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Abstract: The article concerns the verification of links between the energy intensity of public urban
transport, regional economic development and urbanisation in the light of sustainable development
challenges and club convergence processes. Three research questions were formulated in the article:
(1) Does the regional economic development of voivodeships affect the energy intensity of public
urban transport? (2) Does urbanisation shape energy consumption patterns in public urban transport
(and are there agglomeration effects)? (3) Does the level of urbanisation of voivodeships depend
on their regional level? The study covered 16 subregions of Poland from 2010 to 2020. A spatial
dynamic exploration of the relationships between energy intensity patterns of public urban transport
and the phenomenon of urbanisation and regional economic development was carried out. Panel
models of vector autoregression and panel causality testing were used. The influence of the economic
development of regions and the level of urbanisation on energy intensity patterns of public urban
transport was confirmed. The link between economic development and the process of urbanisation
was identified. An additional effect was noticed (novelty knowledge), i.e., there is a delayed club
convergence between voivodeships in the area of energy intensity of public urban transport, regional
economic development and urbanisation (polyconvergence).

Keywords: energy intensity; environmental Kuznets curve; panel granger causality; panel VAR;
polyconvergence; public urban transport

1. Introduction
1.1. Presentations of Research Problems

The evolution of humanity in recent decades has caused adverse consequences in
the form of climate change, natural disasters, armed conflicts and destabilisation of a
political and socio-economic nature [1,2]. These and other human activities have also had
an impact on the environment [3], threatening the survival of future generations and the
intact condition of the planet’s resources [1,4]. The world, noticing these unfavourable
changes, turned to rational and effective resource management, with less pressure on the
exploitation of the environment and stronger protection of it [1,4,5]. Energy has been one
of the most important development resources in the world for many decades [6,7]. Already
in the 1970s, and then in the 1980s, the need to program long-term development was
emphasised in such a way that the exploitation of resources would not reduce the needs of
future generations [1,8]. Already at that time, the need to integrate different concepts of
development (socio-economic development harmonised with the physical constraints of
the environment), of needs (the need to redistribute resources to ensure quality for society)
and of future generations (emphasising the use of resources in the long term without
compromising future generations) was noticed at that time. The foundations of the concept
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of sustainable development come from the concept of the “triple bottom line”, i.e., harmony
between three pillars: environmental, economic and social [1,9,10]. Sustainable develop-
ment should be approached from several perspectives [8,11]. At the conceptualisation
level, it should incorporate diverse avenues, including stage-based theories of develop-
ment [11]. Sustainable transport is frequently described in terms of energy intensity (energy
consumption patterns) and emissivity [9,12-15]. In the context of passenger transport
demands, sustainable transport is also referred to as sustainable mobility [16-18] as an
important component of the worldwide agenda [9]. In addition to these issues, there are
convergence processes in terms of shaping economic development [19], the energy intensity
of GDP [20] or the energy intensity of transport [21] (between countries or regions). They
have a significant impact on the possibility of pursuing sustainable development.

Cities’ transport policies are primarily concerned with the issue of external costs of
transport, such as energy use, air pollution, noise, traffic congestion and road accidents [22-24].
The dominance of individual transport in addressing the demands of urban dwellers con-
tributes greatly to these costs [23]. Decision makers in the field of lowering the use of
passenger automobiles in everyday transport must present an appealing alternative [23,25].
Satisfying the transport needs of the inhabitants through public urban transport is con-
sistent with the sustainable development of cities [26-28], as the negative impact on the
environment is reduced, for example, by minimising energy consumption in the entire
transport sector, reducing transport emissions or lowering congestion [29].

Different studies presented various relationships between energy intensity, CO, emis-
sions, economic growth and urbanisation [30-34]. These dependencies were often pre-
sented using the environmental Kuznets curve (EKC), which refers not only to the macroe-
conomic level (countries) [35,36], but also to the mesoeconomic level—cities [37] and
transport [38,39]. However, not all countries have been sufficiently researched in terms
of the described relationships using the EKC. One such country is Poland. Recent stud-
ies [40,41] showed the EKC hypothesis, including Poland, but only in a wider scope as
one of the Central European countries, and also for a long-term perspective. However, the
relationships between the energy intensity of public urban transport and regional economic
development and urbanisation, taking into account convergence processes, have not been
studied so far at the subregional (voivodeships) level. The phenomenon of convergence of
energy intensity in transport also has not been sufficiently investigated. This constitutes a
cognitive gap that the authors undertook to investigate.

1.2. Organisation of the Paper

The article deals with the problem of exploring dynamic-spatial relationships between
the energy intensity of public urban transport, regional economic development and urbani-
sation in light of the challenges of sustainable development and club convergence processes.

The research problem was presented in the form of three research questions:

1. Does the regional economic development of voivodeships affect the energy intensity
of public urban transport?

2. Does urbanisation shape energy consumption patterns in public urban transport (and
are there agglomeration effects)?

3. Does the level of urbanisation of voivodeships depend on their regional level?

Two research hypotheses were formulated:

1.  The dominance of public transport in the leading cities in the urban complex causes
the polarisation of subregions into more and less developed and more and less energy-
intensive areas.

2. The increase in the accessibility of public transport in leading areas causes agglomera-
tion effects between neighbouring areas and a strong dependence of economic growth
on energy consumption by public transport.

The article aims to identify the links between the energy intensity of public urban
transport, regional economic development and urbanisation of subregions of Poland. The
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paper uses spatial dynamic panel data modelling and panel stationarity analysis to study
convergence. The authors filled the research gap in the field of verification of energy
consumption patterns in public urban transport under the influence of regional economic
development, urbanisation and convergence processes between subregions. The presented
study is a novelty in identifying the phenomenon of polyconvergence between subregions
in terms of energy intensity of public urban transport, regional economic development and
urbanisation, phenomena that are particularly important in the era of the need to become
independent of energy imports.

The conducted research is original and up to date in the field of transport economics,
transport policy, economics, management, energy economics and spatial econometrics. The
results of the research indicate the factors shaping the energy intensity of this transport and
the patterns in energy consumption, which result from the club convergence. The knowl-
edge derived from these dependencies is important for formulating recommendations in
the transport policy and programming this policy in line with the processes of regional
economic development of subregions and urbanisation. This approach is particularly
important when the need to implement the idea of sustainable transport development,
based on the principle of minimising energy intensity (non-renewable resources) by shifting
transport needs from individual transport to public transport, is emphasised.

The article is divided into six sections. It starts with the Introduction Section. In
Section 2, a narrative literature review was conducted covering areas such as urbanisation,
the linkage of economic growth and CO, emissions (as a negative consequence of energy
consumption); transport energy intensity factors; and the environmental Kuznets curve
(EKC) problem. Section 3 describes the data and research methodology. Section 4 contains
the findings of the empirical investigation along with a discussion of them. Conclusions
are provided at the end of the paper.

