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ABSTRACT

Today’s economic and social environment faces several problems and challenges (e.g.
energy crisis, inflation, environmental protection), most of which interact with the transport
system in two directions. Researchers and relevant organisations have developed several
proposals and action plans to mitigate the ‘problem cloud’ for each mobility subsystem, but
these tend to focus on a technological, economic or industrial solution rather than a complex
one. This includes subsidising the purchase and operation of electric vehicles, encouraging
the use of public transport, and developing soft modes of transport. This study develops a
multi-layered, complex, cost-oriented methodology to increase the sustainability and
economic stability of local and interurban bus and coach public transport. The methodology
based on the main technical and operational (maintenance, energy use and storage)
parameters of different conventional and alternative propulsion vehicles, as well as on the
available forms of financing, taking into account discount rates. The procedure developed
will be illustrated with examples from Hungarian cities. The unit costs per kilometre of the
different propulsion systems will be examined. The method can be used to determine the
most economically efficient and sustainable choice of vehicle propulsion for the public
transport service provider, and to obtain a realistic picture of unit costs.

KEYWORDS
alternative propulsion buses; electric bus; diesel bus; kilometre based unit cost; economically
efficient local public transport.

The modernisation of the propulsion of buses is a new area of research. It is only a few years old. Following
an international overview, this paper proposes an economic comparison of propulsion systems in a coherent,
integrated and transparent framework.

Table 1 — Some of the literature examined

Nr

Title Author, Journal

(1]

buses

Review of the estimation methods of energy consumption for battery electric

Al-Ogaili, 2021 — Energies

Life cycle CO: footprint reduction comparison of hybrid and electric buses
[2] :
for bus transit networks

Garcia, 2022

(3]

Decarbonising ships, planes and trucks: An analysis of suitable low-carbon
fuels for the maritime, aviation and haulage sectors

Gray, 2021 — Advances in applied energy
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Nr Title Author, Journal
. . . . . . Hannan, 2014 — Renewable & Sustainable
[4] Hybrid electric vehicles and their challenges: A review Energy Reviews
[5] A probabilistic flee.t a_naIyS|s for energy consumptlon,.llfe cycle cost and Harris, 2020 — Applied Energy
greenhouse gas emissions modelling of bus technologies
[6] Energy consumption and cost-benefit analysis of hybrid and electric city Lajunen, 2014 — Transportation Research
buses Part C-emerging
7] The role of alternative fuel buses in the transition period of public transport | Lu, 2022 — International Journal of
electrification in Europe: a lifecycle perspective Sustainable Transportation
. . . . MacLean, 2003 — Progress in Energy and
[8] | Evaluating automobile fuel/propulsion system technologies Combustion Science
[9] | Electric buses: A review of alternative powertrains Mahmoud, 2016 ~ Renewable & Sustainable
Energy Reviews
[10] What hinders adoption of the electric bus in Canadian transit? Perspectives Mohamed, 2017 — Transportation Research
of transit providers Part D-transport and Environment
[11] A spatially explicit optimisation model for the selection of sustainable Pinamonti, 2021 — Optimisation and
transport technologies at regional bus companies Engineering
Contribution of country-specific electricity mix and charging time to
[12] |environmental impact of battery electric vehicles: A case study of electric Rupp, 2019 — Applied Energy
buses in Germany
Analysis of Global and Local Environmental Impacts of Bus Transport by .
[13] LCA Methodologies Simon, 2010
[14] Life cy(_:le cost assessment of urban buses equipped with conventional and Szumska, 2018
alternative propulsion drive
[15] Life cycle cost (I__CC) Ievel_of an_urban transport fleet with Differentiated Szumska, 2020
share of buses with alternative drive systems
Can propulsion and fuel diversity for the bus fleet achieve the win-win .
[16] strategy of energy conservation and environmental protection? Wang, 2015 — Applied Energy
[17] | Operational lifecycle carbon value of bus electrification in Macau Xu, 2020 — Sustainability
[18] A review on the state-of-the-art technologies of electric vehicle, its impacts | Yong, 2015 — Renewable & Sustainable
and prospects Energy Reviews
[19] Impact of the electric mobility implementation on the greenhouse gases Skracany T, Kendra M, Stopka O, Milojevié¢
production in central European countries S, Figlus T, Csiszar C., 2019 — Sustainability
120] Environmental sustainability of the vehicle fleet change in public city Kone¢ny V, Gnap J, Settey T, Petro F,
transport of selected city in Central Europe Skracany T, Figlus T., 2020 - Energies
Skracany, T., Kendra, M., Kalina, T.,
[21] | Environmental comparison of different transport modes Jurkovi¢, M., Vojtek, M. i Synék, F., 2018 —
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Figure 1 — Articles on alternative bus propulsion (own editing)
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The analysis of literature overview shows that the investigated topic has dynamically evolved. The first
older (blue) cluster shows that priority of analysis was safety of new technologies. After that (green) the scope
of analysis shifted to energy efficiency and environmental impact assessment on local level. The third cluster
(yellow) is the newest one with life cycle cost analysis and risk assessment of alternative drive chains in public
transport. It is important to point out that a number of studies have been carried out to determine the propulsion
of buses, but these have analysed the choice of the ideal vehicle from an environmental rather than an economic
point of view. Consequently, the authors see the need to develop a methodology, mainly from an economic
point of view, which can be used as a kind of decision-preparatory method in the planning of the transport
system, service.

