.2. Use of Freight Trams

In view of the rapid development of green logistics [20,21], significant attention is
being paid to the expansion of the scope of use of freight trams in terms of product supply
within the city transport and distribution system [22-25].

The decision to use freight trams for urban transport is due to the following factors:

e reduction in the number of trucks on the city road network, which positively affects
the condition of the road surface and reduces the number of accidents;

e  optimization of the use of the existing rail infrastructure and network of intra-city
trams;

e reduction in the negative impact of freight transport on the environment, especially of
GHG emissions in the city;

e theneed to ensure supplies to zones closed to traffic or with limited traffic.

On the other hand, the use of rail transport faces restrictions related primarily to
limited physical flexibility, competition with passenger services for line capacity, and the
perception that use of the rail infrastructure and related systems would incur high costs [26].

Browne et al. [27] considered the scope and opportunity for an increase in the use
of rail for urban freight transport and assessed the barriers to its wider implementation.
The authors concluded that planning limits and the complexity of engaging with a range
of stakeholders make it difficult to implement rail solutions for urban freight. Thus far,
activities undertaken have been aimed more at filling a niche function or experimenting
rather than at making wider use of rail transport. However, some initiatives have the
potential for wider implementation.

Behiri et al. [28] identified the types of problems related to freight tram operation. The
problems were divided into operational (train timetabling, the 2D/3D bin packing problem,
freight rail transport scheduling or dispatching, and goods delivery in the departure
station), tactical (train frequency and sizing), and strategic (storage-space-sizing in stations).
The authors focused on the freight rail transport scheduling problem. They assumed that
trains would transport freight and passengers simultaneously and passenger stations could
be used for loading and unloading goods. The main objective was to minimise the total
waiting time of all shipments at their departure stations. A second objective function was
added aimed at maximizing the number of transported orders, to transform the problem
into a bi-objective decision-making problem.

Diziain et al. [29] analyzed examples of the use of railways to transport cargo in urban
zones in Japan and France. Based on experience, they concluded that a modal shift is being
promoted in Europe by the European Commission, governments, and local authorities, and
is noticeable in the building and modernizing of infrastructure. However, as the financial
engineering of these projects is complex, they take a very long time to implement. The
most successful projects use the existing infrastructure.

De Langhe [30] investigated existing freight tram projects, those stopped after a pilot
period and hypothetical ones, and identified the success and failure factors. The main
success factors were the positive marketing based on environmental benefits and new
measures making road transport more expensive, while the factors that hindered the
projects were the interference with passenger traffic, stakeholder reluctance, and the initial
financial investment.
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Behrends [31,32] showed that the environmental benefits of a modal shift from road to
rail in urban areas depended on the location of the intermodal terminal and destination
point, and identified possible actions at a local level to improve both competitiveness and
environmental benefits. The environmental benefits of implementing a light freight railway
system were calculated in research provided by Pietrzak et al. [33]. In addition, De Langhe
etal. [22] stated that only viable projects from an economic and a socioeconomic perspective
have a chance of success.

Pietrzak and Pietrzak [25] considered the introduction of freight trams in selected
Polish cities and noted that the implementation of this solution should be adjusted to the
local conditions so that the tram transport system is not disturbed while providing its basic
function, i.e., serving public passenger traffic.

In Europe, several cities have introduced solutions for the delivery of cargo by freight
tram:

e InPoland, trams were used to transport cargo in 12 cities in the years 1866-1954 (but
mainly before World War II). The most developed freight tram operated in Koszalin,
where in 1926 nearly 6 thousand tons of cargo were transported by tram (and a total
of 30 thousand tons throughout its lifetime). An interesting solution was applied in
Szczecin, where several sidetracks were built to enable freight trams to deliver post
parcels directly to post offices [34].

e Amsterdam (City Cargo)—A goods delivery service by freight tram to the center of
Amsterdam started in 2007. Ultimately, 52 freight trams with a capacity of 30 tons
were to perform 6 journeys a day. The investment was to cost EUR 100 million and
be ready in 2012. The goal was to halve deliveries by trucks in the city and cut GHG
emissions by 20%. Along the route, there were two cargo transshipment points from
which goods were transported by small electric cars to customers in the center. The
project ended in 2009 due to the financial insolvency of the company operating the
tram service.

e  Dresden CarGoTram—In 2000, a freight tram which carried automotive parts to a
Volkswagen factory in the city center was launched in Dresden. The choice of this
solution was determined by the fact that both the warehouse and the factory were close
to existing tram lines with sufficient capacity, which resulted in lower infrastructure
investment costs. The tram delivered 300 thousand tons of products per year with
10 daily trips [28]. The service was axed, however, following the car manufacturer’s
adoption of a revised logistics operation.