2. Brief Literature Review
2.1. Characteristics of Urbanisation

Urbanisation is the process of altering the size, density and heterogeneity of cities.
Population mobility, segregation and industrialisation are frequently associated with urban-
isation [42-44]. Urbanisation is the process of cities forming and expanding (or contracting
in size). Thus, the process of urbanisation is not based directly on the notion of urban, but
rather on the dynamics of individual agglomeration. Although the rate of urbanisation is
independent of population size, the population density of neighbouring areas may influ-
ence the rate of urbanisation. Urbanisation might involve the construction (or demolition)
of new buildings or neighbourhoods, the development (or removal) of transit lines and
the in-migration and out-migration of people, all of which affect the racial/ethnic mix of a
city [42].

The hitherto analysis of the literature on urbanisation has shown that, despite nu-
merous themes addressed there, it is possible to single out studies that focus on two
cause-and-effect relations, i.e., the relation between progressing urbanisation and eco-
nomic growth [45-48], and the one between progressing urbanisation and transport in-
frastructure [49-52] (transport [50,53-56]). They contribute to the further exploration of
research directions.

The first stream of research that exposes the issue of the progressing urbanisation
in connection with economic growth underlines the significance of relations found here
and also singles out the interactions between urbanisation and the economy. Wang, Wang
and Li used urbanisation as a threshold variable to examine the mechanism of the impact
of economic growth on CO; emissions and ecological footprint. Taking into account the
heterogeneity of various regions, in their analyses, the authors focused on specifying the
impact of urbanisation on economic growth and environmental quality [45].

L. Sun et al. emphasise in their studies that both the fast economic development and
the accelerating urbanisation as well as the growing urban population have a significant
impact on energy consumption [49]. Adams, Boateng and Acheampong [50] anticipate that
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the impact of urbanisation and energy consumption in transport on CO, emissions may
be considerably diversified. Thus, emissions rise as the energy consumption in transport
increases, and they decrease with urbanisation; on the other hand, factors such as electric
power consumption and population growth rate increase CO, emissions, whereas the
quality of regulations and direct foreign investments considerably reduce emissions in
the region.

Most studies have shown that economic growth increases the ecological footprint.
Research studies connected with urbanisation growth, conducted by Pita, Winyuchakrit
and Limmeechokchai, have shown that population, living standard and purchasing power
have an impact on an increase in energy consumption and GHG emissions, whereas
measures—such as biofuels” substitution in road transport, enhancement of energy perfor-
mance and improvement of public transport systems—Ilead to a decrease in emissions [55].
For Muiiiz and Galindo, the environmental, economic and social problems connected with
mobility patterns in cities constitute the core of the debate on the possible impact of the
urban form on mobility patterns [56]. Examining factors—such as population density, acces-
sibility, suburbanisation patterns and social and economic factors—the authors attempt to
specify the impact of the urban form on the ecological footprint in transport. The estimated
variables in the studies completed by the said authors have shown that the ecological
footprint increases with incomes and decreases with the number of jobs. Moreover, the
suburbanisation pattern resulting from taking up outskirts with a low population density
entails significant global ecological effects.

2.2. Economic Growth and CO, Emissions

The past decades saw numerous publications (both theoretical and empirical) dedi-
cated to long-term relations between GDP and carbon dioxide emissions. There are research
studies that relate economic growth only to energy consumption and environmental pol-
lution, particularly CO, emissions [57]. Other publications to a larger extent focus on the
connection with transport infrastructure.

The approach is limited to analysing the energy consumption connected only with
economic growth and CO, emissions most often refer to a concrete kind of energy (usually
coal or electric power). From a broader perspective, the approach based on analysing the
relationship between economic activity measured with GDP per capita growth and CO,
emissions per capita is connected with trade openness [58]. In addition to that, the authors’
findings in that area suggest that, to solve the environmental degradation problem, it is
necessary to apply individualised policies in particular countries, assess whether there
is a cause-and-effect relationship between CO; emissions and GDP and also to specify
the direction of this causality. Some interesting insights were provided by Chandran and
Tang [57], who in their analyses pointed to the role of direct foreign investments and
energy consumption in the transport sector and their total impact and consequences for
the environment.

Another stream of research regarding the relations between economic growth and car-
bon dioxide emissions includes the evaluation of the impact of the transport infrastructure.
Kharbach and Chfadi [38] discovered that the population increase and the growing number
of vehicles were the main causes of CO, emissions in the road transport sector. On the other
hand, they provided evidence that economic growth may lead to a decrease in emissions in
the transport sector and an increased rate of CO, emissions’ reduction as a result of new
technologies or promoting public transport. The research studies specified the quantitative
share of the population growth, changes in vehicle properties, energy consumption per
vehicle and the total emission factor in the road transport sector as well as their impact on
changing CO, emissions; secondly, the relationship between transport-related emissions,
economic growth and energy consumption was analysed [38]. A strong relationship be-
tween transport infrastructure, economic growth, energy consumption in the transport
sector and CO, emissions was also identified in the study authored by Achour and Bel-
loumi [59]. Based on a claim that transport is the second biggest sector (after industry)
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responsible for greenhouse gas emissions, the authors examined the connections between
the road and rail infrastructure, the added value of transport, energy consumption related
to roads and railways, gross accumulation and CO, emissions in transport. Similar analy-
ses were run by Arvin, Pradhan and Norman [60], who examined the relations between
(air and passenger) transport intensity, urbanisation range, CO, emissions and economic
growth, as well as by Azlina, Law and Nik Mustapha [61], who conducted an analysis of
economic interactions between energy consumption (in the transport sector), economic
growth, pollution emissions, the economy’s structure and the use of renewable energy.

2.3. Environmental Kuznets Curve (EKC)

Economic growth plays a great role in the contribution of CO; emission, which is why
it is important to analyse and identify the determinants of environmental pollution and the
direction of their influence [57]. Although, energy consumption and growth alone may not
explain CO; emissions [62].

Existing theory shows that, during the early stage of economic development, pressure
on the environment is high, and over time, as the economy grows, this pressure eases and
environmental quality grows and improves. This relationship has been termed the envi-
ronmental Kuznets curve (EKC) [63]. The EKC might be shown as an inverted U-shaped
relationship between different pollutants causing environmental degradation and economic
growth (i.e., per capita income) [40,61,64]. Economic growth is in close relation to energy
consumption, which is caused by higher economic development, which requires more
energy consumption, and more efficient energy use also requires a higher level of economic
development. In general, environmental quality deteriorates at the early stages of economic
growth and subsequently improves at the later stages [40,65,66].

Although some studies suggest that the model of the EKC hypothesis still have
some weak points, pointing out it is econometrically weak [57,67,68], many other use
this hypothesis for different type of countries to show the impact of income growth on
environmental quality. For sure, there is no agreement in the literature on the income
level at which environmental degradation starts declining [40]. In many cases, there is a
long-term relationship between energy consumption, GDP and CO, emissions, especially
in the case of developing countries [41].

