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Abstract: Current electric vehicle solutions offer the possibility of a fully electrified bus fleet, although
due to financial constraints, most cities cannot afford it. Therefore, the possibility of battery replace-
ment is a needed alternative to the electrification process of a city’s bus fleet. The aim of this study is
to investigate the needs of cities and present the concept of battery replacement in an electric bus. The
research was based on two groups of selected Polish cities: (1) up to 150,000 inhabitants, and (2) up to
1 million inhabitants. The research part includes an analysis of the means of transport in provincial
cities in Poland, an analysis of the kilometers covered by the city fleet, the average distances covered
by buses per day, and an estimate of the number of battery replacements. The concept is based on
current technological solutions. The description of the concept includes the proposed battery and the
technology used, the placement of the battery in the vehicle, and the replacement scheme. Research
indicates that the concept can be used with existing technology but will be more justifiable for a larger
city due to the higher fleet load. The paper shows the importance of researching bus electrification
solutions and that modern solutions can improve existing urban networks in cities.

Keywords: electric buses; battery replacement methods; public transport; bus power; public
transport vehicles

1. Introduction

Air pollution is forcing city authorities to counteract this, which in turn is resulting in
the rapid development of new technologies in electric buses. City logistics in terms of urban
transport is a complex issue, facing many difficulties daily due to its environment [1,2].
There is no shortage of studies in the literature that can provide significant insight into how
a city functions from a logistical point of view.

The aim of this article is to present the concept of battery replacement in electric buses
used in cities as well as highlight the problems associated with the use of current solutions,
especially the benefits that may arise from the introduction of public transport in Polish
cities completely powered by electricity. Attention should also be paid to what benefits
follow from reducing the share of internal combustion engines in urban traffic and how
this affects the quality of life of city dwellers.

The research methodology is based on an analysis of the bus fleet of Poland’s provincial
cities. It includes information on the number of vehicles in use, their make, model, and
standard (standard bus/articulated bus), and an analysis of the mileage traveled by the
bus fleet of all minor and major lines. It includes frequencies on weekdays, Saturdays, and
Sundays, and the distance traveled by vehicles on a given line. The study uses a holistic
approach without distinguishing between individual lines. The research was carried out
in-house based on official data provided by the cities” public transport companies and the
timetables provided. The results of the travel distances carried out using the Google Maps
tool are subject to measurement uncertainty due to the uncertainty of the experimenter and
the tool itself.
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2. Urban Public Transport Vehicles

Means of transport in cities present themselves very differently [3]. Depending on the
geographical location of the city, they may exist in different forms. This is related to the
wealth of the area, the culture of the people living there, and the population density [4].
The ideal translation of such a vehicle is the autorickshaw or tuk-tuk [5]. It is a vehicle that
serves as a taxi and is mainly found in Asia, where it is very popular due to its simplicity
and low maintenance costs [6]. However, the tuk-tuk has become so popular that it can
be found on all five continents. One thing to remember is that there are places where
it is the primary means of urban transport, but it is very difficult to find it in Europe.
European modes of transport focus on carrying many passengers at once, like the tram or
bus. Another option is transport that is more convenient for the passenger because it goes
entirely from A to B, such as taxi services [7]. This is opposed to ad hoc means of transport
such as electric scooters or city bicycles. The means of transport in cities can be listed in
great numbers (Table 1).

Table 1. Advantages and disadvantages of selected urban public transport modes [8].

Mode of Transport Advantages Disadvantages
. e  High costs of establishing infrastructure
° ng operating costs e  Special infrastructure required
Tram : g(l)glgl}ll s;g?i;izrt capacity e  High efficiency with heavy traffic
. ° Considerable noise
° Pl.mctuahty e  Low vibration damping
e  High frequency e  Sensitivity to breakdowns
e  Poor spatial accessibility
° Average Capacity ° ngh operating costs
e  Lower infrastructure costs e  Collision
Bus ° No need to build tracks ° ngh Susceptibility to Congestion
e  High efficiency with less traffic e  Poor punctuality
e  Can be easily adapted to needs e  Poor driving comfort
e  Poor spatial accessibility
e  Medium capacity e  Lower operating costs compared to a diesel bus
e  Relatively high infrastructure costs e  Collision
Electric bus (chargers, necessary infrastructure) e  High susceptibility to congestion
e  High efficiency with low traffic volumes e  Poor punctuality
e  Can be easily adapted to needs e  Poor ride comfort
e  High ride comfort o  Low space availability
e  No noise or vibration when driving
o  Low operating costs e  Costly infrastructure
e  Low noise level compared to a bus e  Negative impact on the aesthetics of the city
Trolleybus e  Efficient with less traffic (polgs. and power cables)
. Collision
e  Energy efficiency o s .
e Increased driving comfort (compared to a Limited pOSS.lblhtles of route adaptation
diesel bus) e  Lower capacity (compared to a tram)
e  Very high capacity
e  Unrivaled e  Very expensive infrastructure
Metro e  Fast shuttling e  Need to build separate infrastructure
e  Punctuality e  Long construction period
e  High ride comfort e  Need for planning
e  Ecology
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Table 1. Cont.

Mode of Transport Advantages Disadvantages
e  High movement costs
Freedom to travel e  High collision rate
Public/individual Can be. trar}sported precisely to the place e ng capacity o
of destination e  High greenhouse gas emissions per person
car transport . S . .
High comfort of travel e  High impact on congestion formation
No need to follow a timetable e  Not very efficient during congestion
e  Difficult to plan

Nowadays, in cities, residents have quite a few transport options. The choice of
transport mainly depends on needs [9]. A bicycle or scooter will be chosen more often to
meet a leisure need than a journey to work. In contrast, a taxi, often used by the wealthier
social classes, will be more often chosen as a reliable means to meet an important need.
The mere creation of more options over the years has had a major impact on the quality of
life in cities. This translates into achieving one’s goals more easily. The mere possibility
of using any mode of transport reinforces the sense of confidence and well-being of city
dwellers [10], which, in turn, has an impact on their development and, consequently,
the faster development of the cities themselves. However, with this development come
logistical challenges, as a higher quality of life means an influx of new residents. This creates
a logistical problem due to the increased strain on already existing modes of transport. City
managers should recognize such problems and modernize logistics solutions promptly
by, for example, offering new means of transport, lines, or infrastructure development.
Proper management of city logistics should focus on efficiency and offering the desired
level of quality to customers. Logistics in a city is seen as a whole, as an integrated process
of transferring people, goods, and information using undertakings and structural solutions
related to the need to integrate these flows.