e  Paris TramFret—In 2011, a pilot program was introduced in Paris to check whether
the current tram infrastructure was capable of handling both passenger and freight
trams. During the tests, two empty trams ran from Monday to Saturday off-peak hours
on the T3 tram line. The concept of introducing these vehicles assumed servicing
128 supermarkets and hypermarkets located up to 500 m from the T2 and T3 lines [35].
In Paris, no business partner was found, but the project was continued in 2017 in
the city of Saint Etienne for the delivery of supplies to two casino markets in the city
center. Due to the casino’s withdrawal, the project was suspended in 2018.

e  Vienna (GiiterBim)—In 2005, pilot rides were carried out to check whether a freight
tram could be used for the transport of goods within the city. Despite positive tests
confirming that the existing tram infrastructure in Vienna was sufficient to intro-
duce freight trams and would cause no delays to passenger trams, the project was
abandoned due to investment costs, i.e., sidetracks and rolling stock [36].

e  Ziirich (Cargo Tram, E-Tram)—In 2003, a waste collection service by freight tram
(Cargo Tram) was introduced from the collection points in the city to the recycling
center. In 2006, the E-Tram was added, which collects electronic equipment and
household goods. Both trams run once a month on average.

More information about freight tram projects can be found in de Langhe [30] and
Arvidsson and Browne [36].
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Although the issue of freight transport by trams has already been the subject of
research and analysis, further work is required to assess the technical feasibility and
economic efficiency of such transport.

2.3. Optimisation Methods in Distribution Systems

For the effective management of the transportation process in a city, it is necessary to
solve vehicle routing problems (VRP) which are considered the most important in terms
of mathematical modelling in transportation [37]. VRP problems are intended to find the
optimal design of the routes to be used by a fleet of vehicles (means of transport) which
are to serve a set of customers. The main objective, when solving VRP, is the carrier cost
optimization, i.e., the minimization of operational costs, time-related costs, distribution
costs, total travel distance, and energy consumption [38]. One example of a vehicle routing
problem is the travelling salesman problem.

The researchers considered the issue of the formation of effective delivery routes [38,39],
as a result of which a number of methods for solving the travelling salesman problem were
proposed [40,41]. However, the current, exact methods for solving the travelling salesman
problem cannot be adapted to problems serving a large number of customers because they
do not guarantee effectiveness within an acceptable time period [42,43]. To solve an NP-
hard problem avoiding complex and time-consuming computations, several metaheuristics
can be used. In recent years, the scope of the application of fuzzy set theory [44] and genetic
algorithms for solving routing problems [37,45-47] have grown significantly.

The transport and distribution system of a city is a complex dynamic system [48]
characterized by the available resources and infrastructure, technical and technological
limitations, the vagueness of the original data, and the stochastic nature of certain technical
and economic indicators [15].

For the study of complex dynamic systems, it is advisable to use simulation modelling
that enables a study of how the system functions under any conditions, including those
that are not implemented in natural experiments. Since mathematical models cannot take
into account all aspects of a problem, simulation is a very useful complement, especially
when some parameters are inaccurate or unknown [28].

3. Problem Formulation

The literature review shows that the environmental benefits of transferring freight
deliveries from road to rail transport have been clearly stated. Thus far, attempts to
implement freight trams have failed due to a lack of economic efficiency. This, in turn,
should be analyzed alongside technical efficiency in the context of specific cities and
projects. The paper focuses on an assessment of the technical possibilities and a preliminary
economic assessment of the implementation of a freight tram in the city of Poznan, Poland;
however, the methodology itself can be used for any other city.

Figure 1 presents a diagram of the steps and their sequence to demonstrate the problem
studied.

The purpose of the study was to develop a simulation model for the city transport and
distribution system to enable the planning of small consignments of supplies by freight
trams for variable demand.
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Transporting small consignments by trams requires designation of distribution centers
that will have a convenient existing or possible to build track connection. In the next step,
customers should be selected. Due to the time constraints of such service (e.g., service at
night when passenger traffic is smaller or passenger trams do not run) and the necessary
track access, the best customers are large shopping centers or market places where many
sellers are located in one place. In addition, economic benefits (energy consumption for the
delivery of goods) or ecological benefits (zero exhaust emissions) are noticeable. Another
important aspect that should be taken into account is the availability of infrastructure
(tram lines) and the location of tram depots. Depending on who is responsible for oper-
ational planning, either only the existing network is considered (logistics companies) or
the possibility of expanding the infrastructure is also taken into account (local authorities
or managers of distribution centers ready to invest in line construction). After selecting
potential customers, locations of distribution centers, and mapping the infrastructure, the
next step is to determine the total daily quantity of goods to be transported to customers.
The described steps serve to collect the input data for the decision-making process.

In the next steps, it is necessary to parameterize the mathematical model and determine
model constraints, e.g., time constraints for deliveries to customers. For optimal assignment
of the customers to the distribution centers for less complex problems (i.e., stationary
demand), exact methods (i.e., simplex) can be used.