The main aim of testing the relationship between environmental quality and economic
growth is that it allows policymakers to assess the level of response of the environment to
economic growth.

Narayan and Narayan tested the EKC hypothesis for 43 developing countries. The
empirical analysis showed that if the long-term income elasticity is smaller than the short-
term income elasticity, then it is evident that the country has reduced carbon dioxide
emissions as its income has increased [61,63].

Against this backdrop, it is worth emphasising that the feasibility of in-depth aware-
ness of the problem of the environmental Kuznets curve for transport energy intensity
necessitates the identification of factors of this energy intensity.

2.4. Factors of Energy Intensity of Transport

Environmental resources, including energy, determine the development of the econ-
omy and its sectors: transport and tourism [54]. In the framework of sustainable devel-
opment, the relationship between tourism and transport is particularly emphasised [9,54].
The COVID-19 pandemic, which ran from March 2020 to May 2022, altered travel patterns
and cut tourism demand dramatically. Lockdowns forced the minimisation of domestic
and international passenger traffic [9,69]. This influenced the creation of new patterns of
mobility for residents and visitors, as well as new patterns of transport energy intensity [9].
The shortage of energy resources may limit socio-economic development [54]. Some re-
searchers note that the fundamental factors for creating sustainable economic growth are
rationalising energy consumption, improving energy efficiency and replacing conventional
energy sources with renewable ones [70].
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In the era of increasing energy intensity of transport, special attention is paid to other
energy carriers. Among them, nuclear energy is increasingly referred to as a large-scale
cost-effective, reliable and low-carbon alternative. An example of research in this trend
is the analysis of dynamic relationships between nuclear energy, public transport, real
income, technological innovation and CO, emissions in the example of China in the years
1985-2018 [71]. Hassan et al. used the dynamic autoregressive distributive lag (ADRL)
method and showed that nuclear power consumption mitigates environmental pollution,
while public transport and per capita income are strongly associated with increasing envi-
ronmental costs. The authors recommend the implementation of technological innovations
in public transport to reduce energy consumption and environmental pollution [71].

In addition to this research trend, the discussion on the role of hydrogen in public
transport is also developing. It is noted that renewable hydrogen has the potential for the
decarbonisation of heavy transport, including buses [72]. The use of hydrogen positively
affects the improvement of environmental parameters, but increases the economic costs of
fuel, in contrast to the fleet of buses powered by diesel engines. Hydrogen obtained from
wind and solar energy may also be important from the point of view of technical, economic
and environmental uncertainties, which are strongly correlated with the uncertainty of
diesel oil supply [72].

This is consistent with the idea of vehicle electrification. It is noted that taking into
account a diverse range of EV technologies, such as hybrid, plug-in hybrid and battery
electric vehicles, and taking into account different fuels including petrol, diesel, hydrogen,
natural gas and biomass are more beneficial in planning a long-term transport policy in the
context of electrification and energy consumption. It is emphasised that electric vehicles will
be an important solution for the decarbonisation of cities. Therefore, the authors proposed a
model that takes into account land use, transport and energy. Different energy profiles and
transport patterns can be important tools for sustainable urban planning. Based on the land
use, transport and energy, the amount of economic and social well-being in 2050 has been
estimated due to technological improvements in the transport sector [73]. In the context of
the need to electrify vehicles, it is considered that the role of the increase in fossil fuel energy
prices in assessing the competitiveness of alternative fuel vehicles (AFV) [74]. The need to
promote renewable energy is strongly emphasised for the long-term purpose of minimising
the gap between the supply and demand for fossil fuels (striving to maintain balance). In
addition, in the analysis of relationships between price, energy consumption and efficiency,
there are relationships characteristic of rebound effects (e.g., Jevons paradox) [74,75].

A comprehensive approach in the form of the Irish Passenger Transport Emissions
and Mobility (IPTEM) model was presented by O’Riordan et al. [76]. They deepened
the possibility of analysing the policy of passenger transport, giving reasons to take into
account the purpose of travel in consideration of the energy intensity of passenger transport.
This model takes into account, in addition to the destination, transport occupancy and
changes in energy consumption, but also modal shifts to reduce CO, emissions [76]. Their
research also expresses the idea of the shift paradigm [77] and decoupling [78,79]. A similar
thesis about the decoupling paradigm is expressed by Wimbadi et al. about transport [80].
In their opinion, the transport sector faces the huge challenge of decoupling cities” CO,
emissions from mobility. This is also particularly emphasised in the new transport policy
of the European Union [81]. Branch shifts also significantly improve the energy intensity
of passenger transport, but they mainly result from the behaviour of transport users and
travel purposes [82].

A similar direction of research is presented by Bazzana et al. in a multidisciplinary
approach to estimating the impact of COVID-19 on passenger transport and its energy
intensity in Italy. They go from factors related to COVID-19, economic policy and green
investments to the analysis of transport user behaviour (including travel) [83]. The be-
haviour of travellers and its impact on mobility in the agglomeration during COVID-19
was also studied by Klos-Adamkiewicz et al. They showed the change of leading trends in
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passenger transport, which significantly affects the sustainable development of transport
and the reconfiguration of transport policy towards pro-environmental goals [84].

The study of energy consumption factors in road passenger transport in Thailand
was undertaken by Pita et al. It took into account five factors: population, the standard of
living in the country, purchasing power, demand for the number of trips and unit energy
consumption. He also identified how the economic crisis of 2007-2008 affected energy
consumption. They pointed out that sedans, vans and taxis are the most energy-intensive
vehicles [55].

In turn, Rith et al. studied the impact of energy consumption on transport due to in-
sufficient public transport services. They took into account three scenarios: in the first—no
passenger car in the household, in the second—one vehicle, in the third—two vehicles.
They focused not only on quantitative, but also on qualitative factors shaping energy
consumption: age of household head, education, number of working adults, monthly
household income, population density, road density, length of roads for public transport
and shortest distance to a railway station. They noticed that a higher density of roads,
more people working in a household or more education increased the willingness to buy
passenger cars and thus increased energy consumption [85].

Table 1 presents various approaches to research the energy intensity of transport:
passenger, public or urban.

Table 1. Factors in scientific research on energy consumption in passenger, public or urban transport.