In Hungary, local and interurban public transport is provided based on public service contracts between the
organisations responsible for providing services and bus operators. According to Act XLI of 2012 on Passenger
Transport Services, the Minister responsible for transport (currently the Minister of Construction and
Transport) is responsible for the maintenance of interurban bus services, while the competent municipalities
are responsible for the provision of local public transport services, except for the capital, as a voluntary task.
In all cases, customers must compensate the operators for any losses incurred due to the service, the method
and extent of which are laid down in the public service contracts.

The public service may be awarded for a maximum period of ten years following Article 4(3) of Regulation
(EC) No 1370/2007 (exact title: Regulation (EC) No 1370/2007 of the European Parliament and of the Council
of 23 October 2007 on public passenger transport services by rail and by road and repealing Council
Regulations (EEC) Nos 1191/69 and 1107/70). Therefore, it is in the commercial interest of the operator to set
the total life cycle cost (LCC) of the buses at ten years.

The Hungarian practice in the field of local public transport differs significantly from this: in many cases,
municipalities make use of the possibility of a so-called forced withdrawal for 1-2 years — as allowed by law
— due to the invalidity of the tender for the public service, and there are also dilemmas between the contracting
parties regarding the amount of compensation mentioned above, given the real operating costs. This is
compounded by the fact that, in the increasingly widespread use of innovative, environmentally friendly
propulsion systems, the service provider can only estimate the operating costs due to a lack of operating
experience, which entails a significant business risk for both parties (the service provider may pass this on to
the customer).

This methodology addresses the above problem by providing an approximate unit cost for the different
types of buses (diesel, electric, CNG, CBG, diesel-electric, hydrogen) for the whole public service period. In
addition, by comparing the cost values of each propulsion system, it is possible to select a sustainable and
efficient propulsion system for the local public transport system, both from a transport and a social point of
view.

2. METHODOLOGY

The notations used in the methodology are given in Table 2.

Table 2 — Notations used in the methodology

Variable marking Changing technical content Dimension
j Vehicle propulsion mode [-1
t The service life of the vehicle’s primary fuel tanks [year] or [charge life cycle]
q The service life of the vehicle’s secondary fuel tanks [year] or [charge life cycle]
x Number of primary fuel tanks in the vehicle [db]
y Number of secondary fuel tanks in the vehicle [db]
k The capacity of the vehicle’s primary fuel tanks [litres] or [kKWh]
l The capacity of the vehicle’s secondary fuel tanks [litres] or [kWh]
Corice,j Total purchase cost of vehicles with j drive modes in case of lump [€]
sum payment
th,q,x,y,k,l Numper of vehicles with tq service I_ife, X,y number of units, kI [db]
capacity of energy storage, j propulsion
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Variable marking Changing technical content Dimension
ookl Cost of purchasing a vehicle with t,q lifetime, x,y number of units, k1 [€/vehicle]
AXTE capacity of energy storage, j propulsion in case of a lump sum
payment
Cioan,j Aggregate purchase cost of j-drive vehicles for a loan contract [€]
Pf: vkl The part of the purchase cost per year of a vehicle with t,q lifetime, X,y | [€/vehicle/year]
ALY number of units, k,I capacity, j propulsion, for a credit agreement
thqukln Annual average mileage of a vehicle with t,q lifetime, x,y number of [km/year]
e units, k,1 capacity of energy storage, j propulsion, in year n
LA Specific consumption per 100 km of a vehicle with t,q lifetime, x,y [1/200 km] or [kg/100 km] or
""" number of units, k,I capacity of energy storage, j propulsion [KWh/100 km]
S; Specific fuel cost for j drive mode [€/1] or [€/kg] or [€/kWh]
®jn Projected change in fuel costs for fuel mode j, year n [%]
n Length of the study period (public service contract) (n=1...m) [year]
D" Discount rate for the year [%]
Cenergy.j Cost of energy use and storage aggregated by j drive mode [€/duration]
Relectric The replacement cost of storing 1 kWh of electricity (1 kWh=$152 = | [€/1 kWh]
€142.26) [22], [23]
Rj, Cost of replacing energy storage with capacity k per gas (j=IV or j=V) | [€/energy storage]
drive mode
Tin Number of refuelling operations in year n for electric (j=II or j=II1 or | [units/year]

j=V) traction

Cenergy,loan,j

Cost of energy use and storage, aggregated by type of operation in the
case of a credit agreement for storage

[€/duration]