All such logistics have a strong influence on the perception of a city, both by tourists
and residents. This perception is a subjective opinion based on specific experiences, but it
represents a picture of the quality of living or staying in a city [11].

2.1. Problems and Disadvantages of Current Buses

Current public bus transport solutions mostly offer passenger transport in vehicles
with internal combustion engines, although, encouragingly, alternative power sources are
already appearing more and more frequently. Sometimes, however, the city invests in
electric vehicles, or rarely in hybrid vehicles. Internal combustion and electric vehicles
differ considerably in their operating characteristics, so for comparison purposes, vehicles
have been divided into those with an internal combustion engine (Table 2) and those with
a purely electric drive (Table 3).

Diesel buses are still the most popular vehicles among buses in many cities around
the world [18]. Several advantages speak for their use over long distances, where they are
irreplaceable and have lower emissions per passenger than a passenger car. However, in
the narrow circle of urban space in which they operate, city buses fare somewhat worse.
The biggest disadvantages in the city will be exhaust fumes and noise. Nevertheless, if the
narrow-circle transport can be carried out without additional costs for servicing, parts, and
replacement of worn parts, this is an advantage. Electric buses are characterized by different
usage specifications; at present, electric vehicles are significantly limited in the range [19].
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Table 2. Advantages and disadvantages of buses equipped with internal combustion engines [12-17].

Advantages Disadvantages

—  Emission of harmful gases and particulates

— Reach —  Increased vibrations (reduced traveling comfort)
— Interior heating and cooling —  Noise emissions
without significant effect on range —  Need to use Adblue (diesel engines)
—  No significant differenceinrange =~ —  The need for complex maintenance
due to temperatures and repair work
—  Similar driving dynamics —  Generation of large quantities of waste material
in all conditions in the form of used filters and operating fluids
—  High fuel availability — High breakdown rate

—  Relatively expensive and frequent repairs due to
complex engine design—variable torque.

Table 3. Advantages and disadvantages of buses equipped with electric motors [12-17].

Advantages Disadvantages

—  No emissions of harmful gases and dust
—  Quiet operation
—  Significantly reduced vibrations
during operation
—  Increased passenger comfort —  Need to recharge
—  No complicated maintenance —  Currently higher production costs
—  No periodical waste generation in the form of —  Insufficient technology to
used filters and operating fluids meet all needs
—  No leakage of operating fluids during operation ~ _  yjriable range depending
(the power unit does not contain them) on operating conditions
—  Greater friendliness to city dwellers
and the environment
—  Constant high torque of the drive unit
—  Low night-time noise

—  Short range

2.2. Electric Vehicles in Public Transport

Electric vehicles are becoming increasingly popular around the world. This is mainly
due to tightening climate guidelines caused by climate change around the globe [20]. Such
vehicles remain emission-free when the energy to power them comes from environmentally
friendly sources [21]. These can be wind farms, photovoltaic farms, or hydroelectric power
plants. If the energy comes from a coal-fired power plant, such a vehicle is emission-free
only apparently because the emissions take place but in a different location. The question
of how much less gas is emitted during the life of an electric vehicle should therefore
be analyzed [22,23]. Based on this analysis, conclusions can be drawn as to whether the
pollutants emitted are less and whether they are among the less harmful ones [24]. The
situation is different in the case of urban transport, where, due to the topography and the
high density of emission sources, non-polluting vehicles—while driving—are becoming
something desirable. Nobody wants to suffer the health consequences of breathing in
poor air quality. Electric vehicles gradually being introduced into service can significantly
improve air quality for city dwellers [25]. There are many advantages associated with
the use of electric vehicles in cities [26]. There are currently several different branches of
electric public transport operating in Polish cities. Currently, Chinese electric vehicles lead
the world in terms of achievements in technological system architecture and technological
breakthroughs [27].

The main ones include trams, buses, trolleybuses, and metro. The types of urban
transport powered by electricity are as follows:

—  Metro: It is a high-speed rail transport system powered by electricity from the grid.
The metro network is most often underground, but there are exceptions to this. Around
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the world, metro networks are adapted to local needs, which means building metro
infrastructure above ground or on flyovers. An interesting example is the underground
in Vancouver, Canada, where much of the infrastructure is located above ground and
on flyovers [28]. In addition, this metro is autonomous. The metro network has a
large capacity to transport large numbers of passengers [29]. It is also characterized
by high construction costs due to the need to build underground tunnels, tracks, large
platforms, and all the necessary infrastructure to enable the facility to operate. For this
reason, metro lines are built in large cities. In Poland, the only city with metro lines is
Warsaw. There are two lines, M1 and M2, in use. However, an extension with a third
metro line is planned [30].

Tram: It is a system of rail transport running on city streets, powered by electricity from
the grid via a pantograph and less often by a third rail. Their infrastructure is relatively
expensive, but trams are a fast, convenient means of transport that are not prone to
congestion [31,32]. In Poland, trams can be found in 12 cities, including the Upper
Silesian industrial district and the Lodz district. Warsaw boasts the highest number of
vehicles, i.e., 766, whereas the greatest length of routes, i.e., 1.41 km /1000 people, are
in Wroclaw.

Trolleybus: It is an electric bus powered by electricity from the grid via a pantograph.
Its infrastructure is cheaper than that needed for a tram, as it does not require a track.
Its biggest disadvantage is its dependence on catenary wires and its susceptibility to
congestion [33,34]. Unlike a tram, a trolley bus travels on roads with congestion, and
it is not possible to create bus lanes everywhere. Currently, trolleybuses in Poland
operate in three cities, namely Lublin, Gdynia, and Tychy. The first trolleybus network
in Poland, in terms of rolling stock in use, is the one in Lublin, with 124 trolleybuses.
trolleybuses. At present, not all trolleybuses are completely dependent on the over-
head line. An example of such a vehicle is the Ursus T70116, which is equipped with
lithium-polymer batteries, allowing it to travel up to 5 km under full load without
traction power [35].

Electric bus: It is a bus that has electric motors instead of a traditional internal combustion
engine and its power source in the form of a battery. The two most important components
of an electric bus affecting its efficiency are the electric motor and the battery. Currently,
electric buses use permanent magnet synchronous motors, asynchronous traction motors,
and motors mounted directly in the hub-integrated or electric axle of the vehicle [36].
The battery used in buses has by far the most important impact on vehicle use.