The authors assumed that the operational planning and organization of the trans-
portation of small consignments by tram in the city is to be carried out in conditions of
uncertainty and risk. The uncertainty is due to the stochastic nature of the demand for prod-
ucts. The risk is characterized by the probability that, due to technological and technical
limitations, a given customer will not be fully served from the distribution center. With such
assumptions, we are dealing with a computationally complex problem, which necessitates
the use of metaheuristic methods (i.e., dedicated genetic algorithms) to implement the
model and conduct computer simulations.

As a result, for both stationary and stochastic demand, the following information are
obtained:

1.  Optimal assignment of customers to distribution centers for stationary demand;

2. Assignment of customers to distribution centers for stochastic demand and with the
risk of supply shortage;

3. Determination of tram routes taking into account the criterion of minimizing the total
travel distance;

4. Determination of the number of trams and their assignment to a tram depot;

5. Determination of the technological parameters of the trams: number of rides with
cargo, the loaded driving distance, the empty driving distance, the distance from tram
depot to distribution center (deadhead driving distance), driving time, the time for
loading and unloading the tram, and total time on route.

The presented algorithm has been implemented for the city of Poznan. As input data,
the authors used the results of the previous research related to introducing a freight tram
to Poznan. This work is a continuation of previous authors’ research [49] regarding the
possibility of servicing selected customers from a specific distribution center. The previous
research focused only on assigning a distribution center to a customer. In this research,
the tram route was also optimized. Additional restrictions relating to the working time of
trams were also introduced.

The simulation model and software were based on the use of geoinformation and a
metaheuristic method, namely genetic algorithms. Probability theory and methods from
mathematical statistics were used to assess the technical and operational indicators of the
cargo transportation process. Genetic algorithms were chosen to solve the problem since
the optimization task is characterized by a large number of decision variables, which make
it impossible to precisely search the entire range of possible solutions.
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4. Input Data

Poznan (Figure 2) is a city in western Poland, within the Wielkopolskie voivodeship.
The city is situated in central Europe, halfway between Warsaw and Berlin. Poznan is not
only an important academic and business center, but also one of the main industrial, tourist,
and cultural centers in Poland. It is the fifth most populated city in the country, with over
529,000 residents [50]—and ca 942,500 in the whole agglomeration (density: 2022/1 km?).
There are more than 415,000 passenger cars in the city [50]. In 2020, the ratio of registered
passenger cars per thousand inhabitants totaled 780 (869 including those with temporary
registration). According to the Traffic Index Ranking [51], the city of Poznan is one of the
most congested cities in Poland with time lost per year (2021) totaling 85 h per vehicle
driver. Considering the location of potential customers, the introduction of deliveries using
freight tram gives an opportunity to reduce the number of trucks that deliver goods to the
indicated points.

0 50 100 m 1
City of Poznan
¥, .
V5
va < AM2
S5 v3
T
S6 1
V2
TD3 vi
V6

Map legend
® tram depot (TD1-TD3)
A distribution centers (V1-V6)
@ customers (AM1-AM4, S1-S6)
—— tram network 0 2.5 Skm—
[ the city boundaries [ —

Figure 2. Tram network and location of entities in freight tram supply process in Poznan: V1-V6—
distribution centers; TD1-TD3—tram depots; and AM1-AM4, S1-S6—customers.

The analyzed problem applies to a large part of the city of Poznan where public
transport is provided by trams. Nevertheless, the current layout of the tram network is
under development. Therefore, it was assumed that:

Any renovations to the tram network would not limit its capacity;

The current planned section of the tram network connecting Wierzbiecice Street with

Sw. Marcin Street and running along Ratajczaka Street would be included in the tram

network layout.

In Poznan, a significant number of final consumers are concentrated in 9 large locations
(called customers in the remainder of the paper):

e Market Plac Bernardynski (symbol AM1)—total daily quantity: 2.00 t;
e  Market Plac Wielkopolski (symbol AM2)—total daily quantity: 4.00 t;
e  Market Rynek Wildecki (symbol AM3)—total daily quantity: 4.00 t;

e  Market Rynek Jezycki (symbol AM4)—total daily quantity: 5.00 t;
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Shopping center Castorama (symbol S1)—total daily quantity: 32.75 t;

Shopping center Galeria Polskie Meble (symbol S52)—total daily quantity: 29.25 t;
Shopping center Kaufland /RTV Euro AGD (symbol S3)—total daily quantity: 37.25 t;
Shopping center Selgros (54)/Pasaz Rondo (S6) (symbol S4 and S6)—total daily quan-
tity: 96.00 t;

e  Shopping center Posnania (symbol S5)—total daily quantity: 94.80 t.