Meiectric Replacement cost of storing 1 KWh of electricity for a credit [€/1 kWh/year]
agreement over one year
M;, Cost of replacement of energy storage with capacity k per gas (j=IV or | [€/energy storage/year]
j=V) drive mode for a credit agreement per 1 year
a The bus operator carries out all maintenance interventions throughout | [-]
the life of the bus
g Warranty maintenance [-1
S Maintenance under a partnership contract [-1
Ck,ja Specific annual maintenance cost («) by bus operator j per mode of [€/vehicle/year]
propulsion
Crg,j Specific, annual, under-warranty (g) maintenance cost j per drive type | [€/vehicle/year]
Chjsz Specific annual maintenance cost(s) per drive type, carried out within [€/vehicle/year]
the framework of a partnership contract
Cx total,j Cumulative maintenance costs for vehicles with j drive modes over a [€/duration]
given period
Cjga Cost of vehicle tax per year for vehicles with j drive modes [€/vehicle/year]
Cj piz The combined annual cost of compulsory liability insurance and [€/vehicle/year]
CASCO insurance for vehicles with j drive modes
Cjrefuel Annual cost of lubricants and tyres for j-drive vehicles [€/vehicle/year]
z The form of financing for the charging infrastructure (lump sum: z=0, | []
or lease contract z=1)
Cjrefuel,z Cost of laying charging infrastructure for j drive mode [€] or [€/year]
Ce totalj Other costs calculated for the duration of the study j for the mode of [€/Nifetime]
operation
Baia,J The amount of aid received j for each type of drive [€/vehicle/year]
Ctotal,j Total lifetime and fleet cost reduced by subsidies j per the mode of [€/fleet/duration]
propulsion
Cunit,j Specific running cost per km for j drive mode [€/km]
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The costs associated with maintaining bus and coach transport are examined in a complex way in this
methodology, the structure of which and the interrelationships between the elements are shown in Figure 2.

IVEHICLE

777777777777777777777777777777777777777 , — D |
| OPERATING COSTS i ! 4{ Available vehicles
| - !

PURCHASE OF VEHICLES

! ]
| ——
————————————————————————— ] | DATA REGARDING THE - i
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] | |
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Figure 2 — Methodology structure (own edition)

The methodology developed considers not only the operating costs but also the different financing schemes,
the duration of the study (i.e. the duration of the public service contract between the customer and the operator)
and the discount rate describing the future change in money. The latter is particularly important in accurately
determining the costs incurred by the service provider throughout the contract. A discount rate was used,
considering the average inflation value of the last years (including the effects of the global economic crisis,
the fluctuations in COVID-19) and the MNB’s (Hungarian National Bank) forecast. The time interval can be
determined based on the length of the public service contract (maximum 10 years regarding the mentioned
European Regulation) and recalculated based on the inflation and the forecast.

The methodology applies to all bus and coach propulsion modes, including the powertrain, which may have
the parameters of Table 3 for the test.

Table 3 — Characteristics of different propulsion systems

Drive Serial Fuel storage method Fuel storage lifetime Number of fuel tanks Fuel storage capacity
number . . Secondary | Primary | Secondary | Primary | Secondary
mode ; Primal Seconda Primary (t
0) Y i YO @ B o) ) ()
. liquid lifetime of 50-400
Diesel ! fuel tank i the vehicle ) ! i litres i
Diesel- L -
electric I liquid battery Ilfetlmg of 4-10 years ) ) 50_—400 20-100
- fuel tank packs the vehicle litres kWh
(hybrid)
(Full) m battery ) Zégg?_:i?fgo ) ) ) 200-500 )
Electric packs g kWh
cycle
CNG 2-12 30-150
(CBG) v gas tanks - 8-20 years - pieces - litres -
battery 2-5 30-50 20-100
Hydrogen \Y gas tanks packs 8-20 years | 4-10 years pieces - litre KWh
LPG VI LPG - 10 years - 13 - 30-150 -
tank piece litres
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Based on the table, different compositions of buses can be defined per powertrain within each powertrain,
determined by the lifetime and number of fuel tanks and their capacity (j¢ 4 x.y 1) as follows (these categories
and the parameters assigned to them are also the cost category formers):

— Diesel (I): the life of the tank is the same as that of the vehicle, and its numerical value (in the vast majority
of cases) is 1, so the capacity of the tank determines the type (I, capacity of the tank varies between 50
and 400 litres depending on the vehicle design (mini, midi, solo, articulated).

— Diesel-electric (hybrid) (I1): the parameters of the primary energy source (diesel unit) are the same as
described above. The electric part — as a secondary energy source — is determined by the lifetime and
capacity of the battery packs and can be interpreted as the sum of the two (I, + I1,,). Hybrid vehicles
typically have a smaller electrical energy storage capacity (20-100 kwh) with a lifetime of 4-10 years (as
committed by the manufacturer).

— (Full) Electric (111): the drive for the test is determined by the lifetime of the energy storage (2,000—4,000
charge life cycles) and its capacity (200-500 kWh) (111, ). The replacement cost of an electric storage
unit is proportional to the amount of energy stored rather than the number of units.