Focusing on electric public transport buses, the most important advantages are

listed below [36,37]:

No harmful emissions while driving.

Significantly reduced particulate emissions during use (the presence of brake systems
and tires causes abrasion during use, which in turn emits some pollutants).

Very low noise levels (noise is emitted by electric motors and rolling tires, which are
quiet at low speeds).

Much lower levels of vibration are transmitted to the body.

Increased passenger comfort.

No regular consumption and disposal of operating fluids (such as engine oils, gearbox
oils, drive bridge oils, and coolants).

No production of waste during servicing in the form of used oil, air, or water filters.
The simplicity of construction.

No need for complex specialized servicing and repairs.

Up to 30% energy recuperation during braking.

Greenhouse gases are produced during the manufacture of a vehicle and its recycling,

but they have the advantage of not being emitted while driving. It is not possible to
eliminate emissions during the creation of a means of transport and its life [38]. The
production of steel, plastics, or traction batteries creates air pollution and waste. However,
these are necessary elements for the creation of a bus. It can be concluded that the means
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of transport used by humans are more or less environmentally friendly, but never fully,
because pollution is always created at some point.

Noise levels—cities are characterized by increased noise levels depending on the resi-
dential area and the size of the city; this noise can become more onerous. This is a factor that
reduces the quality of life. Electrically powered vehicles are very quiet, which can help reduce
the amount of noise emitted by public transport in the most exposed areas [39]. The noise
reduction will result in an improved quality of life and well-being for the inhabitants of the
modern city. However, the absence of vehicle noise also has its disadvantages. Over the years,
people have become accustomed to the sound emitted by internal combustion engines and
oncoming vehicles [40]. Getting used to new circumstances where not every vehicle makes
equally loud noises can be difficult. Initially, it can pose a particular danger since our sight
and, much later than before, our hearing will inform us of an approaching vehicle.

3. Methods of Charging Electric Vehicles

The most common batteries used in electric vehicles are LTO, LFP, and NMC [36,41].
The LTO battery usually also contains NMC cathode material. It is important to separate the
cathodes and anodes. An LTO battery typically also contains NMC cathode material [42].
NMC-LTO cells dominate the fast-charging market, although the LFP-LTO battery market
still faces a huge field of solutions [27,43].

LTO batteries have a higher power density, which is why they are placed on buses with
fast charging capabilities. Charging can also include a few minutes of recharging along the
route, e.g., at a stop or loop, to extend the range. However, this requires the use of special fast
chargers with a capacity of several hundred kW. LFP and NMC batteries are commonly used
in vehicles that are used in areas where it is not possible to extend the infrastructure along the
route [44]. Another important issue with an electric bus is how to charge it [45]. There are
three ways of supplying electricity to the vehicle’s battery, as follows [46]:

— Plug-in—a method of charging that takes several hours—is the slowest method de-
signed for charging in bus depots at night. The weakest link in this solution is the
plug-in, which limits the current transmitted [47]. The advantages of this method are
low cost, no need to build infrastructure, and no excessive load on the electricity grid.
The biggest disadvantage is the high charging time [48].

— Pantograph—a means of rapid recharging in a few hours or a quick charge of several
minutes. The bus must be equipped with a pantograph, and the charging site must
have special infrastructure [49]. The biggest advantage is the speed of recharging,
while the disadvantages are the need for infrastructure, high costs, and the strain on
the electricity grid [50].

— Inductive charging—the most expensive and least frequently used solution. It involves
installing an inductive device in a suitable place, for example, an induction hob [51].
Charging starts when the vehicle pulls into a suitable location. The whole process is
wireless and autonomous [36]. The solution is the fastest way of charging, but it is not
economically efficient [52].

The problem with today’s electric bus solutions is charging. The buses currently in
use have permanently located batteries. This technology requires a plug-in, pantograph,
or inductive charging. Charging methods force vehicles to stop, depending on the form
of charging [53]. The slowest charging of a few hours is carried out with a plug-in, most
often at night in the depot. However, this puts the charging vehicle out of service for the
duration of the charge. The need for recharging makes it impossible to use it for operation
on night lines, for example. This necessitates the use of another vehicle.

Fast charging allows the vehicle to be recharged much more quickly; however, the
recharging time depends on the battery capacity. There are now chargers on the market
with up to 450 kW capable of charging a 450 kWh battery in one hour [54]. This is an
example of a battery to illustrate charging times. However, fast charging necessitates the
construction of a charger to which a pantograph mounted on the bus would be connected.
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This generates costs and requires the creation of a suitable place where the bus could stand
for the time needed for charging [55].

Fast-charging technology requires the use of the right type of battery, which allows fast
charging and ‘recharging’ to increase range. However, both methods require the vehicle to
be stationary [56].

Using inductive charging in arrays placed at bus stops, the battery can be recharged in a
matter of minutes, which is sufficient for a limited period. A few minutes of charging increase
the range of the bus. Its disadvantage is insufficient charging for continuous operation. The
bus eventually needs to be charged to full capacity. Charging for a few minutes is only
intended to extend the range of the bus enough to make it work for a whole day, e.g., 12 h.
The problems and disadvantages of current charging methods are shown in Table 4.

Table 4. Electric bus—problems and drawbacks of charging methods [57,58].

—  The need for long layovers at the depot
—  The bus is out of service during the charging
—  The possibility of recharging only at the permanent stop

Plug-in charging

—  The need to build chargers adapted to operate the
pantograph on the bus

— High load on the electrical grid

—  The need for a dedicated charging area for the bus

—  The need to equip the vehicle with a pantograph

Pantograph charging

—  Short charging time allowing only partial regeneration
of the battery

—  The need to build a suitable infrastructure

—  High costs of the solution

—  The need to fully recharge the vehicle after a day’s work

Inductive charging

All of the methods currently used for electric buses force the vehicle to stop for longer
or shorter periods to supply the required amount of energy [59]. In practice, replacing
the entire fleets of larger cities would force the purchase of additional vehicles to meet
the city’s passenger transport needs at a time when some buses would have to stop for
recharging [60]. Such a solution would generate high costs.

4. Analysis of the Current State of the Rolling Stock Based on Selected Polish Cities

In Poland, hybrid and electric buses are becoming increasingly popular. However,
they still represent a very small percentage. Diesel buses still outnumber diesel buses.