For 5S4 and S6, the total daily quantity was given jointly, because these shopping
centers are located next to each other and sell similar goods.
In order to specify the research problem, it was assumed that:

e Supplies would be transported in small consignments from potential distribution
centers to customers in the city;

e  Each distribution center could deliver the same products and the capacity of each
center allowed the delivery of supplies to all the analyzed customers (for stationary
demand, capacity was equal to 306 t);

e Cargo handling would be carried out using three-section freight trams. The capacity
of the tram sections was 10 t, 15 t, 15 t, respectively;

e  Freight trams would be assigned to existing in the city tram depots: TD1—Franowo,
TD2—Gorczyn, TD3—Staroteka;

The goods would be delivered every day to each customer AM1-AM4 and S1-56;
The maximum tram operating time allowed per day would be 24 h.

Based on the previous studies (Orczyk and Tomaszewski [23,24]), six potential loca-
tions for distribution centers were designated: V1—Franowo, V2—Goérczyn, V3—Mitostowo,
V4—Ogrody, V5—Piatkowska, and V6—Staroteka.

Figure 2 presents the tram network for the city of Poznan and location of the entities
in the freight tram supply process.

5. Research Problem and Research Methodology

The efficiency of the system depends on the total driving distance of the freight trams.
The optimization criterion was the minimization of the total driving distance, i.e., driving
distance with cargo from distribution centers to customers, driving distance without cargo,
and driving distance from tram depot to distribution center.

The total driving distance of trams per shift was defined as:

L = i i lpj — min @)

b=1j=1

where:
lj—length of the b-th route for the j-th customer, in km;
n—number of customers, in units;
s—number of routes, in units.
Limitations to the model are the following:

Yo 2; Qs ?)

f
g <q' ®G)
where:
m—number of distribution centers, in units;
Q¢c—availability of cargo in the i-th distribution center, in t;
Q]C-—Volume of cargo order j-th customer, in t;

qf—actual shipment, in t;
g*—nominal load capacity of the tram, in t.
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As cargo delivery would be carried out daily, the following restriction had to be
fulfilled:
Tr < Tmax 4)

where:

Tr—operating time of the trams on the route, in hours;

Tmax—maximum time allowed on the route per day. It was assumed that T,ax was
24 h.

The tram movement time on the route is determined based on the operating speed of
the tram.

The operational planning and organization of the transportation of small consignments
by tram in the city of Poznan was carried out in conditions of uncertainty and risk.

The presence of risk leads to the inability to deliver products to a particular distribution
center and fully satisfy its demand. Therefore, the risk for the i-th distribution center can
be assessed as follows:

Yi = 1-(1-PF(Q)(1—Fi(B))(1-Fi(5)) ©)

where:
P;(Q)—probability of shortage of stock in the i-th distribution center;
P;(B)—probability of technical and technological failures in the i-th distribution center;
P;(S)—probability of road works on sections of the street and road network of the city,
going to the i-th distribution center.
On the other hand, the functioning of the transport and distribution system of the city
of Poznan was characterized by the ratio:

k<m<n (6)

where k—number of tram depots, in units.

For the described conditions for the operation of the transport and distribution system
and the ratio (3), the formation of exclusively pendulum routes for freight transportation
would be impractical because, under such conditions, the value of the mileage utilization
factor  (driving distance with load to total driving distance) would be much less than 0.5.
Otherwise, the number of trams available would be equal to the number of distribution
centers.

Thus, for the effective organization of the transport and distribution system of the
city of Poznan in the organization of tram transport, circular routes were proposed, where
loaded and empty runs alternate. The choice of this type of route formation for the delivery
of goods to customers is due to the fact that most freight customers have a very high need
for the delivery of goods, and the volume of the order often corresponds to the carrying
capacity of the tram.

The following assumptions were made to solve the problem:

e demand for products is a random variable that is distributed according to the normal
law;

e  therisk is due to the presence of a shortage of products in the respective distribution
centers. Taking the risk into account means a variation of 20% from the base values.

To solve this optimization problem, we used a genetic algorithm, since the genetic
algorithm allows to find close to optimal delivery routes in a short time required for
calculations [42] and can be adapted to changing problem conditions [43], such as the
number of available trams, depots, the weight restrictions of the available tram park, etc.

Let the optimal transport plan have N non-zero values. Thus, we have to transfer the
goods from a warehouse to a customer N times. We need to determine the sequence of these
transportations and which of the available trams will make each of the transportations.

In the genetic algorithm procedure, the individual is defined as a list of numbers from
O0to (N — 1) + (M — 1), where M is the number of trams. The first N digits are the numbers
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of the required deliveries from the warehouse to the customer, obtained from the optimal
transport plan, and the M — 1 will serve as separators, dividing the list into routes for each
tram. If the tram travel time on the route exceeds Trmax, individuals are penalized. Thus,
the unit efficiency function is the total mileage of all trams plus the penalty for exceeding
the maximum time limit.