Type of Transport Factors Spatial Scope  Time Scope Source
° Car mileage;
. Number of vehicles;
Passenger transport e Carage;
with various vehicles: o  Fuel efficiency bands;
car, walk, bus, cycle, e  On-road factors;
rail/DART/Luas, . Emissions bands tax rate; Ireland 2009-2019 [76]
taxi/hackney, e  Engine cc tax rates;
lorry /motorcycle e Annual CO, emissions;
and other e Stock carbon intensity;
e  Annual tax revenue;
e  Trip distance.
e Age of household head (1 = aged 40 years and above;
P ¢ " 0 = otherwise);
assenger transpor e  Educational level of household head (1 = bachelor and
with various vehicles: . .
. higher; 0 = otherwise);
metro, own vehicle .
(zero, one, two) e No. of working adults (persons);
4 7 . 4 .
(four-wheeled ° Monthl}'l househF)ld m(;ome (10 PHI;), Philippines: from April (55]
vehicle (i.e., hatchback, * Population density (10” persons/km?); Manila to May 2017
car, MPV, SUV, . Road density (km/ kmz) ;
minivan, van and e Road public transport line density (km/km?);
pickup), not including e  Distance from home to the shortest railway
the motorcycle) station (km);
e Mixed facility index.
Passenger transport, * I(Ejr(l)ergy c.orTsumption; European
i hicles: car, ° 2 €MISSIONS; : 2015-2050 86
;T;;(:,li;’se alrf deiraciarlfs . Grefenhouse gas (QHG) emissions; Union (EU28) [86]
e  Digital technologies
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Table 1. Cont.

Type of Transport

Factors

Spatial Scope

Time Scope

Source

Road passenger
transport:
various vehicles

Population;

GDP,

Number of registered vehicles by vehicle type;
Passenger-kilometre by vehicle type;

Energy consumption by transport mode;
Energy consumption by vehicle type;

Energy consumption by vehicle and fuel types;

Share of vehicle-kilometre of road passenger transport

by vehicle type and fuel type;
Fuel economy by vehicle and fuel type;
GHG emissions.

Thailand

2007-2017

Road passenger
transport:

car, bus, motorcycle,
bicycle and walking

Location choice;

Travel demands per capita;

Total population;

Labour force;

Energy consumption via different speeds, modes
and technologies;

COy;

Land use.

China:
Changzhou

2008

Road passenger
transport: cars

Dynamic cost-efficiency for cars;
Dynamic cost-efficiency for trucks.

European
Union

2021-2022

[87]

Public transport

Consumption of fuel;

Annual solar irradiance;

Annual average wind capacity factor;
Average ambient temperature;
Inflation rate;

Wholesale electricity price;

GHG electricity;

Diesel price.

Belgium

1980-2020

Public transport

Novel measures:

Alternative fuels vehicles,
Infrastructure and land use change,
Urban transport policy,

Services and business practices,
Citizen practices

various:
about 20

1990-2020

Public transport

Transport energy consumption;

Urban economic level;

City size;

Spatial density;

Industrial concentration;

GDP;

Population;

Area, road density and built-up area density;
Residential density.

284 prefecture-
level cities in
mainland
China

2013-2015

Urban transport

Energy consumption;
Emissions’ reduction;
Urban transport;
Policies and regulations.

China,
Beijing

no data

Source: own elaboration based on the fifth column of the table.
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The premises from the literature review made it possible to verify the research gap and
identify the basic techniques and factors of energy consumption of public urban transport
for the purposes of the author’s own research.

3. Materials and Methods
3.1. Data Explanation

The analysis used secondary data. They came from the databases listed in Table 2. The
data covered the years 2010-2020 and referred to 16 subregions of Poland (NUTS2), which
relate to voivodships (West Pomeranian, Pomeranian, Lubuskie, Greater Poland, Kuyavian-
Pomeranian, Lower Silesian, Opolskie, Silesian, Lodzkie, Mazowieckie, Warmian-Masurian,
Podlaskie, Lublin, Swietokrzyskie, Lesser Poland and Podkarpackie). The study referred
to a total of 176 observations. The data were finally organised using panel data. Table 2
presents an explanation of the variables along with the abbreviation of the represented
variable and the source of the data.

Table 2. Panel data used in the research for 16 subregions of Poland in 2010-2020.

Variable Unit Abbreviation Type Databases
Energy intensity of public . . Own calculations based
urban transport M]/capita EI Response variable on [89,90]
Gross i(::g:;ict;)roduct I;Egéﬁfgﬁacég GDPC Explanatory variable [89]
Gr;s; ig}r)?te; tslflfsiiuCt GDPC? in PLN?/capita? GDP2C Explanatory variable [89]
Urbanisation rate % UR Explanatory variable [89]
The average ener The component used to
ffici & b 8y MJ/km EE1 calculate the EI of public [90]
eticiency ot buses urban transport
The average ener The component used to
efficienc go : tramgsy MJ/km EE2 calculate the EI of public [90]
y urban transport
The average ener The component used to
officiency of %rolle bgtz;es M]J/km EE3 calculate the EI of public [90]
y y urban transport
Average annual mileage The component Lflsed to
of buses km KM1 calculate the EI of public [89]
urban transport
Average annual mileage The component used to
of trams km KM2 calculate the EI of public [89]
urban transport
. The component used to
Aver?)%frzrlllrc}ug}l::sleage km KM3 calculate the EI of public [89]
Y urban transport
. The component used to
Number of rolling stock cS. NR1 calculate the EI of public [89]
of buses P P
urban transport
. The component used to
Numbero?irr;)rlrlllsng stock pcs. NR2 calculate the EI of public [89]
urban transport
. The component used to
Num(])ofe; glfléogigisStOCk pcs. NR3 calculate the EI of public [89]
Y urban transport
. The component used to .
Energy consumption G EC1 calculate the EI of public Own calculations based
of buses on [89,90]
urban transport
. The component used to .
Energy consumption G EC2 calculate the EI of public Own calculations based
of trams on [89,90]
urban transport
. The component used to .
Energy consumption g EC3 calculate the ET of public Own calculations based
of trolleybuses on [89,90]
urban transport
The component used to
Population pers. POP calculate the EI of public [89]

urban transport

Source: own elaboration.
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3.2. The Case of Poland

Poland is divided into 16 administrative provinces called voivodeships, covering an
area of 312,696 km? (120,733 sq mi). The total population in Poland in 2021 was 37.9 million
people, where 59% of the population lived in urban areas and 41% in rural [91]. The total
CO, emission w thousands of tonnes in 2020 was 317,719 [92].

Polish administrative division based on administrative units—NUTS2, which relies
on 16 voivodeships is shown in Figure 1. This level of administrative division will be the
base for further analysis.
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Figure 1. Administrative classification in Poland—territorial units that stand for voivodships. Source:
own elaboration based on data from Statistics Poland (Gléwny Urzad Statystyczny) [93].

As the analysis covered the years 2010-2020 it was important to show the use and
operation of urban transport stock in Poland for the year 2020, as a key year (especially
from point of view of COVID-19). The biggest volume of use of public transport vehicles
(in vehicle-kilometres) was in Masovian voivodship for buses (76,920), in Pomeranian
voivodship for trams (132,781) and Silesian voivodship for trolleybuses (71,111). The
highest average distance for buses was in the Kuyavian-Pomeranian voivodship (221 km),
for trams in the Pomeranian voivodship (364 km) and for trolleybuses in the Silesian
voivodship (195 km). The biggest share in public transport in the field of total distance
travelled was by buses—693,887 thousand vehicle-kilometres which stand for 81.2% of the
urban transport stock share in Poland for the year 2020 [94].