Buses included as diesel buses also include hybrid vehicles with an electric motor
and vehicles equipped with CNG-fueled petrol engines. CNG-fueled petrol engines have
significantly lower atmospheric emissions compared to diesel-fueled vehicles [16,61].

In terms of the propulsion solutions used in city buses, we can distinguish four
basic ones. These are buses with diesel engine, which emits the most pollutants into the
atmosphere. Hybrid solutions, i.e., a combination of diesel engines with supporting electric
motors and spark-ignition engines powered by CNG gas [61]. This is currently one of the
least polluting engines, but its disadvantage is the high fuel price and low availability.
The last solution used in Polish cities was all-electric buses. After analyzing the websites
(e.g., [62]) of public transport companies in Polish voivodship cities, an analysis of the
condition of the operated rolling stock was carried out (Figure 1).
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7.27%
° 2.81%

4.58%
m Electric buses
Hybrid buses
CNG

Diesel buses

85.34%

Figure 1. Diagram showing the type of propulsion system of buses used in Poland’s provincial cities.

An analysis of the fleets of the provincial cities showed that the vast majority of buses
making city journeys are diesel-powered. The next largest group is zero-emission buses, i.e.,
those with all-electric propulsion. A small group of vehicles is hybrid-powered vehicles,
where electric motors assist the combustion engines to save fuel and therefore emit less
pollution into the atmosphere. Buses equipped with CNG engines emit significantly less
pollution into the atmosphere compared to diesel engines [63]. Comparative data for EURO
emission standards and the specific CNG bus model are presented in Table 5.

Table 5. Emission standards compared to a CNG vehicle [63].

ﬁ EURO 3 EURO 3 EEV EURO 4 EURO 5 EURO 6 CNG MAN 2866 DUHO03
cO 5.45 3.00 4.00 4.00 4.00 0.12

NMHC 0.78 0.40 0.55 0.55 0.16 -

CHy 1.60 0.65 1.10 1.10 0.50 0.02

NOx 5.00 2.00 3.50 2.00 0.46 0.36

PM 0.16 0.02 0.03 0.03 0.01 0.01

Based on the table, it is possible to observe significantly lower emissions of substances
that are particularly harmful to human health from a vehicle powered by CNG. The
differences in comparison with the EURO 6 standard, which is the most stringent standard
in terms of emissions, are as follows: 97% lower CO emissions, 96% lower CH4 emissions,
and 21.74% lower NOx emissions [63].

The popularity of manufacturers in the market is shaped by the price and functionality
of the vehicles they offer. By this, we can mean the fulfillment of expectations; the higher
and more relevant the expectations, the more popular and appreciated the vehicles will
be. The origin of the vehicle is not irrelevant if local governments decide to support the
national capital (Figure 2).

Based on the above chart, a certain trend in the purchasing decisions of provincial
cities can be seen. The largest market share in the above cities is held by the Solaris Polish
brand, which accounts for more than half of the buses in use. This is probably the reason
for its dominance in the Polish market. Further brands are Mercedes-Benz and MAN. In the
other category, vehicles from manufacturers such as Autosan, Jelcz, Ursus, Ikarus, Iveco,
Temsa, Otokar, and others are included.

The most popular model used in the city reflects its needs. The graph shows the
electric bus models used in Poland’s provincial cities. The percentage shows the share of a
given model in all-electric buses in the analyzed cities. The analyzed cities are the largest
Polish cities, so their transport needs are also the largest in the national market (Figure 3).



Energies 2023, 16, 5828

9of22

Other Volvo
13.35% ’IV 1.20%
MAN Mercedes-Benz
10.23% 19.47%

Scania

0.77% Solaris

54.98%

Figure 2. Graph showing the share of bus manufacturers used in Poland’s provincial cities.

Volvo 7900, Ursus CS12LFE,

3.91% ‘» 9.89%
y-

Solaris Urbino 8.9E,
0.92%

Solaris
Urbino 12E,
33.79%

Solaris Urbino 18E,
51.49%

Figure 3. Share of electric bus models used in Poland’s provincial cities.

The vast majority of the electric bus market in the analyzed cities is held by the
manufacturer Solaris, i.e., 86.21%. This is a huge advantage for the Polish bus manufacturer.
Its most popular model is the Solaris Urbino Electric 18. It is an articulated vehicle. It is
18 m long and has a total passenger capacity of 137 seats, including 49 + 8 seats, depending
on the equipment [64]. Articulated buses are used on the most congested lines, where it
is necessary to take as many passengers as possible to meet the demand for transport in
a particular direction. The second most popular is the Solaris Urbino Electric 12, which
is a smaller version of the bus without articulation. It is 12 m long and has 39 + 7 seats,
depending on the equipment [64].

4.1. Battery Replacement in Towns with up to 150,000 Inhabitants (Hereafter “Small
Towns”)—Estimated Values Based on Own Studies

Based on an analysis of the calculated kilometers and fleet compositions, a battery
replacement table was compiled. The table provides estimates of battery replacements
based on the selected cities (data were averaged for the work) for each time interval and
the estimated number of replacements per year (Table 6).

In the surveyed cities, about 16% of the bus fleet are articulated buses and about 84%
are standard buses. According to these proportions, the battery replacements for the buses
have been calculated, with the standard bus replacing every 300 km and the articulated
bus replacing every 200 km. The table shows that on a working day, the estimated number
of battery replacements is 45 per day, which equates to approximately 2 replacements per
hour per day. This is an estimate, but in reality, it may be different, and there are likely to be
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peaks where the number of changes per hour is much higher. This is because bus services
are predominantly operated between 5:00 a.m. and 10:00 p.m. During these hours, there
may be the highest volume of exchanges. Annually, the estimated number of exchanges is
14,392. This gives an average of approximately 40 exchanges per day.

Table 6. Table of battery replacement rates for cities with more than 150,000 inhabitants.

All Lines of a Selected Entity with up to 150,000 Inhabitants

Time Range

Average of a Single Weekend  Total Working Days  All Week

Working Day
Number of kilometers 12,438 14,691 62,189 76,880
Battery replacement for articulated buses 10 12 50 62
Standard bus battery replacement 35 41 174 215
Exchanges together 45 53 224 277
Exchanges per hour on average 2 1 2
Approximate number of battery changes per year 14,392

4.2. Battery Replacements in Cities with up to 1 Million Inhabitants (Hereafter “Large
Cities”)—Estimated Values Based on Own Studies

The cities analyzed are much larger and more developed than the previous group and
therefore have a larger fleet of 627. Buses also run much more frequently, and by far the
greater number are articulated buses accommodating larger numbers of passengers. Data
on estimated battery replacements are presented in Table 7.

