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Abstract: Electromobility is one of the leading trends transforming public transport worldwide. Sup-
ported by international organizations, such as the European Union, and national cofounding, public
transport operators and local authorities are taking strategic decisions on the direction and scope of
the electrification of rolling stock. Most of the electric buses that are being put into operation replace
the previously used conventional buses, and consequently, most of the electric buses are operating
on existing bus lines. By applying a strategic approach to selecting bus routes for electrification,
the advantages of electric vehicles can be maximized. Based on a case study of the Polish city of
Gdynia, this paper explores the usefulness of the multi-criteria analysis for selecting the bus lines for
electrification. Multi-criteria analysis methods help decision makers to consider and weigh diverse
criteria that include, among others, economic, social, technological and environmental aspects. To
fulfil the above purpose, the paper compares different methods for evaluating electromobility options
at an early stage. The primary research methods include multi-criteria analysis, literature review and
case study analysis. An example of using multi-criteria analysis in the decision-making process of
in-motion charging trolleybuses to replace diesel buses on particular lines is discussed and concluded.
It is found that the multi-criteria analysis method could be used at an early but important stage of the
operational level when particular lines to be replaced are being discussed. Moreover, the case is made
that the local context should always be considered, including features of the existing public transport
systems, and that cost-benefit analysis should be conducted for the selected optimum scenario.

Keywords: electromobility; public transport market; multi-criteria analysis; MCA

1. Introduction

In 2020, electric buses accounted for 28.5% of all vehicles in Poland’s completed bus
supply [1]. Assessing the viability of introducing electric vehicles is always a managerial
challenge. In the local public transport market, the situation is even more complex because
of the different supply-side stakeholders. These are public (urban) authorities, transport
authorities and operators. They should have at their disposal tools enabling them to make
strategic decisions concerning the direction, scale and pace of public transport electrification.
It is, therefore, important to provide support for decisions on the electrification of public
transport at various stages. Furthermore, it is essential to consider the different stakeholders
who operate in different regulatory environments (e.g., public authorities versus private
operators), and that some decisions are also of a political nature. In the initial stages of the
decision-making process, there is a need to have the tools to identify the problem and make
an initial assessment of the available alternatives. The literature on the subject describes
many methods and tools for assessing the legitimacy of decisions made, including decisions
regarding the broadly understood urban transport. There are clear differences between
the various decision support methods. This means that different methods are useful to a
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different extent in the process of electrification of public transport. The main goal of the
article is, therefore, to assess the usefulness of the multi-criteria analysis (MCA) method in
the first phase of electrification of public transport, i.e., at the stage of selecting the bus lines
for electrification. In order to achieve the main goal of the article, the following research
question was formulated:

e Is MCA a relevant method to assess the appropriateness of selecting bus lines for
electrification?

The answer to this research question is particularly important in the case of cities
where electrification of public transport takes place by replacing conventional buses with
electric ones on existing bus lines. To carefully research the importance of the MCA in the
decision-making process and to answer to the research question, a research procedure was
designed to serve this purpose. In the first step, a literature review was conducted. Its main
aim was to compare MCA with other methods being used in the process of public transport
investment. Then, the role of the MCA in a strategic planning process was presented in
relation to the example of a concrete city. Case study analysis is widely used, especially
when limited cases are available or local conditions make direct comparisons more difficult.
According to the pioneering work of R. K. Yin [2], the case study approach allows for the
investigation of the research problem in a real context [3]. The case study methodology
was found to be useful due to the complexity of the phenomena within their contexts [4].
In this specific research field, a case study methodology was selected as a leading method
for research on the use of electric buses and the implementation of smart charging systems
by the World Economic Forum [5]. The structure of the article was subordinated to the
main goal and the main research question of the article. In Section 2, the literature review
presents electromobility as a trend but also as a response to the environmental challenges
facing cities. It also contains the decision-making process of the electrification of public
transport and a complex overview of different tools to support it. Section 3 includes a
case study description—the city of Gdynia in Poland. Section 4 includes the results of the
study and describes the entire process of using MCA to evaluate the appropriateness of
selecting bus lines for electrification. Finally, discussion is provided and conclusions are
drawn in Section 5.