The following maps (Figure 2) present energy consumption in public transport and
also in detail, divided into three means of public transport: buses, trams, and trolleybuses.
The total GJ (gigajoules) for individual provinces was shown, as the average values from
2010-2020.
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Figure 2. Average energy consumption of public urban transport and its modes [G]] in the
provinces of Poland in 2010-2020. Source: own elaboration based on data from BDL (Bank Danych
Lokalnych) [89] and DBW (Dziedzinowa Baza Wiedzy) [90].

3.3. Methodology

Three research questions were posed to address the research problem:

of public urban transport?

Does the regional economic development of voivodeships affect the energy intensity

Does urbanisation shape energy consumption patterns in public urban transport (and
are there agglomeration effects)?

3. Does the level of urbanisation of voivodeships depend on their regional level?
Two research hypotheses were put forward:
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1.  The dominance of public transport in the leading cities in the urban complex causes
the polarisation of subregions into more and less developed and more and less energy-
intensive areas.

2. The increase in the accessibility of public transport in leading areas causes agglomera-
tion effects between neighbouring areas and a strong dependence of economic growth
on energy consumption by public transport.

The objective of the article is to identify the links between the energy intensity of
public urban transport, regional economic development and urbanisation of subregions
of Poland.

To compute the energy intensity of public urban transport, the structure and size of the
rolling stock, as well as the average mileage and energy efficiency, were all required. Three
modes of transport were considered: buses, trams and trolleybuses. The index technique
was used to calculate energy consumption for each mode. The total energy consumption
of public urban transport was then calculated by aggregating these values. Then, the
energy intensity of public urban transport was calculated using two indices of energy
consumption for this type of transport and population. Finally, the energy intensity of
public urban transport was employed in the research of convergence and the development
of a relationship model.

The analysis mainly used methods in the field of econometrics and statistics, focusing
on techniques dedicated to the analysis of panel data. An econometric model was built to
study potential relationships between the energy intensity of public urban transport, the
regional economic development of Polish provinces and their urbanisation. The occurrence
of the EKC curve described by the following formula was tested:

El; = f(GDPCitrGDPCi, URit) M)

where i means province and ¢t means year, El is the energy intensity of public urban
transport (MJ/capita), GDPC is the gross domestic product per capita in current prices
(PLN/capita), GDPC?>—GDP2C is the gross domestic product per capita squared and UR is
the urban ratio (%).

The econometric analysis procedure was based on 6 steps. In the first step, the
stationarity of the variables under study was analysed using four tests:

Levin, Lin and Chu t test, which assumes a common unit root process [95];
Im, Pesaran and Shin W-stat, which assumes individual unit root process [96];
Augmented Dickey—Fuller (ADF) and Fisher Chi-square, which assumes individual
unit process [97,98]; and

e  Phillips—Perron (PP) and Fisher Chi-square, which assumes individual unit
process [99].

In the second step, cointegration testing was carried out using the Pedroni test [100,101],
divided into two areas:

e  Within-dimension; and
e  Between dimension.

The third step consisted of the specification and estimation of the vector autoregression
(VAR) model [102]. In the fourth step, the model was verified. It is an inseparable element
of model construction.

In the fifth step, before starting the construction of the model, cause-and-effect rela-
tionships were examined using the Dumitrescu—Hurlin panel causality test [103,104].

The sixth step, on the other hand, presents the responses of the energy intensity of
public urban transport to innovations in regional economic development and urbanisation.

Figure 3 presents the framework of the authors’ research procedure (methodology).
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Figure 3. The framework of the authors’ research procedure (methodology). Source: own elaboration.

4. Results and Discussion
4.1. Findings and Explanations

Table 3 contains selected descriptive statistics for these variables broken down by
provinces in 2010-2020.

As shown in Table 3, Masovian, Silesian and Lodzkie were characterised by the
highest average level of energy intensity in 2010-2020, while Opolskie, Podkarpackie and
Warmian-Mazurian were the lowest. The situation is slightly different in the case of the
variability of energy intensity of this transport in the analysed period. The coefficient of
variation can be used to assess the contribution of the standard deviation to the mean.
According to the calculations, the lowest coefficients of variation of energy intensity of
this transport in the analysed period were recorded in West Pomeranian, Pomeranian and
Kuyavian-Pomeranian, at 4.73%, 4.85% and 5.33%, respectively. The highest variability
coefficients of energy intensity of this transport in the analysed period were recorded in
Swietokrzyskie (20.39%), Warmian-Mazurian (10.18%) and Masovian (10%). It is noted that
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the observations for those provinces where the coefficient of variation was relatively high
were not homogeneous.

Table 3. Selected descriptive statistics for Polish provinces in 2010-2020.

EI GDPC GDP2C UR

Provinces Average Coefficient of Average Coefficient of Average Coefficient of ()  Coefficient of

(MJ/Capita)  Variation (%)  (PLN/Capita)  Variation (%)  (PLN?/Capita?) Variation (%) verage i) Variation (%)
Greater Poland 321.36 6.34 51,950.09 17.40 2,773,063,454.64 34.87 54.85 1.28
Kuyavian-Pomeranian 347.97 5.33 39,295.18 15.74 1,578,905,488.45 31.93 59.63 1.09
Lesser Poland 400.50 5.59 43,412.55 17.51 1,937,196,586.55 35.10 48.55 0.76
Lodzkie 483.25 6.52 45,279.36 17.31 2,106,053,025.73 35.27 63.05 0.91
Lower Silesia 358.71 5.90 53,619.45 14.95 2,933,487,997.09 30.24 69.07 0.89
Lublin 225.66 6.47 33,453.45 15.57 1,143,784,186.18 31.45 46.36 0.28
Lubuskie 201.07 5.56 40,086.73 15.04 1,639,989,717.45 30.30 64.15 1.32
Masovian 659.64 10.02 77,070.55 16.57 6,088,127,428.91 33.43 64.30 0.21
Opolskie 170.66 9.06 38,745.55 15.15 1,532,555,781.36 30.75 52.49 1.04
Podkarpackie 175.62 6.78 33,960.82 16.04 1,180,325,094.09 32.24 41.26 0.25
Podlaskie 301.70 8.61 35,009.27 16.32 1,255,310,727.64 33.37 60.55 0.45
Pomeranian 417.17 4.85 46,487.18 16.15 2,212,273,418.09 3248 64.52 1.43
Silesian 566.22 7.42 50,155.55 14.69 2,564,918,727.36 29.69 77.11 0.65
Swietokrzyskie 386.04 20.39 35,350.27 14.62 1,273,927,489.91 30.04 44.87 0.58
Warmian-Masurian 185.45 10.18 34,244 55 14.87 1,196,262,821.27 30.24 59.20 0.27
West Pomeranian 389.47 473 40,577.00 15.98 1,684,729,176.45 32.42 68.61 0.21

Source: own elaboration based on data from databases listed in Table 2.