Table 7. Table of battery replacement rates for cities with more than 1 million inhabitants.

All Lines of a Selected Entity with up to 1 Million Inhabitants

Time Range

Average of a Single Weekend  Total Working Days  All Week

Working Day
Number of kilometers 137,879 161,581 693,607 855,188
Battery replacement for articulated buses 345 404 1734 2138
Standard bus battery replacement 230 269 1156 1425
Exchanges together 574 673 2890 3563
Exchanges per hour on average 24 14 21
Approximate number of battery changes per year 185,291

The bus lines of this group are much more extensive than the earlier ones, as can be
seen, for example, by the number of battery replacements according to estimates. There
will be about 570 replacements on weekdays and about 670 replacements on the weekend.
It should be taken into account that the weekend consists of two days, i.e., Saturday and
Sunday. The exchanges per hour in these cities are about 24 exchanges on a working day. If
one considers the whole week, it will be about 21 exchanges per hour, which is quite a high
number. In such a large city, it has to be taken into account that it is not possible to have
a single battery exchange point if the system is introduced, as this would be impractical
and economically unjustified. The best optimal solution would be to introduce exchange
points at the depot and major loops on different sides of the city so that buses could use the
exchange points without having to travel additional kilometers. The solution would allow
more than 20 batteries per day to be replaced freely, as this amount would be distributed
over several exchange points. The estimated number of battery replacements per year is
about 185,000. This is a huge number, but it should be remembered that this refers to the
scale of the buses used in the city.
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4.3. Average Kilometers Traveled by Urban Rolling Stock

Taking the average number of kilometers covered by a vehicle in a given city sheds a
different light on the issue of battery replacements. The tables below show the calculations
obtained based on our research for the two groups of cities studied (Table 8).

Table 8. Kilometers per vehicle on average in small and large cities.

Number of bus fleets in small towns 98
Average number of kilometers per vehicle Working day Saturday/Sunday All week
127 75 112
Number of bus fleets in large cities 627
. . Working day Saturday/Sunday All week
Average number of kilometers per vehicle 220 129 195

By showing the number of kilometers traveled by urban fleets in the above manner,
one can get the impression that in small cities, an electric bus could successfully cover an
entire working day on a single charge, as the average number of kilometers traveled is far
from the maximum range of 200 km per charge. In large cities, the situation is somewhat
different, as the 220 km covered by articulated buses requires a recharge during the day.
This range is set for currently used articulated buses as a benchmark. A standard bus could
cover about 300 km at a time with current commercially available technology. The picture
is incomplete, as buses do not run exclusively on a single line; they sometimes change
numbers or make technical journeys. In addition, different lines have different lengths and
loads, which also affect the number of kilometers traveled and thus the range. Based on the
above studies, replacing the batteries in the entire fleet once a day might be a considerable
allowance. It should be remembered that although a bus is equipped with a replaceable
battery, it is not necessarily necessary to replace the battery. Buses that run on less busy
routes and can cover the entire daily distance on a single charge could recharge with a
plug-in at night at the depot. Conversely, replacements would take place on vehicles that
are more heavily used, which means that their use prevents them from charging at night
or the charging station is not sufficient to do the job. The hybrid model of the proposed
solution would be the best solution for both economic and environmental reasons, as it
would not burden the city budget with the purchase of additional vehicles or batteries. It
would also be a practical model that would make it possible to make full use of the existing
infrastructure and to focus investment in new solutions only on what is necessary.

5. Battery Replacement System Concept for Electric Buses
5.1. Main Features of the Battery Replacement System for Electric Buses

Currently, public transport in Polish cities is mainly based on diesel-powered vehicles,
as shown by the studies on the state of the fleet presented above. A small proportion of city
buses are hybrid or electric. Another problem facing today’s cities and the people living in
them is air pollution, which far exceeds standards and is much higher than in non-urban
areas. Combustion-powered buses play a major role in this pollution. Consequently, bus
manufacturers are focusing on the development of emission-free technology. These are
largely battery-powered electric vehicles. Such vehicles also have their disadvantages, which
make it virtually impossible for them to dominate the urban bus fleet. The disadvantage
of such solutions is mainly charging, which immobilizes the vehicle for some time. Of
course, manufacturers also use rapid recharging capabilities with pantographs, but this forces
additional costs and downtime during the day. Space is also needed for a suitable car park or
a place to mount the pantograph. Another complication is the high load on the grid from fast
chargers, as they emit a high current. The current allows fast charging; however, it is a burden
on the existing electrical networks. Charging the bus at the depot, on the other hand, may not
be sufficient. As the mileage driven by the buses of the cities studied shows, the number of
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kilometers driven necessitates charging during the day, making the vehicle immobile. Thus,
if the fleet of public transport companies is to be modernized and only electric vehicles are
used, current solutions are not able to meet the transport requirements of the cities. Moreover,
they generate additional costs in terms of infrastructure, space, and the need to purchase
additional electric vehicles. The purchase of additional vehicles is necessary to fill the gap
created by daytime charging vehicles. An additional aspect of arguing for the impracticality
of the current solutions is the range. In Poland, there is no shortage of days during the year
with difficult conditions. The conditions that are difficult for the endurance of the batteries
and thus reduce the range. These are cold winter days requiring heating of the bus interior
or hot summer days, which are also not lacking, and the use of air conditioning inside is
necessary. The change of seasons and the associated temperature fluctuations mean that, in
practice, the vehicle may need to be recharged more often than anticipated. This introduces
major difficulties in meeting the requirements. The answer to the difficulties caused by current
solutions will be a replaceable battery on the bus.

The concept is only the authors’ vision for bringing the solution to market. The
solution is currently being submitted to the patent office for later application in real-world
conditions. The vision contains conceptual issues to show the applicability of the solution.
All details of modeling, economic aspects, and electrical design will be presented in the
authors’ subsequent work.