2. Literature Review
2.1. Environmental Challenge for Cities in the European Union

Nowadays, the social, political and economic role of cities is growing. The importance
of environmental challenges increases [6,7] as cities compete with a widely defined quality
of life and livability [8,9]. The latter entails the possibility of reducing the dependence of
cities on fossil fuels acceptably and feasibly in social and economic terms [10].

The growing importance of electricity in public transport in the EU’s strategic docu-
ments is a response to environmental challenges. In the European context, climate policy is
of particular importance, becoming one of the most important issues determining transport
development in the EU. It aims to reduce emissions of both noise and air pollutants, in-
cluding greenhouse gases. The transport sector was identified as an area where significant
effects could be achieved. In the last century, it was dependent on fossil fuels [11]. Con-
cerning transport in cities, recommended activities focus on reducing the passenger car’s
role in travel structure for the benefit of public transport, cycling, and pedestrian traffic.
Its effect was not to limit mobility but to support a more sustainable way of travelling in
urban areas [12,13]. In December 2019, the European Commission presented a blueprint
for reforming the European Union’s climate policy—the Green Deal for Europe. It is an
ambitious plan aimed at reaching climate neutrality by 2050 [14]. One of its goals is to
advance the reduction in GHG emissions [15], “including the deployment of zero and
low-carbon transportation fuels” [16]. It translates into a 90% reduction in emissions in the
whole transport sector in the EU [14].

Today, an increasing number of cities and countries officially declare the achievement
of climate neutrality within a particular time horizon. The transport sector is an essential
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source of emissions, especially at a local level [17-19]. Although public transport accounts
for a much smaller proportion of emissions, its electrification is an essential first step
in transforming the system, including rolling stock, charging infrastructure, and zero-
emission electricity generation and storage [20]. Batteries are becoming a key component
in decarbonisation and achieving the Green Deal’s targets [21,22], thus increasing interest
in how cobalt and rare-earth elements are being extracted [23] as well as the energy used
for the battery manufacturing process [24].

2.2. Electromobility as a Trend in the Public Transport Market in Cities

In recent years, electromobility has been one of the leading trends in the public
transport market in Poland and the European Union. However, it is not a new phenomenon.
Trams and trolleybuses, which appeared at the end of the 19th century, accounted for an
essential part of the public transport supply in European cities before the Second World
War [25]. Due to political influence in subordinated countries of the former Soviet Union,
bus transport was preferred to electric traction [26]. Moreover, shortages in liquid fuel
supply were another factor supporting the electrification of bus fleets in Central European
countries. Therefore, in several countries, trolleybus development peaked in the 1980s,
such as in Bulgaria [27]. The most spectacular closure of trolleybus transport was noted in
Moscow (Russia) in 2020, where the most extensive system was systematically diminished
for years [28] and finally replaced by e-buses.

Although trolleybuses remain an essential element of the public transport supply in
about 280 cities worldwide [29], it is the electric bus that sets the main directions and scope
of electrification [30]. Today, the scale and pace of electrification of public transport vary
from country to country. For example, decisions on the direction and scale of electrification
of public transport in Poland are strongly influenced by the availability of non-refundable
funds, both at a national and a European level. Decisions on electrification of public
transport—as with all major city management decisions—need to be evidence-based, but
also politically approved [31,32]. Both of the above factors are connected with each other,
as hard evidence plays a significant and growing role in public decisions.

Electric traction was an economically and operationally effective solution in urban
transport for years. It presents technological maturity but also high susceptibility to
innovation [33]. It is characterised by a wide variety of applied solutions and the possibility
of using virtually any means of urban transport (underground, urban rail, tram, trolleybus,
electro bus, and, to a partial extent, hybrid bus). Its emissivity depends on the type of
energy produced; for some cities, the share of renewable energy in transport with electric
traction exceeds 90% (including trolleybus transport in Salzburg, Austria, or Eberswalde
Solingen, Germany) [34]. The advantage of electricity is its versatility: the ability to produce
virtually any available energy source. It provides the foundation for the possibility of
achieving the European transport policy objective of significantly reducing greenhouse gas
emissions in transport [35].