— For buses and coaches (IV) fuelled by compressed natural gas (CNG) or compressed biogas (CBG), the
vehicle’s powertrain is determined by the life expectancy (8-20 years, depending on disaster management
rules), the number of gas tanks (2-12) and their capacity (30-150 litres) (IV; , ). The number of on-board
tanks may vary from one vehicle manufacturer (and in many cases from one type) to another, and their
capacity, although catalogued, can be tailored to individual needs. Since the construction of CNG and
CBG vehicles does not differ, only the technology used to produce the propellant, the methodology treats
CBG vehicles as CNG-powered.

— Hydrogen (V): the vehicle’s primary energy source is hydrogen gas, which is stored in high-pressure tanks
(350 bar) on the vehicle’s roof. The number (2-5) and capacity (30-50 litres) of these tanks and their
lifetime is 8-20 years, depending on safety regulations. As a secondary energy source, the electric unit
typically helps with acceleration and overcoming rough terrain. The lifetime and capacity of the electric
storage is similar to the diesel-electric drive (4-10 years; 20-100 kWh). Hydrogen propulsion can thus be
defined as the sum of a gas-powered and an electric-powered sub-unit (V, ,,; + 113 )

— LPG (VI): each composition is determined by the number of LPG containers (1-3) and their capacity (30—
150 litres) (VI ).

The methodology distinguishes four different costs for the provision of bus transport:

— Costs for the purchase of vehicles;

— Costs of energy use and storage in vehicles;

— Maintenance costs for buses;

— Other costs.

Limitations of the methodology include the fact that it does not consider the human resource costs (e.g.
drivers, maintenance staff, traffic attendants, engineers) needed to provide the service. This is due to the
diversified material compensation of jobs. In order to estimate the human resources cost, it is necessary to
know exactly the number of workers assigned to each task, which is largely determined by the maintenance,
IT and communication systems used. As these factors are service provider or public service-specific, they are
not considered in the present methodology due to possible distortions in the calculated cost values.

The variables used in the methodology provide a wide range of cost options, but the future values of some
parameters (e.g. fuel price changes and/or discount rate) can only be estimated annually. Consequently, the
values of time-related variables can be provided (with a single value) over the whole service period.

The calculation of the purchase costs is the same for buses with different propulsion systems (j): it is the
sum of the number of vehicles to be purchased multiplied by the unit value of each bus with each propulsion
system combination if the vehicles are purchased in one sum and at one time. Note that the methodology takes
into account one vehicle price per powertrain (irrespective of manufacturer), assuming that the best offer is
accepted by the tenderer for the procurement.

400
Corices = Z Ny, * ¢y, @
k=50

400 4000 100

Corice1 = Z N1k+11q,l * Clie+ligy 2
k=50 g=2000 (=20
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4000 500

Corice 1 = Nmt,k *Clilyy (3)

t=2000 k=200

20 12 150

Cprice,IV = Z Z NlVr,x,k * Cth,x,k (4)

t=8 x=2 k=30

50 4000 100

5
Coricev = Z Z Z Z Nvt,x,k+11q,l S e ®)

t=8 x=2 k=30 q=2000 [=20

150

3
Cprice,Vl = Z Z NVIX,k *CVlep ©

x=1k=30

The methodology also treats purchases under credit agreements for a specified period, which do not include

any other cost of assumption (e.g. maintenance, repair) by the creditor. In this case, the costs are not only
exclusively incurred in the first year but are spread over the entire loan repayment duration and charged at a
discount rate (7, 8, 9, 10, 11, 12).

m 400

Cioans = ). ). Ny *Py, + D" )

n=1k=50

400 10 100

m
Cioanii = Z Z Z Z N1k+11q,l * P1k+11q,l * D" (8)

n=1k=50 q=4 =20

m 4000 500

Croanir = Z Z Z NIIIt,k * Pult,k * D™ 9)

n=1t=2000 k=200

m
Cioanv = z z NIVt,x,k * P Wexr ¥ D" (10)

50 10 100

5
Z Z Z Nvt,x,k+11q,l * Pvt,x,kﬂlq,, * D™ (11)

m 3
Cioanyi = Z Z NVIx,k * PVIx,k * D" (12)

The methodology takes into account different parameters for the costs of energy use and storage, adapted

to the specific technical characteristics of each powertrain and within it of the powertrain assemblies:

I: There is no cost for an energy storage tank, as the lifetime of the tank is the same as the lifetime of the
vehicle;

I1: Diesel units are as described above, but replacing electric energy storage may be necessary based on
the ratio between the number of charges per year and the lifetime of the batteries. The cost of replacing
battery packs is based on the world market price for storing 1 kwh of energy;

The calculation of energy storage costs for drive 111 is the same as for the electrical part of drive II;

For IV buses and coaches, high-pressure (200-220 bar) gas cylinders may need to be replaced, determined
by the certification period of the cylinders (maximum lifetime as specified in the regulations). The cost of
this depends on the service life, capacity and number of tanks;

Replacing the energy storage of a V bus or coach combines the energy storage described for drives Il and
IV. The lifetime, capacity and number of high-pressure (350 bar) tanks storing the primary energy source
determine the cost of the tanks, while the cost per 1 kwWh of replacing the secondary battery packs is based
on the number of charges per year and the lifetime of the energy storage tanks;
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— VI: the cost of replacing energy storage tanks depends on their number and capacity. Since the lifetime of
the storage tanks is equal to or longer than the duration of the contract for the bus transport service, the
replacement cost has not been considered in the methodology.