The concept is to equip the bus with a battery that, when discharged, can be quickly
removed and replaced with a charged battery, so the vehicle can continue to operate without
unnecessary downtime. The discharged battery would be deposited in a place where it
would be fully charged and ready for the next replacement. The whole replacement cycle
would happen in a circle. The number of batteries would be sized so that the vehicle
could pick up a charged battery at any time. The bus would have to have this exchange
capability as soon as its energy level was approaching a low state. In addition, swap
locations are to be placed at strategic points in the city at the end and start stops where a
large number of bus lines arrive. Bus loops are also to be equipped with battery exchange
stations similar to those at the depot. The concept is for the entire replacement process to
take place automatically, using appropriate equipment. The kit, equipped with appropriate
technological solutions, will replace the battery without human intervention. The driver
would only have to pull over to a suitable location and start the whole procedure by
pressing a button. The advantage of the concept is that the battery-changing equipment
can be located underground. The second solution is to enable the exchange in places where
it is not possible to build above-ground infrastructure or where it is not advisable for the
aesthetics of the city. There are many such places in cities, such as larger bus stops and bus
terminals. The premise is to allow batteries to be replaced where necessary without driving
halfway across the city to the depot. All the equipment to be replaced would, once the
procedure had been initiated, slide out of the appropriate location, and the battery would
be replaced in less than two minutes, after which the discharged battery would be placed
in a charging point underground. There would be a battery room underground where the
robot would pick up the charged batteries and deposit the discharged batteries in empty
docks. The whole thing does not require a large underground extension, as it would be
operated by robots taking up minimal space, and the number of batteries would be chosen
so as not to generate additional, unnecessary costs. For simplicity’s sake, the points have
been given the name ‘New Energy Point’, NEP for short. The whole idea is based on the
swap-it-out principle. All buses in use in the city would have the same type of battery, so
batteries would be standardized into one format. The only difference would be in the range,
as articulated buses are much heavier and carry more passengers, so their range would be
shorter. However, using one type of battery for all vehicles makes things much easier in
daily use and reduces costs. Similarly, in power tools, when the battery is exhausted, the
user changes the battery and can continue working without stopping to recharge. Power
tool manufacturers, however, have gone a step further and use a single battery system
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consisting of, for example, three capacities for all their tools. This allows multiple tools to
be operated with the same battery. The analogy would be with city buses.

Such a solution considerably simplifies the use of the bus in the city without inter-
ruptions for charging or the need for pantograph forests. In large cities like Krakow, for
example, with a fleet of around 600, this can prove very cumbersome. Replacement batter-
ies have another huge advantage. This is the ability to regenerate a partially used battery
by replacing the most worn-out cells. One lump created so that it can be reconditioned
significantly reduces costs and makes the task easier. In addition, it is easy to replace the
battery when it is completely worn out, return it to the recycler, and buy a new battery
instead. The process of caring for the fleet has been significantly improved, eliminating ad-
ditional costs. This is also because one vehicle can have a lifespan of two or three batteries.
To put it in perspective, if a battery lasts five years in such a system for an electric vehicle
with a non-replaceable battery, it requires the vehicle to be returned to the manufacturer for
a replacement cell. This takes time, causes inconvenience for the transport company, and
is costly. With a replaceable battery, on the other hand, the vehicle does not have to leave
the operating environment, as there will always be more batteries in use than vehicles. It
would be the task of the communications company to purchase a new battery and keep it
in circulation. The next step would be to return the used battery to a suitable location. The
use of such a solution and technology enables a new approach to zero-emission transport
in cities, where it matters most. The public transport system is concentrated in a relatively
small area and has a high frequency of movement in a limited circle. This emits large
amounts of pollutants into the atmosphere, polluting the air for residents every day. Using
only electric buses in the city can make a real difference to air quality in the most vulnerable
areas. The vision of a modern city with adapted emission-free public transport could
become a reality with the NEP.

5.2. Battery Replacement Procedure with a Description of Individual Components

The procedure for replacing the batteries in the vehicle is carried out automatically
using a special trolley capable of transporting two batteries at the same time. The trolley is
designed to minimize the time it takes to replace the batteries. When the bus arrives at the
designated location and the procedure begins, the battery trolley will wait with the charged
battery for the replacement. Once the procedure has started, the trolley will remove the
discharged battery from the bus and move away to the necessary distance from the vehicle;
its upper platform will rotate 180°, and then the trolley will insert the charged battery in
place of the discharged one. The diagram shows the rear of the bus in yellow. The hatched
rectangles represent the batteries. There is a green or red point in each of them. Green
represents a charged battery, and red represents a discharged battery. The arrows show the
direction of movement of the trolley. The replacement of the battery in five stages and the
top view are shown in Figure 4.

Figure 4. Procedure for replacing the battery in the following steps—top view.



Energies 2023, 16, 5828

14 of 22

The drawing shows the location of the battery in the vehicle. This location was
considered optimal because of the ease of access to the battery and, therefore, easier
replacement. In addition, locating the battery low lowers the center of gravity, does not
consume interior space, and allows the construction of a low-floor vehicle. The design
of the bogie allows the battery to be driven up to the vehicle’s body line and raised to
the correct height. The appropriate design of the battery bed on the bus should allow the
battery to be changed quickly.

The electric bus in the concept design would be equipped with a main battery (re-
placeable) and an auxiliary power supply. The auxiliary power supply would be designed
to allow a drive of several kilometers in case of need, system failure, or other emergency
events. It should also allow basic systems on the bus to operate while its main battery is
disconnected and outside the vehicle. Such a solution is intended to avoid emergencies
and ensure safety. Current technology allows several different solutions to be used since
lithium-ion batteries are constantly being improved. New solutions are also constantly
sought. For the project, an existing battery on the market was used as an example, and real
data was analyzed. The battery is offered by Impact Clean Power Technology in model
UVES Energy Gen 2.0; the detailed battery parameters are shown in Table 9.

Table 9. Battery specifications [65].

UVES Energy Gen 2.0

Voltage Capacity Energy
Min. Norm Max.

Cell configuration
100 Ah 66.6 KWh

180S1P 504 V 666 V 774V
Battery operating conditions

Continuous discharge current 200 A

Discharge current maximum (10s) 400 A

Discharge temperature range —20°Cdo55°C
Continuous charging current 100 A
Maximum charging current (10 s) 300 A

Charging temperature range —20°Cdo55°C
Protection class 1P 67

Heat dissipation Liquid cooling
Pre-charging circuit Yes

The underground storage and battery charging systems would require an additional
lift. According to the concept, an exchange trolley would appear at the exchange site, i.e., at
the level of the bus where the exchange takes place. After the exchange, it would enter a
specially constructed lift and then descend underground. Once the level is lowered, the
swap trolley will transfer the discharged battery to a rack trolley serving the charging docks.
At this stage, the batteries would be stacked in a free charging bay, and the trolley would
pick up the next charged battery and hand it to the exchange trolley.