M M
I= Z Sr+ Z logz (1 +emax(0, TV_TmaX)) @)
r=1 r=1

where S,—total mileage of the r-th tram, in km.

As a genetic selection, crossover, and mutation operator, we used the tournament
selection of size 2 in combination with elitism, the uniform partially matched crossover
(UPMX), and the interchange mutation, respectively. An initial population of 900 individu-
als was randomly generated. The best hyperparameters were found using grid search. The
crossover and mutation probabilities were chosen to be 0.9 and 0.5, respectively; the size of
the hall of fame was 50, and the number of generations was 200.

6. Results

A simulation model for the formation of circular routes for the transportation of goods
by trams in Poznan under conditions of variable demand and risk was developed. The
simulation model was implemented using the developed software. The initial data for
optimising the transport and distribution system of Poznan for selected small consignment
deliveries by trams was the demand for the supply of goods.

For the optimal assignment of suppliers to consumers, the algorithm for solving an
open-type transport problem based on the simplex method was implemented.

To form routes for the transportation of goods by trams, a genetic algorithm was
implemented that made it possible to optimise the total distance of a given number of
trams assigned to one of three depots, including back and forth routes from tram depot to
distribution centers and then to customers. The developed software had a user-friendly
interface for inputting initial data and viewing simulation results: the routes generated for
the transportation of goods, the technical and operational indicators of the trams on routes,
the optimal number of trams, and the optimal assignment of trams to specific depots.

In the first stage, the optimal assignment of customers to distribution centers in
conditions of stationary demand was carried out, and then in conditions of stochastic
demand and risk. For the optimal assignment of suppliers to customers, an algorithm for
solving an open-type transport problem based on the simplex method was implemented.

For stationary demand (Table 1), customers were assigned to five of the six distribution
centers. Most goods were transported from V6 (96 t), V1 (95 t), and V4 (78 t). DC4 served
four customers, the remaining centers served one customer each, except for V3, which did
not serve any customer. Total loaded driving distance for stationary demand was 54.3 km.

For stochastic demand, different results were obtained depending on the value
of customers’ demands and the quantity of goods available in the distribution centers.
The stochastic demand for the customer j was generated using the normal distribution

N (Qj, 0') , where the expected value of demand Qj for customer j corresponded to its value

in conditions of stationary demand, and the standard deviation ¢ in this study was equal
to 20 t. For customers with a demand of less than 20 tons (AM1 to AM4), the value of the
demand was not changed and was assumed according to the initial data for stationary
demand.

The value of the available quantity of goods at distribution centers was generated
considering the probability of deviation from the required quantity by 1-20%.

Table 2 presents the results of one of the 275 simulations performed. In this case, only
three distribution centers were assigned to customers: V3, V4, and V6, but most of the
goods were supplied from V3. Total loaded driving distance for this example of stochastic
demand was 95 km.
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Table 1. Optimal assignment of customers to distribution centers for stationary demand (in tons).

Distribution Center Total
Customers
V1 V2 V3 \Z! V5 V6 Demand [t]
AM1 2 0 0 0 0 0 2
AM2 0 0 0 0 0 0 4
AM3 0 4 0 0 0 0 4
AM4 0 0 0 5 0 0 5
S1 0 0 0 32 0 0 32
S2 0 0 0 0 30 0 30
S3 0 0 0 37 0 0 37
S5 95 0 0 0 0 0 95
S4 and S6 0 0 0 0 0 96 96
Total supply [t] 97 4 0 78 30 96 305
Table 2. Example of assignment of customers to distribution centers for stochastic demand (in tons).
Distribution Center Total
Customers
V1 V2 V3 \7! V5 V6 Demand [t]
AM1 0 0 2 0 0 0 2
AM2 0 0 4 0 0 0 4
AM3 0 0 4 0 0 0 4
AM4 0 0 0 5 0 0 5
S1 0 0 17 0 0 0 17
S2 0 0 33 0 0 0 33
S3 0 0 53 0 0 0 53
S5 95 0 100 0 0 0 100
S4 and S6 0 0 80 0 0 19 99
Total supply [t] 0 0 293 5 0 19 317

In the second stage, the order for servicing the customers when delivering products
from the distribution centers to which they were assigned had to be established. The goal
was to optimise the total mileage of a given number of trams leaving the assigned depots
and, after visiting distribution centers and customers, returning to their depots. In addition,
a restriction on the duration T < Tyax of each tram trip was imposed.

The process of forming rational routes for the transportation of goods by trams was
based on the application of genetic algorithms, which made it possible to obtain a solution
that was close to the optimal one in an acceptable time period during operational planning.
As a genetic selection, crossover, and mutation operator, the tournament selection of size
2 in combination with elitism, the uniform partially matched crossover (UPMX), and the
interchange mutation, respectively, were used. An initial population of 900 individuals was
randomly generated. The crossover and mutation probabilities were chosen to be 0.9 and
0.5, respectively; the size of the hall of fame was 50, and the number of generations was
200.