In the case of the analysis of GDP per capita and its coefficient of variation, it is noted
that they were relatively high in all provinces. The highest coefficients of variation were
recorded in Lesser Poland (17.51%), Greater Poland (17.4%) and Lodzkie (17.31%), and
the lowest in provinces such as Silesian (14.69%), Swietokrzyskie (14.62%) and Warmian-
Mazurian (14.87%). As regards GDP per capita in 2010-2020, the highest average level
was recorded in Mazurian, Lower Silesian and Greater Poland provinces, and the lowest
average level was recorded in Lublin, Podkarpackie and Warmian-Mazurian provinces.

Unlike other variables, the urbanisation rate is characterised by the lowest level of
variability, oscillating between 0.21% and 1.43%. The highest volatility of this indicator was
visible in Pomeranian, Lubuskie and Greater Poland, and the lowest in Mazovian, West
Pomeranian and Podkarpackie. However, the highest average annual level of urbanisation
was recorded in Silesian, Lower Silesian and West Pomeranian, while the lowest was
in Podkarpackie, Swietokrzyskie and Lubelskie. The above analysis illustrates that the
surveyed provinces are differentiated in terms of the analysed statistical features.

Table 4 presents an unconventional approach to convergence identification, based on
stationarity analysis. Stationarity tests (also called the unit root occurrence test) are also
used to test the properties of variables to construct the vector autoregression model (VAR).

Based on stationarity tests, it was possible to identify lagged club convergence for all
variables (1st difference): energy intensity of public urban transport, regional economic
development and urbanisation. This means that the differences between the subregions
in the increase of energy consumption by public transport, in shaping regional economic
growth or in urbanisation processes are becoming blurred. It can be assumed that the
subregions are becoming similar to each other (at different rates).

In long-term equilibrium relations (element of convergence—convergence point), the
stage of examining the degree of cointegration is important. Cointegration tests are also
beneficial from the point of view of analysing the properties of variables for the construction
of the VAR model (Table 5).

The results of the PP-Statistics panel and the ADF-Statistics panel allow us to reject
the hypothesis about the lack of within-dimension cointegration, i.e., the assumption that
cointegration exists. On the other hand, the v-Statistics panel test and the rho-Statistics panel
give opposite results, indicating the lack of cointegration. In the case of individual analysis
(between-dimension), the results of the group PP-Statistic and group ADF-Statistic tests
suggest that there is cointegration, in contrast to the results of the group rho-Statistic test.
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Table 4. Panel unit root tests for convergence verification.
Test for a Unit Root in 1st Difference
Variable
Method Statistic Prob.
Levin, Lin and Chu t —11.7584 0.0000
I Im, Pesaran and Shin W-stat —6.2791 0.0000
ADF—Fisher Chi-square 103.4630 0.0000
PP—Fisher Chi-square 132.1610 0.0000
Levin, Lin and Chu t —8.0529 0.0000
GDPC Im, Pesaran and Shin W-stat —2.0709 0.0192
ADF—Fisher Chi-square 68.1619 0.0002
PP—TFisher Chi-square 122.0060 0.0000
Levin, Lin and Chu t —6.6003 0.0000
GDP2C Im, Pesaran and Shin W-stat 1.9041 0.9716
ADF—Fisher Chi-square —1.4534 0.0731
PP—Fisher Chi-square 90.3566 0.0000
Levin, Lin and Chu t —16.2017 0.0000
UR Im, Pesaran and Shin W-stat —4.4527 0.0000
ADF—Fisher Chi-square 75.2130 0.0000
PP—Fisher Chi-square 75.9187 0.0000

Note: Levin, Lin and Chu t—null hypothesis: Unit root (assumes common unit root process); Im, Pesaran and Shin
W-stat; ADF—Fisher Chi-square; PP—Fisher Chi-square—null hypothesis: Unit root (assumes individual unit
root process). Automatic lag length selection based on SIC: 0 to 1. Newey-West automatic bandwidth selection
and Bartlett kernel. Own elaboration based on data from databases listed in Table 2.

Table 5. Pedroni residual cointegration test.

Alternative Hypothesis: Common AR Coefs. (Within-Dimension)

Items Statistic Prob. Weighted Statistic Prob.

Panel v-Statistic 0.0800 0.4681 —1.4632 0.9283

Panel rho-Statistic 1.1705 0.8791 0.5259 0.7005

Panel PP-Statistic —4.8228 0.0000 —8.4247 0.0000

Panel ADF-Statistic —4.9171 0.0000 -3.1796 0.0007
Alternative Hypothesis: Individual AR Coefs. (Between-Dimension)

Items Statistic Prob.

Group rho-Statistic 2.5246 0.9942

Group PP-Statistic —10.5306 0.0000

Group ADF-Statistic —3.2844 0.0005

Note: Null Hypothesis: No cointegration; Trend assumption: No deterministic trend; User-specified lag length: 1;
Newey—-West automatic bandwidth selection and Bartlett kernel. Source: own elaboration based on data from
databases listed in Table 2.

Table 6 presents VAR estimates for all possible relationships between variables. The
first column represents the environmental Kuznets curve in a non-isolated feedback system.
On this basis, it can be assessed that there is feedback between the examined features (multi-
directional dependencies with delays). The remaining columns describe dependencies in
other directions and constitute the background for the entire described system.

These results were extended by a causal analysis (Table 7). As shown in Table 7, the
factors shaping the energy intensity of public urban transport are GDP per capita, the
square of GDP per capita, and the urbanisation rate. At the same time, feedback was
noticed between the energy intensity of this transport and GDP per capita and the square
of this indicator. The causality between the urbanisation rate and GDP was confirmed,
i.e., the impact of GDP per capita on the urbanisation rate and the effect of the square
of GDP per capita on the urbanisation rate. This test also allowed for the identification
of multidirectional dependencies and feedback, more broadly than can be recognised by
the environmental Kuznets curve (EKC). These results allow for the evaluation of values
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isolated from the system. That is why the turning point is also shaped by multiplying
cointegrating dependencies. The graphical presentation of these links is shown in Figure 4.

Table 6. Vector autoregression estimates.

Items EI GDPC GDP2C UR
EI(-1) 0.9790 0.5230 78,887.0963 —0.0002
(0.0219) (0.8138) (99,908.2625) (0.0002)
[44.6792] [0.6427] [0.7896] [—1.1924]
GDPC (-1) —0.0002 1.1100 8561.7841 —2.08 x 1075
(0.0011) (0.0394) (4841.0987) (8.3 x 107°)
[—0.1935] [28.1499] [1.7686] [—2.5127]
GDP2C (-1) —2.14 x 107? —5.66 x 1077 1.0171 1.94 x 1010
9.6 x 1079) (3.7 x 1077) (0.0439) (7.5 x 10711
[—0.2226] [—1.5825] [23.1631] [2.5870]
UR (—-1) —0.1377 —12.0600 —1,423,994.5435 0.9996
(0.2859) (10.6186) (1,303,703.4377) (0.0022)
[0.4815] [—1.1357] [—1.0923] [448.5530]
C 6.5394 —941.2864 —141,974,915.3680 0.5310
(25.4594) (945.4870) (116,082,509.5017) (0.1984)
[0.2569] [—0.9956] [—1.2231] [2.6763]
Adj. R-squared 0.9583 0.9932 0.9916 0.9995
Log-likelihood —761.4894 —1339.8280 —3214.7260 15.2233

Note: Standard errors in () and t-statistics in [ ]. (—1) after variables means lag interval for endogenous.
Source: own elaboration based on data from databases listed in Table 2.