When it is necessary to install an underground battery replacement system on a bus
loop, there are several emerging issues stemming from the nature of the underground
facility. The first and most important is the drainage system. If the device is to operate
underground, the question is, “what to do during heavy rainfall or snowfall?”. There
is a solution in the form of using a drainage system from where the platform meets the
ground or roofing the replacement area. Covering a small area seems to be an effective
way, but it requires the exchange trolley to travel a greater distance to the vehicle where the
exchange is to take place or reverse the bus. Reversing the bus, however, involves some
inconvenience. For the driver to reverse the bus in many cities, it is necessary to be assisted
by an MPK employee; he cannot do it himself for safety reasons. This creates a problem,
as on a loop where it would take place several times a day, it requires an extra full-time
employee to direct the bus driver when reversing to the right place.
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Figure 5 shows a single-level model for charging and storing small quantities of batteries.
This model could be used for small exchange points where it is not possible to build an
above-ground point but where it is necessary to change batteries several times a day. The
exchange trolley, after driving underground on a suitable platform, transfers the battery to
the rail trolley operating the battery room. The diagram shows the principles of the system.
It should be noted that the above exchange system can be freely adapted to the needs of the
site. There may be a multi-story battery depot underground if necessary. With such a solution,
efficient drainage is necessary to protect the exchange elements from damage.

Figure 5. Diagram of the underground NEP exchange system. Green color—battery charged, red
color—Dbattery discharged.

A bus wishing to replace the batteries would be expected to drive out onto a suitably
prepared lane at an elevation relative to the surrounding ground. As a result, excess
water would run off immediately from the elevation into the city’s drainage system. The
replacement lane would have to be secured properly to ensure the safety of the process.
The entire platform covering the elements would be equipped with a drainage system
effective enough to prevent the flooding of electrical components. As the exchange trolley
is lifted by the lift, the top safety hatch will open, and the exchange trolley will then have
a few meters to travel to the bus to replace the battery. Appropriate sensors in the swap
trolley will trigger the swap platform at the appropriate moment, initiating the opening.

The whole procedure is illustrated in Figure 6, which shows that the device can operate
continuously without the driver or an independent person. In many cases, it is time that
determines the solution.

Temporal analysis of the replacement of one battery according to the presented proce-
dure with the assumption that the vehicle approaching the stop is located in the designated

—  Opening of the safety flap: 20s;
—  Rejecting the battery platform: 25s;
—  Retrieving empty battery: 25s;
place: —  Rotation of the device: 20s;
—  Placing the battery in the vehicle: 35s;

—  Returning the platform below the surface: 25s;

—  Closing the safety flap: 20 s.
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The total time to change the battery in the vehicle at one stop is about 170 s, which
gives us about 3 min. With the solution, we can charge the battery in the vehicle faster
than a full charge using other solutions. Charging the batteries of electric buses by plug-in
chargers takes about 4-5 h, while in the case of a special station using a pantograph, it takes
about 1 h [18].

However, as far as costs are concerned, in the case of plug-in chargers, the cost of the
design and construction of one fast-charging station for buses, together with the necessary
infrastructure and any road system adjustments made by external companies, may amount
to approximately EUR 200,000 [62]. The same is also true for the pantograph. On the
other hand, as far as the construction costs of the proposed device are concerned, they
will be about 20% higher than the potential construction costs of other solutions due to its
technological specificity, although this fact is secondary because the time advantage in the
battery filling procedure itself is not comparable and is greater in favor of the proposed
solution. The cost of charging one battery directly in this solution and other alternatives is
itself the same, as in the concept proposal, the battery residing below the surface would be
charged continuously.



Energies 2023, 16, 5828

17 of 22

A tull cost statement, including an econometric model as well as a specification of the
device’s operation, will be presented by the authors in future papers, as the article itself is
about a review of the various potential solutions available on the market, with only the
indication of another alternative possibility.

Test work is currently underway to solve and clarify some of the issues surrounding
the device itself.

5.3. Analysis of the Strengths and Weaknesses of the Concept

To analyze the strengths and weaknesses of the concept, a SWOT analysis was drawn
up for a more complete picture, which was also extended to include the opportunities and
threats associated with implementing the solution (Table 10).

Table 10. SWOT analysis.

Strengths Weaknesses

—  The need to expand the current
infrastructure
—  High investment cost

—  The possibility of developing
zero-emission public transport

& —  No time wasted on recharging batteries : h
ks — Continuitv of vehicle traff Complicated exchange system
& ontmuity o venicie trathic —  Possible failure rate due to
i — Automation of the process complexity
(] .
g —  Lowoperating costs — High load on the electricity
k= network

Opportunities Threats

—  The introduction of fully emission-free

public transport —  Development of other

—  The possibility of creating a “green city technologies, e.g., hydrogen cells

—  Assignificant reduction in urban air — Investment costs too high
o pollution — Need to modernize depots and
S —  Significant improvement in the quality of loops
& life of citizens —  Lack of acceptance by transport
Té —  The potential for a major expansion of companies and city authorities
5 public transport as a substitute for
5 private cars

The SWOT analysis allows us to answer the question of what value the concept will
bring to the battery replacement method and whether the advantages of the solution will
outweigh the disadvantages. It can be seen from the table above that the strengths of the
concept could have a significant impact on the future of public transport. This refers to the
possibility of driving more and more electric public transport vehicles into service without
having to stop for recharging. This will assist in the complete conversion of the fleet to
electric vehicles. This represents an opportunity for cities struggling with air pollution
to significantly reduce the smog effect within their area. Automation and the lack of
human involvement in the replacement process also speak in favor of the solution. The
design features that disadvantage the whole concept are undoubtedly the need to build
infrastructure or adapt existing infrastructure to enable the replacement of batteries in
vehicles. The costs involved can be a real barrier to deployment. Hydrogen cells pose a
threat to the current technology and replacement system. Hydrogen technology is still
being developed, and electric vehicles will likely be displaced from the market by it in the
future. For the time being, however, it is an expensive solution with poor access to fuel,
which also generates high production costs.