In the next stage, a simulation of the supply of goods by trams for a different number
of available trams in tram depots was carried out. For stationary demand, two trams
assigned to two tram depots, TD1 and TD3, were chosen.

It was determined that with stochastic demand under risk conditions, the optimal
routes were found using two trams, which could be assigned to three tram depots TD1,
TD2, TD3 (their location is shown in Figure 2), or any combination of them. The assignment
of trams to the depots was based on the actual demand for products and the availability of
the products at distribution centers.

As a result of the operational formation of routes for the supply of goods by trams,
circular routes were proposed for stationary demand (Figure 3) and for stochastic demand
in conditions of risk (Figure 4). For each case, the number of rides with cargo, the loaded
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driving distance, the empty driving distance, the distance from tram depot to distribution
center (deadhead driving distance), driving time, the time for loading and unloading the
tram, and total time on the route were calculated.

Number of trams involved: 2
Number of trams involved from the TD1 depot: 1
Number of trams involved from the TD3 depot: 1

Route for the tram with number Tram 17: TD3 —(0 t) V6 —(40 t) S6&S4 —(0 1) V6 —(16 1) S6&S4 —(0 1) V6
—(401) S6&S4 —(0 ) VI =2 ) AM1 —(0 ) V4 —=(5 ) AM4 —(0 ) V4 —(37 ) S3 —(0 ) V5 —(301) S2 —(0 1)
V4 —(321) S1 —(01) V4 —(4 ) AM2 —(0 1) V2 —(4 1) AM3 —(0 1) TD3

Number of loaded routes: 10

Loaded driving distance: 44.1 km

Empty driving distance: 43.8 km

Deadhead driving distance: 5 km

Driving time: 4.22 hours

Loading and unloading time: 18.68 hours

Total time: 22.9 hours

Route for the tram with number Tram 1: TD1 —(0t) V1 —(401) S5 —(0t) V1 —(151) S5 —=(0t) V1 —(401) S5
—(0t)TD1

Number of loaded routes: 3

Loaded driving distance: 10.2 km

Empty driving distance: 6.8 km

Deadhead driving distance: 4.5 km

Driving time: 0.98 hours

Loading and unloading time: 8.32 hours

Total time: 9.3 hours

Total loaded driving distance: 54.3 km
Total empty driving distance: 50.6 km
Total deadhead driving distance: 9.5 km
Total driving distance: 114.4 km

Figure 3. Result of operational formation of routes for supply of goods by trams within transport
and distribution system of city of Poznan with stationary demand with limitation T_max = 24 h.

Number of trams involved: 2
Number of trams involved from the TD2 depot: 1
Number of trams involved from the TD3 depot: 1

Route for the tram with number Tram 10: TD2 —(0 1) V4 —(5 ) AM4 —(01) V3 —(4 ) AM2 —(0 1) V3 —(401) S5 —(0 1)
V3 —(401) S6&S4 —(01) V3 =2 ) AM1 —(0 1) V3 —(40 1) S5 —(0 t) V3 —(20t) S5 —(0 1) V3 —(4 t) AM3 —(0 1) TD2
Number of loaded routes: 8

Loaded driving distance: 43.6 km

Empty driving distance: 40.9 km

Deadhead driving distance: 7.6 km

Driving time: 4.19 hours

Loading and unloading time: 14.52 hours

Total time: 18.71 hours

Route for the tram with number Tram 18: TD3 —(0 1) V6 —(19 1) S6&S4 —(0 1) V3 —(13 1) S3 —(01) V3 —(331) S2 —(0 1)
V3 —(171) S1 —(01) V3 —(40 1) S3 —(0 1) V3 —(40 1) S6&S4 —(0 1) TD3

Number of loaded routes: 6

Loaded driving distance: 51.4 km

Empty driving distance: 48.8 km

Deadhead driving distance: 2.7 km

Driving time: 4.68 hours

Loading and unloading time: 14.02 hours

Total time: 18.7 hours

Total loaded driving distance: 95 km
Total empty driving distance: 89.7 km
Total deadhead driving distance: 10.3 km
Total driving distance: 195 km

Figure 4. Example of operational formation of routes for delivery of goods for stochastic demand
(simulation results from Table 2) under conditions of risk with a limitation on operating time.