Energy use and storage costs are also considered, which are the costs resulting from the amount of energy
used to move the vehicle and its price on the world market. The former is derived from the average annual
mileage and average (specific) energy consumption per kilometre for each powertrain composition, while the
latter is derived from the current fuel price and its forecasted change. As the world fuel price is sensitive to
geopolitical influences, the trend of the counter values over the last five years provides a basis for estimating
the changes, the data source being documents published by various international organisations [24, 25, 26, 27].

The energy use and storage costs per drive, calculated above, are shown in Equations (13, 14, 15, 16, 17, 18).

m 400

FI -
Cenergy,l = Z Z le * D™ x 10k0 * le,n * Sy * Prin (13)
n=1 k=50

m
C = Ny *D™x(LxR i *M+F"‘”*Z * Sy * )
energyll = gy electric q 100 Hgn * 211 Piin

WS . F, (14)
ZZ o *D *100*L1kn*51*¢’1n

n=1 k=50

m 4000 500 F
_ n TIII,n g +
Cenergy,III = Nmt,k * D™ % (k * Rojeceric *—— + 100 * Lm[,k,n *Sir * Orrn)

n=1 t=2000 k=200 t (15)
m 20 12 150
n n Fu,, -
Cenergyv = Z Ny, o * D™ (Rpy, * x % T + 100 Litt, ppon * Stv * Qrvin) (16)
n=1t=8 x=2 k=30
m 20 5 50 10 100
n Tm,n F”q,l -
Cenergy.V = z z z z z NVt,x,kHIq,l #* D™ % (I * Repectric * q + 100 * LIIq,l,n * Sy * Prn Tt RVk
n=11t=8 x=2 k=30 q=4 (=20
Fvpre - 17)
+ 100 *Ly, o *Sv*Qvn)
3 150
S n  Fu,
Ceneryyi Z Z Z Ve * D™ x (ka * X * 100 * Sy * Qyrn) (18)
n=1x=1 k=30

Taking into account the world market price of the above energy storage devices, the methodology also
allows for the possibility of purchasing them under a credit agreement (19, 20, 21, 22, 23) (note that the latter
option is not yet widely used but may become a realistic option in the future as technologies evolve). It is
understood that in the case of drive mode I, in the absence of a replacement energy storage device, (13) is the
relevant one.

m 10 100 400

Tun Fqu - n
Cenergy,loan,ll = Ny a ¥ D™ * (I * Mepecric *—— + * Ly in * S * Q) + le *D
q 100 a
n=1q=4i=20 k=50 (19)
100 Tan ¥ le *Sp* Qrn

m 4000 500 T F
111, I, -
Cenergy,loaniir = Z Z Z NIIIt,k * D™ x (ke * Mejectric * Tn + 108( * LIIIt,k,n *Spr * Prirn) (20)

n=1t=2000 k=200

m
— n n FI”t,x,k T
Cenergy,loaniv = Z Nn/t_x_,c * D™ x (MIVk * XK T + 00 * Lmt,x,k,n * Sy * Oy ) 1)
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m 20 5 50 10 100 F
_ n T”’n Hgp =

Cenergy,loan,V - NVt,x,k+IIq,l * D™ (l * Melectric *——+ 100 * LIIq}l,n * SII *Prn

n=1t=8 x=2 k=30 q=41=20 q (22)

n FV 2 —
+ My, *x * s + 180k * Ly, o S % Q)
m 3 150
n n FVIx,k —

Cenery,ioanyvi = Z Z NVvak * D™ x (ka * XK T + 100 * LVIx,k,n *Syp * Pyrn) (23)

Maintenance costs are incurred throughout the life of the vehicle. In addition to mayor repairs (e.g. repair
or replacement of parts damaged in an accident or failing before their scheduled time), planned preventive
maintenance processes, as used by transport companies and recommended by many bus manufacturers, also
have a significant cost impact. The methodology takes the latter into account in 3 different ways, while the
running repairs (due to their unpredictability) are not taken into account:

— The operator carries out all maintenance interventions throughout the life of the bus and coach;

— The purchase cost includes the costs of planned preventive maintenance or warranty period (so that the
operator does not incur the costs) for a certain time (4-6 years), as specified in the sales contract, within
the so-called warranty period, but the operator of the vehicles bears the cost of materials for running
repairs;

— All maintenance tasks are carried out by a contractor independent of the operator, under a maintenance
contract, throughout the life of the bus or coach or after the end of the warranty period.