2.3. Decision-Making Process on Electrification of Public Transport

Cities are complex systems involving different stakeholder groups [36]. The city’s
transport system is one of the decisive factors enabling the accessibility of other urban
services. Therefore, it determines the attractiveness of a city and is an essential element in
achieving the desired quality of life.

How the public transport market is organised determines the decision-making chain
for fleet acquisition and propulsion choice. Typical stakeholders include the local authority,
the transport authority, the transport operator, NGOs and consultancies, as well as general
citizens and passengers.

Regardless of the number of stakeholders involved in the decision-making process for
public transport electrification, it usually follows a similar pattern (Figure 1).
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Figure 1. Decision-making process of implementing electric buses in public transport systems. Source: own elaboration.

2.4. Tools Supporting the Decision-Making Process

Table 1 presents the main advantages and disadvantages of the various analyses used
to analyse the legitimacy and purposefulness of transport investments. Since the individual
analyses answer different questions, they should not be considered as competing tools but
rather as complementary tools supporting the decision-making process.

Cost-benefit analysis (CBA) is a complex method of assessing, comparing and analysing
the benefits and costs of any project, such as an investment decision or a government policy.
The analysis aims to establish whether any given project is feasible and effective and pro-
vide grounds for comparing different solutions to a similar socio-economic problem. [37].
The main characteristic of the CBA is that it includes all the costs and benefits of a project.
Not only are financial and economic aspects included, but also social, cultural and environ-
mental. The CBA has its roots in welfare economics. It aims to provide a framework for
assessing the costs and benefits generated for different groups of stakeholders for whom
the financial result is not necessarily the main optimisation criterion [38]. The CBA is a
method to ensure efficient use of public financial means by summarising direct (internal)
and indirect (external) costs and benefits. External costs are costs of the environment
caused by activity in the environment, and they do not charge their operations directly [39].

Table 1. Summary of strengths and weaknesses of particular methods/tools regarding public transport investment.

Main

Tool/Method Main Advant.ages of Disadvantages Main Ob]ecflve Data Requlr.ed Result (.)f
Analysis : of Analysis for Analysis Analysis
of Analysis
Valuates all impacts
using a financial value ~ Some benefits are
Includes an evaluation hard to quantify
of environmental and and measure
other external effects Problems with an
Less subjective than estimation if the
some other an.alyses, benefits apply Maximise the
. e.g., cost-effectiveness only to selected - Net present
Cost-benefit . o utility of transport -
. analysis, cost—utility groups of . Quantitative value of the
analysis (CBA) . . investment .
analysis and residents to socie investment
multiple-criteria analysis  Different methods ty

Takes into account the
change in the value of

of valuation of
external effects

money over time may elicit
Allows for comparison different
of very different estimates

investments
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Source: own elaboration based on [40—46].
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Cost-effectiveness analysis allows different methods of achieving a given outcome to
be compared. It is usually not very useful while making a decision on electrifying bus lines
as, in such cases, we have a given financing and aim that can optimise the output.

Life-cycle assessment quantifies the environmental impact within the lifecycle. As it
does not include cost calculation, it is not sufficient, but its outcomes may be incorporated
into CBA or MCA. Similarly, life-cycle cost analysis (LCCA) and total cost of ownership
(TCO) include only costs, not considering outcomes, and similarly, these analyses may also
be incorporated into CBA or MCA.

3. Case Study Description: Trolleybus Transport Development in Gdynia
3.1. Site Description—City of Gdynia

Gdynia has 246,000 inhabitants. It is part of the intensively developing Gdarsk-
Gdynia-Sopot metropolitan area, located on the Baltic Sea’s southern coast. The population
density in the city is 1823 persons/km?. Almost half of the city area is taken up by
forests [47].