Table 7. Dumitrescu—Hurlin panel causality test: individual coefficients.

Null Hypothesis: W-Stat. Zbar-Stat. Prob.
GDPC does not homogeneously cause EI 4.3617 4.2310 2.0 x 107°
EI does not homogeneously cause GDPC 2.7880 1.9828 0.0474
GDP2C does not homogeneously cause EI 4.4810 4.4014 1.0 x 107°
EI does not homogeneously cause GDP2C 2.8991 2.1415 0.0322
UR does not homogeneously cause EI 5.9101 6.4429 1.0 x 10710
EI does not homogeneously cause UR 1.9602 0.8002 0.4236
UR does not homogeneously cause GDPC 1.8819 0.6884 0.4912
GDPC does not homogeneously cause UR 4.9190 5.0271 5.0 x 1077
UR does not homogeneously cause GDP2C 2.1752 1.1075 0.2681
GDP2C does not homogeneously cause UR 5.1051 5.2931 1.0 x 1077

Note: lags: 1. Normal font marked causal relationships, while italics—no causal dependencies (statistical
significance at p-value equal or lower than 5%). Source: own elaboration based on data from databases listed in
Table 2.

The confirmation of the above conclusions is the analysis of the impulse response to
the shock (innovation) of GDP per capita, the square of GDP per capita and the ratio of
urbanisation in a 10-year horizon (Figure 5). The black line marks the optimal scenario, the
red line the optimistic scenario (decrease in energy intensity) and the red line the pessimistic
scenario (increase in energy intensity). GDP per capita innovations (shocks) will cause a
decrease in the energy intensity of public urban transport and this impulse will deepen.
As for the square of GDP per capita, there is a minimal reaction to this shock; it will fade
and stabilise. The same applies to the urbanisation ratio. Urbanisation as a process will not
be able to achieve reductions in the energy consumption of public urban transport. The
morphology of cities and urban complexes is already shaped in such a way that even in
the event of a shock, it will not bring a significant improvement in terms of reducing the
energy intensity of public urban transport.
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Figure 4. The linkage model. Source: own elaboration based on data Table 7.
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Figure 5. Impulse—Response Graph. Note: horizon length: 10; response standard errors—method:
Monte Carlo with 100 replications; decomposition method: Cholesky—dof adjusted (with Cholesky
ordering EI, GDPC, GDP2C, UR). The green line is the optimistic path, the black one is the optimal
path, and the red one is the pessimistic one. Source: own elaboration based on data from databases
listed in Table 2.

4.2. Polemic Discourse on Relationships between the Energy Intensity of Public Urban Transport,
Regional Economic Growth and Urbanisation

The research and analyses carried out in the paper were aimed at testing the relation-
ship between the energy intensity of public urban transport and regional economic growth
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and urbanisation. The authors, filling the research gap in the assessment of the level of
response of the environment to economic growth in regional terms, attempted to explain
the nexus between environmental quality and economic growth which, in emphasising
the factors in regional terms, constitutes a new formula for verifying the EKC hypothesis
(for various degradation factors). Thus, referring to the research conducted in this field,
initiated since the early 1990s, which unfortunately cannot be attributed to unequivocal
conclusiveness concerning various economies at different levels of development, they
present new data and current conclusions.

The obtained analyses complement the extensive research on the relationship between
the level of economic development and environmental degradation presented by [41,62,68]
cited in the literature review, who classified the countries under study based on different
levels of economic development, as well as [40], who focused on Poland. The results
obtained and presented in the paper indicate the existing statistical relationships and
dependencies between the energy intensity of public urban transport and GDP per capita
in various regions of Poland. Interestingly, the relationship defined by the hypothesis of the
Kuznets curve (an inverted U-shaped) is confirmed, which allows us to conclude that for
each value of GDP per capita, the energy intensity of public urban transport will decrease
anyway, and thus by increasing the GDP per capita, the energy intensity of public urban
transport will improve. This is also confirmed by the causal analysis carried out in the
paper, which additionally takes into account urbanisation indicators. The assessment of the
relationship between the energy intensity of public urban transport and regional economic
growth and urbanisation allows decision makers to take specific steps to improve the
energy efficiency of transport, in particular by investing in new technologies. In particular,
the recommended course should be actions to reduce the transport intensity of the economy,
i.e., the demand for passenger transport, as well as actions to better organise transport
services (e.g., the degree of use of logistics and smart technologies), which is of particular
importance in the context of the increase in the urbanisation rate. Chang et al. [88] present
two ways to reduce energy consumption and emissions during travel. First, choosing
green travel modes is imperative, so public transport is the answer. Second, there is a
need to optimise urban space layout and reduce people’s travel needs, thereby reducing
travel energy consumption and emissions. Introducing alternative transport energy and
automobiles is also an important means to reduce carbon emissions, ensure energy security
and improve air quality. Moreover, they warn that cities cannot expand the area without
optimised spatial density. The promotion of the development of public urban transport is
the priority of the government. Another study [59] highlights the role of the government;
to minimise CO, emissions and reach the target of decarbonisation in urban transport,
policymakers should encourage research and development on bio-fuel technologies and
also tighten vehicle standards. The development of transport systems should focus on
improving service efficiency for current users and making transport services available to
potential users that do not currently have wide access.

According to research results undertaken in this paper, the wealth of society increases,
there will either be an outflow towards private transport or there will be an improvement
in energy efficiency by investing in technologies for buses, trams and trolleybuses. Such a
relationship also suggests that every zloty (PLN) of GDP will allow residents to use public
transport more efficiently due to energy consumption.

The obtained research results indicate that, with the increase in the urbanisation rate
of regions, a decrease in the energy intensity of public urban transport can be expected.
This may mean that suburbanisation allows for better use of public transport for travel
purposes and its fuller use in improving energy efficiency (lower consumption per capita).

The literature review confirms that the positive effect of agglomeration is through
transport investments. The examples are reduction in travel times and the cost of travel.
Some transport investments will have their greatest impact on business trips, others on
commuting, and others perhaps on freight trips [105]. The great role of transport invest-
ments is also confirmed by Zubair [106]. The agglomeration benefit is linked with the
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transport infrastructure investment and improvement of it. Transport infrastructure helps
to access workplaces for labour. A well-developed transport network reduces travel times
and costs of travel. The transport investment can also help access other areas and change
an area’s urban density. Based on the cost-benefit analysis, transport improvement benefits
can be categorised into direct user benefits and wider economic impacts. The first one is
due to changes in the quality of services. The better transport quality, the more people
and companies will attract. The second one, wider economic impacts are related to ag-
glomeration economies. Studies show [53,107] that transport infrastructure exerts positive
effects on urbanisation. The other way it caused a negative effect. To improve the level of
urbanisation, there must be a rational allocation of transport resources. It will be helpful
through government investment and regional integration. Urbanisation will promote the
development of transport, while short-term traffic infrastructure investment can effectively
improve the transfer of population to urban regions.