For stationary demand, as shown in Figure 3, the first tram assigned to tram depot
TD3 loaded goods at distribution center V6 to serve S4 and S6 (96 t in three runs), then
went to V1 to load 2 t to deliver goods to AMLI. It continued to V4 to load goods for AM4
(5 1), and then after returning to V4, it delivered 37 t to S3. Next, it went to V5 to load 30 t
for S2, and then the tram returned to V4 to deliver goods to S1 (32 t). Again, after returning
to V4. It delivered 4 t to AM2, and finally it loaded 4 t in V2 to deliver goods to AM3,
before returning to tram depot TD3. The loading and unloading time took almost 18.7 h
while driving time took 4.22 h. Loaded driving distance was 44.1 km, slightly more than
the empty driving distance (43.8 km). The distance from tram depot to the first distribution
center and from the last distribution center to the tram depot totaled 5 km.

The second tram allocated to tram depot TD1 was assigned exclusively to the V1
distribution center and delivered goods to customer S5 (95 t in three runs). The loading and
unloading time took 8.32 h while driving time took almost 1 h. Loaded driving distance
equaled 10.2 km while empty driving distance was 6.8 km. The distance from tram depot to
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the first distribution center and from the last distribution center to the tram depot amounted
to 4.5 km.

For stochastic demand and under conditions of risk in supply, 275 simulations were
performed, and Figure 4 shows the results for the case presented in Table 2. Compared to
stationary demand, the workload of trams was more even, but the total driving distance of
both trams was 70% higher (195 km compared to 114.4 km). The first tram was assigned
to tram depot TD2, and after loading goods in distribution center V4, it served AM4 (5 t).
After this, the tram made 7 loaded routes from distribution center V3 to customers AM2
(4 t), S5 (100 t in three runs), S6 and S4 (40 t), AM1 (2t), and AM3 (4 t). Driving time was
4.19 h while loading and unloading time equaled 14.52 h. The tram drove 43.6 km with
load and 40.9 km without load from customers to distribution centers. The second tram
was assigned to tram depot TD3 and loaded goods at two distribution centers, V6 and V3.
First, the tram delivered goods to S6 and S4 (19 t form V6), and after this it made 5 loaded
journeys from V3 to S3 (53 t in two runs), S2 (33 t), S1 (17t), and S6 and S4 (40 t). Driving
time was 4.68 h while loading and unloading time totaled 14.02 h. The tram drove 51.4 km
with load and 48.8 km without load from customers to distribution centers.

Based on the generated supplies and demands from a normal (Gaussian) distribution
(275 times), histograms for the empty, loaded, and deadhead driving distances of the
tram fleet with a restriction on operating time were created (Figures 5-8). The hypotheses
concerning the laws of distribution for the values obtained were checked. The following
distribution laws were considered: normal, Cauchy, xz, exponential, generalized normal
(exponential power), gamma, log-normal, and Rayleigh. Graphs of the distribution laws
that best describe the values are shown in Figures 5-8.
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Figure 5. Histogram for distributions of empty driving distance for uniformly randomly generated
supplies and demands of tram fleet with a restriction on duration of each route.

It was determined that the empty driving distance for uniformly randomly generated
supplies and demands were distributed according to the log-normal distribution law with
the u = 4.26, 0 = 0.16 parameters:

flou o) = mf/’_i 8)

The expected value of this distribution was

o2
M = etz = 71.88km. )
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Figure 6. Histogram for distributions of loaded driving distance for uniformly randomly generated
supplies and demands of tram fleet with a restriction on duration of each route.
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Figure 7. Histogram for distributions of distance from tram depot to distribution center for uniform,
randomly generated supplies and demands of tram fleet with a restriction on duration of each route.

It was determined that the loaded driving distance for uniformly randomly generated
supplies and demands were distributed according to the log-normal distribution law with
the y = 4.36, o = 0.15 parameters.

The expected value of this distribution was

o2
M = etz = 79.49 km. (10)

It was determined that the distance from tram depot to distribution center for uni-
formly randomly generated supplies and demands were distributed according to the
log-normal distribution law with the p = 2.48, o = 0.32 parameters.

The expected value of this distribution was

‘72
M = etT = 12.62 km. (11)
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Figure 8. Histogram for distributions of total driving distance for uniform, randomly generated
supplies and demands of tram fleet with a restriction on duration of each route.

It was determined that the total driving distance for uniformly randomly generated
supplies and demands were distributed according to the normal distribution law with the
u =164, 0 = 24.8 parameters:

1 x=
flx;po) = Wﬁe’%(T) (12)

The expected value of this distribution was M = p = 164 km.

7. Discussion of Results

The literature review proved the environmental benefits of transferring freight de-
liveries from road to rail transport but several attempts to implement freight trams have
failed due to a lack of economic efficiency. This, in turn, should be analyzed alongside
technical efficiency in the context of specific cities and projects. Analyzed papers, focused
on description of advantages and barriers related to freight tram implementation, did not
present any specific method to implement the freight tram transport or only described
existing attempts of freight deliveries by trams [22-26,31-36]. Only one paper by Behiri
et al. [28] presented the mathematical model but had different optimization criterion (the
objective function expressed the minimization of the total waiting time of all demands
in their departure stations). In this paper, the main criterion was to optimize the total
distance of a given number of trams assigned to selected depots, including back and forth
routes from the tram depot to distribution centers and then to customers. Comparing the
subject of this research with the earlier works of the authors [49] that focused on assigning
a distribution center to a customer, the novelty of the proposed approach consisted of
optimising the tram route and adding additional restrictions relating to the working time
of trams.