The methodology distinguishes drive modes for maintenance but not powertrains within them, assuming
that the lifetime and capacity of the energy storage used do not affect the cost values, mainly technological
ones, resulting from the maintenance operations mentioned above. Moreover, as maintenance practices differ
across Europe, the duration data can be parameterised as follows (24):

Vi m 3
n Ciej,ax Jif Crgj t Chjsz =0
Ci totarj = D™ = Nj « + ; (24)
’ Ck,g,j T Ck,jsz Jif Crja=0
j=In=1

Other costs and subsidies comprise the costs and subsidies for one-off or ongoing operations and tasks in
the operation of buses and coaches which cannot be included in the above categories, such as:
— The annual vehicle tax burden;
— Compulsory and CASCO motor insurance;
— Other materials necessary for propulsion (e.g. lubricant, engine oil, window washer fluid), including

AdBlue additive in the case of diesel propulsion;
— The cost of building the refuelling infrastructure, with two financing schemes (z = 0 one-off cost; z = 1

under a lease contract).

It should be noted that, as with maintenance costs, the methodology only differentiates between
powertrains, as powertrain configurations do not significantly affect these costs (25).

Vi m
z=0- (
= § E NN (e . ) ) Jjrefuel 25
Ce totarj 4 n=1(D * Nj * (¢jga + Cpiz + Guun)) + Crefuetz {z =1 Cjrefyets *n* D™ (25)

By summing up the above costs (and subsidies) according to the methodology, the total cost of the fleet of
vehicles to be operated — as reported by the operator — throughout the public service contract can be calculated
(26). In addition to the costs, the amounts of subsidies due or received for the performance of each task have
been taken into account.

Ctotal,j = Cprice,j + Cloan,j + Cenergy,j + Ck total,j + Ce total,j — Baid,j (26)

The unit cost per kilometre is calculated by dividing the annual mileage by the annual mileage (27).

_ Ctotal,j

Cunit,j = E] 1 (27)
The different types of financing described in the methodology can be combined as desired (e.g.one sum at

one time purchase, but outsourced maintenance and battery pack replacement with credit agreement). The

methodology offers a tool in order to select the most efficient solution from an economic point of view,

regardless of the organisation in charge of the procurement.
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The cost value calculated by the methodology for different shoots can be used in two ways (Figure 3):
— Inorder to validate the cost data and the level of funding from the client, which are included in the statutory
annual report that the service provider is required to draw up;
— The specific cost values of buses with different propulsion systems are “benchmarked” against each other

in the context of sustainable public transport.

PROPULSIONS

DIESEL M FULLY ELECTRIC ‘ CNG/CBG

| DIESEL-ELECTRIC ‘ |
HYBRID |

HYDROGEN | LPG

COsT
CALCULATION
METHODOLOGY

COMPARISON OF
THE DIFFERENT
PROPULSIONS

.| UNIT OPERATING

BUS OPERATOR

ECONOMICAL
COMPARISON

E CUSTOMER OF THE BUS
| TRANSPORTATION

i COMPENSATION

COSTS

VALUE OF THE

COMPENSATION

SUBSIDY

Figure 3 — Methodology for using unit operating costs (own edition)

The complex calculation methodology allows the determination and comparison of the unit operating costs
of different bus transport modes over time, thus clarifying the compensation demand of the local or interurban
public transport operator to the customer and minimising the economic risk for the bus and coach transport
operator.

3. RESULTS AND CASE STUDY

The methodology was applied to the local bus public transport systems of two Hungarian municipalities:
Paks, or Godollo.

We assumed a 10-year public service contract (the maximum time period of European Regulation). Based
on the inflation value of the last 10 years and the MNB’s forecast, the discount rate is 6%.

Paks is a town of 20 thousand inhabitants located about 120 kilometres south of the capital of Hungary,
Budapest. The municipality-owned Paks Transport Ltd. provides local bus transport on seven routes, with 10
100% electric buses since 1 February 2021. The Solaris Urbino 9.5 (midi) buses (4) have a battery capacity of
200 kWh, while their solo (Solaris Urbino 12) counterparts (6) have an energy storage capacity of 250 kwWh.
Based on the manufacturer’s energy consumption measurements (SORT-2), the former has an average energy
consumption of 0.74 kWh/km and 0.85 kWh/km. These values closely approximate the real energy
consumption values, since the measurement (made by the bus operator) data — depending on the weather,
topography and traffic conditions — shows energy consumption values 0.7-1 kWh/km. The vehicles cover
approximately 490,000 kilometres per year (assuming an even distribution with efficient operation: 49,000 km
per bus). The buses, including the recharging station, cost €4.7 million, financed by the European Union (ICOP
Plus). The purchase cost of midi size buses was €400,000/bus, while the solo version costed €450,000/bus. It
should be noted that Volanbusz Zrt., as well as service providers in several other cities, have purchased purely
electric, solo buses (Mercedes-Benz e-Citaro, BYD K2UB and K2UD, lkarus €120) in recent years, the
purchase cost of which was approximately €500-520,000/bus. The purchase price of electricity is €0.5/kKWh.
The cost of maintenance of the vehicles was €6,000/bus/year, based on the 2022 accounts, of which the bus
manufacturer will take on a €1,000 per year warranty repair share for four years. The cost of insuring the
vehicles is €1,000 per bus per year. The battery packs in buses are recommended by the manufacturer to be
replaced every eight years (based on 90% availability of the vehicles and the turn-around time, this means
about 3,100 charging life cycles) [27], [28].