A characteristic feature of the city’s urban space is the central location of the seaport.
This is due to the historical process of city and port development; the city was created in
the 1920s and 1930s around the seaport, one of Poland’s most critical investments in the
interwar period.

From 1998 to 2018, there were negative changes in the travel share of public and
individual transport in Gdynia. While in 1998, residents still made 60% of their journeys
by public transport, in 2018, this share dropped to 42%. The main reason, as in other Polish
cities, was the dynamic development of individual motorisation. In 2019, the number of
passenger cars per 1000 inhabitants in Gdynia was 622, comparable to the whole country’s
average value (635).

Research conducted by ZKM Gdynia (Gdynia’s Public Authority) showed that the
share of households having at least one car increased from 56% in 2004 to 75% in 2015 and
75% in 2018 [48].

Gdynia’s public transport strategy follows the Swedish public transport market organ-
isation with regulated competition [49] and an independent public transport authority—
ZKM Gdynia. There are two municipal bus operators (PKA Gdynia sp. z 0.0. and PKM
Gdynia sp. z 0.0.), one municipal trolleybus operator (PKT Gdynia sp. z 0.0.) and four
other bus operators, which have a ca. 20% share in the public transport market.

3.2. Current Status of Electric Public Transport in Gdynia

Trolleybus transport has been operating in Gdynia since 1943. It also serves part of the
neighbouring city of Sopot, which has spa status. Trolleybuses have gone through phases of
development and regression [50], twice being close to liquidation. In the 1990s, the decision
was taken to gradually develop the trolleybus network in quantitative and qualitative
terms, which was confirmed in all the local government’s strategic documents [51].

Only part of the city is being serviced by trolleybus transport. The whole northern
part of Gdynia is not covered by the catenary, although an in-motion charging scheme
allows trolleybuses with traction batteries to service this area.

The trolleybus transport serves the main transport corridors, providing a high density
of services in the city’s central districts. The annual volume of the trolleybus transport
supply amounted to 5.38 Mio. vehicle-km in 2019, which constituted nearly 31% of the
total share of the public transport market of Gdynia [52]. The system is operated by ca.
100 vehicles (most of them are trolleybuses made by the Solaris Bus & Coach, Bolechowo,
Poland), of which 2/3 are equipped with traction batteries (NMC and LTO). That solution
enables operation in areas without access to the catenary [53], using the in-motion charging
concept [54].
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3.3. Perspectives of Further Development of Electric Public Transport in Gdynia

Although Gdynia has a high share of electric traction in urban transport (thanks to
trolleybuses), decisions were made to purchase electric buses and trolleybuses. The local
authorities” policy aligns with national and EU policies aimed at the gradual abandonment
of fossil fuels [55]. Public transport is the area where satisfactory electrification effects can
be achieved in a relatively short period of time. Analysis of Gdynia’s strategic documents
indicates a continuation of the electrification strategy while maintaining the current level
of CNG powered vehicles [52,56]. In the long term, the gradual introduction of hydrogen
buses is also expected (Figure 2).

300
242
. 250
%
2 200 174
N 150
-
_q.é’ 110 99
& 100
Z 48
50 32
] 0 -
0
diesel CNG electric hydrogen
Types of city buses
W 2020 ™ 2035

Figure 2. Transformation of the fleet of public transport in Gdynia: 2020 and 2035. Source: self-study
based on [52].

The share of diesel buses is projected to decrease from the current 65% to 32% in 2035.
The trolleybus will remain a central element of the electric fleet of public transport thanks
to the in-motion charging operational concept.

4. Results—Practical Application of MCA to Support the Decision-Making Process
in Gdynia

Multi-criteria analysis (MCA) in the scientific literature is also called multiple-criteria
decision-making (MCDM), multiple-criteria decision analysis (MCDA), multi-objective de-
cision analysis (MODA), multiple-attribute decision-making (MADM) or multi-dimensional
decision-making (MDDM). MCA is one of the essential tools in terms of solving various
decision-making problems related to transport systems [57-60]. Therefore, multi-criteria
analysis makes it possible to support investment decisions, in terms of both rolling stock
and infrastructure. In selecting bus lines intended for electrification, multi-criteria analysis
is one of the elements of a more extensive decision-making process. MCA can be used to
make complex transport-related decisions [61].