The efficiency of the system depends on the total driving distance of the freight trams.
After conducting a series of simulation experiments and processing statistical data, it was
determined that when organizing cargo transportation by trams in the city of Poznan, taking
into account the risk of non-supply and uncertainty in demand with the maximum allowed
operating time of 24 h, the expected average values for the technological parameters were
the loaded driving distance—79.49 km—and the empty driving distance—71.88 km. The
mileage utilization factor g was 0.53.

The results of the research indicated that the total driving distance of trams with
variable demand in risk conditions was 164 km. This was 43.4% more than the total driving
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distance with stationary demand, which was 114.4 km. The total distance from the tram
depot to the distribution center with variable demand in risk conditions was 12.62 km. This
was 32.8% more than the total distance from the tram depot to the distribution center with
stationary demand, which was 9.5 km. At the same time, the minimum number of freight
trams was 2 (with the maximum allowed operating time of 24 h).

Based on the results of the simulation, it was determined that, with stationary demand,
the optimal routes were designed for the operation of two trams, which were assigned to
two tram depots (TD1, TD3). In the conditions of risk and variable demand, two trams
were also the best option, but they could be assigned to different tram depots (TD1, TD2,
TD3), depending on the available volume of products in the distribution centers.

For stationary demand, the total running time of the tramways was 9.3 and 229 h,
respectively. With stochastic demand, the running time was different for each of the
275 simulations and within the range of 12.41 to 24.00 h.

The simulation results are summarized in Table 3.

Table 3. Value of technological indicators in organization of cargo transportation by trams in city of
Poznan.

Indicator

Modelling Conditions

Stochastic Demand and the Risk of not Having
Enough Supplies in Distribution Centers

Stationary Demand and Availability of
Sufficient Supplies in Distribution Centers

Total loaded driving distance
(km]

Demand is a random variable that is distributed
according to the log-normal distribution law
with the y = 4.36, o = 0.15 parameters. The
expected value of this distribution is 79.49 km.

The minimum possible
value—54.3 km

Total empty driving distance
[km]

Demand is a random variable that is distributed
according to the log-normal distribution law
with the y = 4.26, 0 = 0.16 parameters. The
expected value of this distribution is 71.88 km.

The minimum possible
value—50.6 km

Total driving distance from

Demand is a random variable that is distributed
according to the log-normal distribution law

tram deC}; (r)1tt:; [dlj;ﬁlbunon 95 with the y = 2.48, o = 0.32 parameters. The
expected value of this distribution is 12.62 km.
Demand is a random variable that is distributed
.. . according to the normal distribution law with
Total driving distance [km] 1144 the 4 = 164, o = 24.8 parameters. The expected
value of this distribution is M = p = 164 km.
Value of the mileage
utilization factor 0.52 0.53
Time of operation, [h] 9.3 and 22.9 12.41-24.00
Maximum operating time
allowed [h] 24 24
Minimal number of trams 2 2
Maximum number of trams 2 2

8. Conclusions

The advantage of the proposed simulation model is the possibility of planning the
operational routes for cargo transportation by freight trams in conditions of variable
demand and risk. The simulation model developed for the city distribution system to solve
the problem of optimising the organization of small consignments delivered by freight tram
is based on the development of technologies that combine the advantages of geographic
information systems, mathematical programming, and heuristics.

Assignment of the optimal routes is based on the use of genetic algorithms, which
make it possible to obtain a solution that is close to optimal and within a reasonable time
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period. Further research should be conducted to analyze various modifications of genetic
algorithms and make their comparative assessment.

In this study, the main attention was focused on the methodology of customer service
by freight trams under the given restrictions and in particular on assessment of the technical
possibilities of the implementation of a freight tram in the city of Poznan, Poland; however,
the methodology itself can be used for any other city.

The modelling results obtained may be used by transport managers to plan freight
deliveries in a city, and may be useful in determining tariffs for urban freight transportation
by trams, as well as in investment planning for the development of distribution centers
and the creation of a fleet of freight trams.

The approach presented in this article is related to the operational planning. Nev-
ertheless, in further research, the authors intend to consider the Multicriteria Decision
Making/Aiding (MCDM/MCDA) methodology when selecting distribution center loca-
tions. The MCDM/MCDA approach allows solving problems (including location problems)
taking into account point of views and interests of a number of stakeholders, which is
emphasized, for example, by Browne et al. [27] and De Langhe [30].
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