Applying the methodology to the above data (for a lump sum vehicle purchase, using the above powertrain
mix, assuming a 10-year public service contract), the ¢,y ; is calculated at €3.85/km. From the report
available as public data, the cost of operating the buses in 2022, excluding the amount for payroll, is €1.82/km.

Godollo is located in central Hungary, about 20 kilometres east of Budapest, with a population of 32
thousand. Local public transport is provided by the state-owned MAV Személyszallitasi Zrt. on behalf of the
municipality, currently on a compulsory basis, with five diesel-powered Credo Econell 12 solo buses. The
vehicles cover 230,000 km per year (46,000 km/bus assuming an even distribution) on the 12 routes of the
city, with an average fuel consumption of 33 litres/100 km. The five buses purchased by the public transport
company in 2019 at a cost of around €160,000/bus did not require any infrastructure intervention (e.g.
replacement of fuel tanks). The maintenance cost of the vehicles, based on the 2022 accounts, was
€8,080/bus/year, which did not include any warranty operation on the manufacturer’s part. The bus company
purchases diesel energy at a wholesale price of approximately €0.13/kWh [29], [30].

700



Promet — Traffic&Transportation. 2025;37(3):691-705. Sustainable Solutions

Time series of cost factors for 10 years
(#1: diesel; #2: full electric propulsion)
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Figure 4 — Cost factors for diesel versus full electric buses (own edition)

Applying the methodology to local transport in G6doll6, a new public service contract (due in 2024) for a
market-based operator (cypi, ;) 2.05 €/km for diesel and 3.85 €/km for pure electric bus services, it would be
economically viable to maintain the transport service for ten years (Figure 4). In 2022, this transport company
would operate its vehicles for a fee of 0.99 €/km (excluding human resources and other costs necessary to
maintain the service).

4. DISCUSSION

The unit cost values calculated using the methodology are as follows:

— Choosing the economically ideal propulsion system and estimating the costs of alternative propulsion
vehicles.

— The level of funding for public transport should be reconsidered irrespective of the powertrain.

— The cost differential between different propulsion modes can be significant.

Based on Hungarian law, it is up to local authorities to organise local transport in their municipalities. It is
their responsibility to provide local public transport in the most efficient [31], economically and
environmentally sustainable way [32]. At present, there is no scientific study available in the Hungarian or
international literature that could help local authorities to decide the parameters and powertrain of vehicles
would be ideal from the above points of view.

Paks and G6doll6 are two cities in Hungary with a similar population and local mobility needs. The annual
performance of the vehicles providing the service is also almost the same (46,000 vs 49,000 km/bus/year). The
study carried out on the basis of the methodology showed that the use of pure electric buses increases the unit
cost value. This is due to three reasons:

1) The battery life of pure electric buses is shorter than the service contract interval. The replacement of the
battery packs is costly due to the current cost of storing 1 kWh of energy. A solution could be to reduce
the contract interval, but then the procurement costs represent a higher unit cost.

2) The purchase cost of pure electric buses is much higher than that of diesel buses (around 1.5 to 2 times).

3) The recharging options for pure electric vehicles are currently still limited, so the procurement of these
vehicles also requires the installation of charging infrastructure, which has entailed significant costs.
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The studies carried out provide a picture of the economic aspect, but it should be stressed that environmental
impacts may also need to be taken into account, as the social costs of pollutant emissions can make a big
difference to the costs of maintaining a transport system. The examination of this and its incorporation into the
methodology will be the subject of our next research.

It is important to highlight that the methodology allows the customer of the service to calculate the unit cost
of the service using different alternative propulsion systems with different parameters. In this way, the
developed transport system will work efficiently both from an economic point of view. Naturally — in addition
to examined parameters in this case study — the analysis can be carried out with other propulsions (e.g. CNG,
CBG, hydrogen) and with different vehicle parameters, however, due to the limitations of the paper, we
dispensed with this.

It is also very important that the investigation carried out with the methodology highlights that the funding
of local public transport, regardless of the propulsion, is currently not at the appropriate level. This is in
correspondence with investigation by Al-Lami [33]. Under the current funding structure, only about half of
the real operating costs are reimbursed to the operator, which is unsustainable for (mainly the market-based)
bus operators. Until this methodology, in the absence of a scientifically supported study, bus operators and
municipalities could only estimate their costs in the case of alternative propulsion vehicles. However, based
on the methodology, it is possible to apply the appropriate financing volume. This is beneficial for the
customer, since they have the opportunity to make decisions based on the real costs, and also for the service
provider, since they can operate in an economically sustainable environment.