As for side effects of agglomeration, transport congestion and crowding are mentioned.
Reference [108] shows that transport congestion reduces efficiency and thus reduces the
profits made by individual entities.

The most significant difficulties at the intersection of transport and cities are [109,110]
as follows:

Urban transport is heavily reliant on fossil fuels;

The car’s dominant position in urban travel;

The increasing extension of metropolitan areas, resulting in ongoing reliance on the
passenger automobile and a rise in the distance between traffic sources and destinations;
The impact of the transport sector on climate change; and

Externalities (among others: pollution in cities, intensive road traffic and its noise and
traffic safety).

The implementation of the concept of sustainable development will be impacted by
the following developments in public urban transport [109]:

e Integrating public transport in agglomerations, which will enable passengers to flexibly
use various means of transport;
Shortening travel time by public transport;
Inducing a change during the journey, when it is done in a non-intrusive manner and
ensures the shortening of door-to-door travel time;

e  Maintaining an attractive tariff offer in such a way that the cost of travelling by public
urban transport is much lower than by car;
High spatial accessibility of public urban transport and transfer points;
Easy access to information on timetables and transfer points; and
Increasing the level of passenger comfort in public urban transport.

In conclusion, it should be noted that this paper is part of the undoubtedly current
trend of research combining transport policy, urbanisation, environmental degradation and
economic growth. Although the number of publications covering the countries of Central
and Eastern Europe is constantly growing, it is still necessary to convince political circles to
constantly take decisive and new actions in the field of improving energy efficiency, as well
as to create individualised policies in individual countries.

5. Conclusions

The presented research allowed us to identify the cause-and-effect relationships be-
tween the energy consumption of public urban transport, regional economic development
and the urbanisation process in the light of sustainable development challenges. The
presence of a delayed process of club convergence was also identified for all the statistical
features studied (polyconvergence). This means that the convergence process is spatial and
dynamic in nature. The occurrence of delayed convergence is tantamount to the existence
of a delayed process of disappearance of differences between subregions in terms of energy
consumption patterns by public urban transport, the process of urbanisation and the pro-
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cess of regional economic development. The model also shows that, in the studied system
of variables, there is a delayed club convergence, which is superimposed on cointegration
(long-term equilibrium relationships). In addition, in the identification of relationships
between the studied economic categories (based on the model and the Dumitrescu-Hurlin
causality panel test), feedback (a bidirectional linkage) was noticed, which is reflected in
the formation of innovations and shocks.

There is a feedback loop between the energy intensity of public urban transport
and regional economic development. Therefore, regional economic development may
create energy consumption patterns in public transport, while changing these patterns
(by shifting the needs of society from individual transport to public transport or vice
versa, as it happened during the COVID-19 pandemic) will significantly affect the level
of regional economic development (inappropriate decisions may, for example, inhibit it).
A unidirectional dependence of the impact of regional economic development on the level
of urbanisation and the urbanisation process on shaping energy intensity patterns of public
urban transport was also noted. Such a conclusion is quite important when programming
urban transport policy, as it provides information on the multidimensional causality of
public transport energy intensity and regional development. This analysis is important
for programming sustainable development because it draws attention to all dimensions of
this development.

The research clearly shows that an appropriate economic and transport policy (intro-
ducing innovations) can cause increasing reductions in the energy intensity of public urban
transport, which is probably due to the actions taken by the European Transport Policy
for Sustainable Development (European Green Deal [111,112]), but also the introduced
technical evolutions. The study also shows that, although public urban transport is a less
energy-intensive option than individual transport, it increases positive effects in minimising
its energy intensity. Therefore, it is also information that promoting the shift paradigm can
be successful from the point of view of a sustainable transport policy.

Based on the research results, several key recommendations for transport practice and
policy can be formulated, the implementation of which may bring economies of scale:

1.  Raise the vehicle emission standards, both for individual cars and public transport
vehicles as well as for new vehicles, and phase out aged and high-emission vehicles.

2. Implementation of transport service integration via Maa$S [113,114]—Mobility as a
Service concept.

3. The creation of transport policy should have its origins in the policy of sustainable
development (including energy). There should be a relationship in the basis for
creating an economic policy with its environmental and energy policy objectives.

4. Development of pricing policy and strategy in public transport, which gives the
opportunity of commuters to choose the more effective way of transport, especially
when commuting from suburban areas.

5. The necessity to create an efficient way of promoting environmentally friendly policies
and optimisation of energy use for mobility in suburban areas.

6.  There is a need for investment in urban infrastructure in order to keep energy efficient
transport system.

Research hypotheses were verified, and the aim of the article was achieved. Complete
answers to research questions were also obtained. The research results prove that the area
of research is worth deepening and expanding with other means of transport, including
rail transport.

The limitations of this study result from its assumptions and the data used. The
data in 2020 may have been affected by the global COVID-19 pandemic and lockdown
decisions that limited the movement of people and the spread of the coronavirus. This
has slightly changed consumption patterns in public urban transport, also in terms of
vehicle occupancy. The energy intensity of this transport could also be influenced by other
variables not included in the model, i.e., the structure and sources of transport needs,
psychological factors, travel flexibility, the offer of carriers, the availability of public urban
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transport, available alternatives to travel and the number of jobs in the region or factors
price, as well as structural, political and economic factors. They were not quantified and
included in the study due to the need to meet the assumptions of the methods used, to meet
the condition of the desired properties of the variables or to obtain a sufficient number of
degrees of freedom. In future research directions, it is worth expanding the study with the
analysis of additional statistical features, also deepening the time range of the study and the
level of data granulation (monthly, or quarterly data to identify seasonality). At the same
time, in future directions, it is also worth considering e-mobility due to the most common
directions of movement. A valuable contribution to future research is the development of
a transport model integrated with smart urban services and transfer points; then, spatial
autocorrelation and minimum spanning tree analysis can be included in the study.

The research presented in the article is innovative and fills the cognitive gap in science.
In the analysed literature, connections at a similar level have not been studied so far.
No attempt was made to assess the club (space-time) convergence of energy intensity of
public urban transport, regional economic development of subregions and the urbanisation
process in the light of the challenges of sustainable transport and the need to become
independent of energy imports in the era of increasing external conflicts. The research
is interdisciplinary and deals with issues in the field of management, economics, socio-
economic geography, econometrics, transport economics, transport policy and energy
economics. The results of the research can be useful for urban transport policy programming
and for economic practice and scientists.
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