Figure 3 shows the process of performing multi-criteria analysis. With the selection of
bus lines for electrification as the goal of the decision-making process, the next step is to
identify the criteria that have the most significant impact on the correctness of the decision,
and thus, the legitimacy of using electric buses on a given bus line.
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Figure 3. The process of using multi-criteria analysis in the decision-making process on the electrifi-
cation of public transport. Source: Based on [62-64]; adopted by the authors.

One of the main challenges in applying multi-criteria analysis to the selection of bus
lines for electrification is the development of a set of diversified criteria. The criteria should
reflect the complexity of relations between the city structure and public transportation, and
they also need to be available within the budget and time given for the analysis. The list
of the proposed factors is presented in Table 2. Each of the criteria was described using
an indicator, thereby making Multicriteria Analysis more quantitative. It was decided
not to use political or social risk criteria at this stage in order to provide hard data for
further discussion, but not to replace it. In order to assess scenarios, proper engineering
analysis was conducted for the Gdynia City Hall by its subsidiary PKT sp. z o. o. (the
trolleybus company operating in Gdynia and in Sopot) and by ZKM Gdynia (the public
transport authority). Due to time and budget limitations, LCCA/TCO and life-cycle
(benefit) assessments were not included as criteria at this stage. They are required at the
later stages of project preparation, integrated into CBA, in order to apply for funding, but
different funding authorities require different methodologies and inputs.

Table 2. Criteria considered as the most important in the process of selecting bus lines for electrification.

Criterion Description (Method of Calculation)

Coverage of the bus route with
traction network

Length of catenary on a given bus route/total
length of the route
Length of the route in dense areas/total length
of the route
Vehicle—km’s/length of the route
Number of stops/route length
Supply of the given bus line on Sunday/supply
of the given bus line on working days
Stops (hours)/total number of vehicle-hours
per vehicle per working day

Servicing densely settled areas

Intensity of exploitation
Spatial availability of the line

Weekly supply variation

Rolling stock utility

Source: own study based on opinions of stakeholders.

After developing the criteria for evaluating individual bus lines, the next step was
to weigh individual criteria. Weighting is a key stage in the selection of a finite set of
alternatives [65]. As evidenced by a review of multi-criteria analyses used in transport
projects in 2000-2019, many different methods to assign weighting to criteria are used [40].
It was proven that the most popular methods used to solve multi-criteria decision problems
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in the field of transport in the last two decades were AHP with modifications, TOPSIS [66],
DEMATEL and the weighted summation method (WSM) [67], as well as the methods
encompassed in the so-called European trend, i.e., PROMETHEE and ELECTR [40,68].

Due to the complexity of the bus line electrification process, many stakeholders
participated in the assignment of weighting to individual criteria. It was, therefore, essential
to take into account the opinions of:

Public transport authorities;

Public transport operators with experience in operating electric vehicles;
Decision-makers representing local government;

Transport specialists who focus their scientific interests around electromobility;
Transport consulting companies;

Non-governmental organisations.

The participation of the entities mentioned above made it possible to take into account
the perspectives of many different interest groups.

A set of criteria was used to compare pre-selected diesel bus lines in Gdynia, namely
114,172,180 and 181 (Table 3. A pre-selection process enabled the exclusion of lines that
had not met basic requirements, including those that used vertical gauges or had low
coverage of bus routes with trolleybus catenaries.

Table 3. Values of criteria according to particular diesel bus lines pre-selected for replacement.