5. CONCLUSION

Today’s economic and social challenges (e.g. energy crisis, inflation, labour shortages) also impact
transport. These can be mitigated by creating sustainable and energy-efficient transport, including transport
management, technology and industrial solutions. Much research focuses on the different options, but the
combination of these options is less researched.

The present study combines the above tools by providing a methodology for comparing the operating costs
of different conventional and alternative (pure electric, CNG, CBG, hydrogen, LPG) bus propulsion systems
and by using these to highlight the specificities of the economic and operating environment and how to make
the local bus transport system sustainable for the operator.

The methodology is based on a complex costing methodology, which considers the duration of the public
service contract, including the discount rate and the operational (maintenance, energy use and storage, and
other) costs. The methodology can be used to manage different forms of financing economically (e.g. lump
sum or loan contract), as well as specific spare part replacements for each alternative propulsion bus, and to
consider the most common maintenance strategies (e.g. planned preventive maintenance, outsourced
maintenance).

The complex calculation methodology allows the economic impact of each mode of transport to be
compared for any given period, thus allowing the customer to plan the compensation demand for local and
interurban public transport and minimising the economic risk for the operator.

The operation of the developed methodology was demonstrated in the example of two Hungarian cities
(Paks, G6dollo).

The cost values calculated using the methodology show that, from an economic point of view, the operation
of pure electric vehicles is financially not more advantageous over the whole contract period (10 years) than
the operation of diesel buses. The existing capacities of buses (midi and solo) in both cases (Paks and G6ddll6)
are replaced by the same passenger capacity and lengths, non-articulated (solo) buses.

On the other hand, it can be said that the accounting system and the economic operating environment, which
are often used in local transport, are less attractive and profitable for the service provider, making the transport
provision less sustainable and predictable. Although alternative propulsion vehicles have been found to operate
with more favourable economic indicators, it is also paramount that transport companies receive adequate
compensation for the service.

It has been shown that, irrespective of the propulsion system, only about half of the running costs of the
vehicles are reimbursed to the bus operator by the customer. In addition, calculations based on the methodology
have shown that the operation of pure electric buses has a higher financial cost. Based on the findings, using
the methodology, both the service customer and the bus operator have the opportunity to gain an insight into
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the operating costs of buses with different propulsion systems and to rationalise the financing structure. As a
result, the methodology can also function as a decision maker in transport planning and vehicle procurement.
The methodology, of course, can be applied as a comparison of all conventional and alternative bus services.
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Lakatos Andras, Toth Janos, Torok Adam

Kiilonb6z6 alternativ hajtisi autébuszok osszehasonlité elemzése fenntarthatosagi
szempontbol

Abstract:

Napjaink gazdasagi-tarsadalmi kornyezete szamos problémaval és kihivassal néz szembe (pl.
energiavalsag, inflacio, kdrnyezetvédelem), amelyek tobbsége kétiranyu kdlcsdnhatasban
van a kozlekedési rendszerrel. A kutatok €s az érintett szervezetek szamos javaslatot és
cselekvési tervet dolgoztak ki a ,,problémafelhd” mérséklésére az egyes kozlekedési modok
esetében, de ezek altaldban egy technologiai, gazdasagi vagy ipari megoldasra
Osszpontositanak, nem pedig rendszerszinten kezelik a problémat. Ide tartozik az elektromos
jarmiivek vasarlasdnak ¢és ilizemeltetésének tamogatasa, a koOzdsségi kozlekedés
hasznalatdnak 6sztonzése, valamint a lagy kozlekedési modok fejlesztése. Ez a tanulmany
egy tobbrétegli, komplex, koltségorientdlt moddszertant dolgoz ki a helyi és helykozi
autdbusz-kozlekedés fenntarthatosaganak és gazdasagi stabilitdsanak novelésére. A
moédszertan a kiilonbdzé hagyomanyos és alternativ hajtast jarmiivek fobb miiszaki és
iizemeltetési (karbantartasi, energiafelhasznalasi és tarolasi) paramétereire, valamint a
rendelkezésre allo finanszirozasi formékra ¢épiil, diszkontrata figyelembevételével. A
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kidolgozott eljards magyar varosok példaival keriil illusztralasra a kiilonb6z6 hajtasok
kilométerenkénti fajlagos koltségeinek meghatarozasaval. A modszer segitségével
tamogathatd a kozlekedési szolgaltatd és a megrendelé a gazdasagilag leghatékonyabb és
legfenntarthatobb hajtas kivalasztasaban, egyuttal realis kép adhato a teljes élettartam
koltségekrol.

Keywords:
alternativ hajtasu autobuszok; tisztan elektromos {izemili autobuszok; dizeliizemii

autobuszok; kilométer alapu fajlagos koltség; gazdasagilag hatékony helyi autébusz-
kozlekedés.
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