5.4. Possible Solutions Using Renewable Energy Sources

Sourcing energy for electric vehicles is not insignificant because of the carbon footprint
they leave. Electric vehicles used in cities are emission-free only locally, as combustion-
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based methods are often used to generate electricity to power them. Alternative energy
sources can reduce emissions and pollutants. One that, along with the use of emission-free
vehicles, can amplify the environmental effect of the change is the Aeromine turbine.

The turbine has no external moving parts. Its design amplifies airflow by generating a
vacuum that drives a hidden turbine rotor [66]. The device is ideally suited for installation
on building roofs. It could therefore be successfully installed on buildings in the city or
the buildings of a depot or energy storage facility. Its advantage is that it takes up little
space, and the unit itself is small compared to traditional wind turbines, which are often
impossible to install in cities. The device is capable of operating at a low air speed of
approximately 8 km/h [67]. The solution is also relatively inexpensive, as the device is
expected to produce 50% more energy than photovoltaic panels at the same installation
cost [68]. Such a solution would allow some of the energy needed to charge the batteries to
be obtained from renewable sources.

The example described above only presents an alternative to the possibility of electric
vehicles being used on an ad hoc basis at bus stops.

6. Discussion

In addition, obtaining electricity to power the buses from renewable energy sources
will amplify the environmental effect. Achieving a synergic effect would require action on
many levels simultaneously. The introduction of zero-emission buses into urban use would
also require the provision of green energy sources, so-called “green zones”, as well as the
marketing of public transport services. This poses a challenge that may not be put into
practice quickly, mainly due to the large financial outlay. However, research shows that
a replaceable battery solution will be easier to implement in smaller cities such as Opole,
Poland. This is associated with lower mileage, which may mean that a large proportion
of city buses will recharge at night at the depot. Replacements, on the other hand, will be
necessary for more heavily loaded vehicles [69].

The introduction of the exchange system could initially apply to buses within the city,
gradually converting the entire fleet to electric. There is nothing to prevent the proposed
solution from being introduced for other vehicles as well. Vehicles that collect municipal
waste within the city, bakery delivery vans, courier vehicles, or construction vehicles are
also a group that travels within a small radius of the city. They may represent the next
milestone for zero-emission vehicles, using the same, only extended, infrastructure as the
buses in the presented concept [70]. An analysis of the urban fleets of provincial cities
shows that the majority of vehicles are internal combustion engine vehicles, but this is not
the only source of propulsion used in urban buses. Electric, hybrid, and CNG-powered
vehicles can be found as alternatives to diesel engines. All alternative propulsion systems
account for more than 14% of the vehicles used in cities. Purely electric buses account for
more than 7%. Among electric vehicles, the Solaris brand is the most popular. However,
the figures are changing rapidly, as quite a few city governments are opting to purchase
zero-emission vehicles, which are becoming increasingly popular.

The analysis of urban rolling stock journeys was based on the timetables of two groups
of cities with up to 150,000 inhabitants and up to 1 million inhabitants, respectively. The
rolling stock of the smaller cities covers more than 76,000 km per week, while that of the
larger cities covers more than 855,000 km. The average bus load for the smaller group
is 127 km traveled per working day. For the larger group, the average mileage per bus
is 220 km per working day. It should be remembered that these are average values, and
therefore some vehicles will be more or less loaded.

For the analysis of the current solutions, the data from the Mercedes-Benz electric bus
model and the manufacturer’s declared battery and range parameters for the articulated
and standard vehicles were used. For the articulated bus, the declared range is a maximum
of 220 km on a single charge, and for the standard bus, it is 320 km on a single charge.
This data was used to design the concept based on technological solutions already in
place. Based on the data, a concept model was created for the automatic replacement of a
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discharged battery in a vehicle with two variants, i.e., aboveground and underground. The
current technological solutions used in electric buses do not prevent the introduction of the
replacement concept and the introduction of purely electric buses in the city. The analysis
also shows that the concept will work better in a larger city such as Krakow. A higher fleet
load and higher mileage make the introduction of a battery exchange system in such a city
more justifiable. It can also be concluded from these studies that the most practical solution
would be to implement a hybrid of the solutions described. This would involve charging
the less loaded vehicles at night at the depot and using swaps only for vehicles that require
them. Reorganizing the timetable in this way could make it easier to put the concept into
practice without generating major costs or infrastructure development. Such a solution
would also be more justifiable due to lower implementation costs. Combining the concept
with wind turbines and other renewable energy sources could significantly reduce costs in
the long term and improve air quality on-site.

The concept is a proposal for solving existing problems, but the mode of operation
itself can be freely modified as required. Battery changes can be carried out, for example,
via a suitable arm that replaces the trolley, and the battery itself can be inserted into the
vehicle from below, just as the Chinese car manufacturer NIO has solved [71].

7. Conclusions

Battery swaps in vehicles are not a new idea, as a similar solution already exists
in China and has been tested in California. However, the replacement concept has not
been applied to city buses. Battery swap solutions apply to passenger cars, which are
characterized by different usage patterns. In addition, the style of car travel and its
versatility necessitate the construction of large numbers of battery exchange points. The
advantage of city buses in this respect is their narrower travel radius, which takes place
within a single city. They also run cyclically according to timetables, which makes it possible
to accurately plan the number and necessity of battery replacements. In practice, however,
replacements will not always be necessary or justified. A careful analysis of timetables
may show that in some vehicles, battery replacement will not be necessary due to the
lower daily mileage of the vehicle. A bus that is less loaded could be recharged at night
at the depot. Battery replacements are necessary for heavily loaded journeys that require
energy replenishment. The replacement system should be arranged in such a way that each
vehicle has access to energy without having to trudge through part of the city. This poses
some challenges regarding the organization of timetables so that they fully meet transport
demand and allow continuous bus traffic without stopping. The system makes it possible
to completely replace the city’s bus fleet with emission-free buses. The advantage of the
solution is the possibility of building a public transport system that creates better living
conditions for its inhabitants. The elimination of combustion vehicles from public transport
will significantly affect the air quality at the places where they are used.

The paper provides an overview of the main options for managing an electric vehicle
fleet. The views presented in the paper included an analysis of existing solutions and a
proposal for an alternative battery replacement. The paper is now an excellent educational
resource for students as well as for improving their skills during training courses.

The paper shows the importance of researching bus electrification solutions and that
modern solutions can improve existing urban networks in cities.
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