Value before Taking into Account the Value after Taking into Account the
Weights of Individual Criteria Weights of Individual Criteria
<K N (= b <t N (= b
Criter = = = = Criterion = = = =
s s s s s s s s
7] 7] 7] %] %] [%2] %] %]
B B 2 2 2 =] ] ]
==} ==} ==} ==} ==} ==} ==} ==}
Coverage of thebus route with 36439 066 063 020 007 008 013 012
traction network
Servicing densely settled areas 0.62 0.78 0.70 0.75 0.21 0.13 0.16 0.15 0.16
Intensivity of exploitation 0.51 0.38 0.37 1,00 0.17 0.09 0.07 0.06 0.17
Spatial availability of the line 0.96 0.69 0.68 0.60 0.18 0.17 0.12 0.12 0.11
Weekly supply variation 0.65 0.83 0.13 0.61 0.12 0.08 0.10 0.02 0.07
Rolling stock utility 0.86 1.00 0.91 0.90 0.13 0.11 0.13 0.12 0.11
Sum 0.646 0.651 0.590 0.746

Source: own study, based on [69].

5. Discussion and Conclusions

The decision-making process in the electrification of public transport involves many
aspects and stakeholders, including those of a political nature.

The complexity of the electrification of public transport makes it difficult to obtain all
of the necessary quantitative data that are useful in the decision-making process. Decision
making at the initial stage does not necessarily require in-depth quantitative analyses.
Instead, more qualitative issues should be taken into account in order to gain political
acceptance. This approach reduces the amount of data needed at later stages and, thus,
speeds up the entire decision-making process. A qualitative approach at the beginning
of the decision-making process also makes it possible to take into account factors that are
inherently uncountable and, at the same time, significantly affect the legitimacy of the
decision. A helpful tool, in this case, is the MCA. Although it has many variations that
differ in their assessment of methodology and detail, it remains a valuable tool at different
stages of the decision-making process.
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In relation to the example of a medium-sized city (Gdynia), a sample methodology,
using MCA, was presented. Its unique feature was the selection of criteria that covered a
broad spectrum of factors (supply, demand and spatial), including the specificity of the
public transport system (the trolleybus transport with in-motion charging vehicles [70]).
The involvement of external experts (at the stage of selecting factors and weighing them)
provided a broader overview of the issue, reducing the risk of not noticing important
criteria for the entire decision-making process. The analysis results were confirmed by
further measures, as a result of which several of the lines were electrified using in-motion
charging trolleybuses (full electrification on line 170, part electrification on line 181). It
allowed for a more precise targeting of further analyses in the field of electrification of the
public transport fleet in Gdynia.

Moreover, the local context should always be taken into account, including features
of the existing public transport systems. In this study, electrification of bus routes served
by diesel vehicles was carried out using trolleybuses equipped with a traction battery.
Therefore, one of the key criteria was the degree of route coverage by the trolleybus
network. This was one of the ‘local” factors, which was specific only to trolleybus cities.
The application of the MCA method made it possible to take such a specific criterion
into account.

In terms of deciding on the electrification of public transport, MCA is a recommended
method to select the optimum investment scenario. It allows for the inclusion of various
differentiating impacts that cannot be easily valuated, which constitutes its advantage over
CBA. In particular, it may include political risks, which are an important determinant of all
major public decisions. However, in the case of public transport electrification, which is
not a major infrastructure project, as it uses mostly existing infrastructure, we decided not
to include those factors.

Nevertheless, MCA does not provide objective information on value for money. In
particular, it does not provide information if the optimum scenario of electrifying a line is
more beneficial than the business-as-usual scenario, which usually means keeping a line
diesel-powered. Therefore, CBA for the optimum investment scenario compared to the
reference one is also recommended as a supplementary method. CBA also makes it possible
to include lifetime costs (TCO/LCCA) and benefits (LCA) quantitatively in the investment
assessment; however, this can also potentially be achieved within MCA, depending on the
resources available. A method for its application was presented by Wotek et al. [50].

Further analyses are still needed on how best to assess the validity of introducing
electric buses into service. According to the authors, these analyses should concern, inter
alia, the practical possibilities of using the popular methods of analysis presented above,
the usefulness of which has been proven during the evaluation of other transport projects.
Further analyses will make it possible to carry out the progressive process of electrification
of public transport in the most economically effective manner in Poland, the EU and around
the world.
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