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Abstract: The widespread adoption of electric vehicles (EN&$ played a significant role due to their muclallam
carbon footprint compared to their internal comimmstengine counterparts. This trend also appliespblic
transportation in Hungary, where battery electtisds (BEBs) are gradually being incorporated inéofteets of major
passenger transport operators. In assessing thlectugt of ownership (TCO) of these vehicles, fectsuch as the
expected daily mileage, the current price, capatifgcycle, and degradation of the integrated eltisain batteries—
typically lithium-ion based—play a significant rol€his is also considered, if the batteries' seddadand reuse can
significantly improve the TCO value. Based on thxamination of domestic and international literatutecan be
established that the selection of the appropriatdcle fleet exclusively considers the TCO valudjol disregards
neither the significant benefits arising from tatéries' secondary life cycle, nor consideringotes quality indicators.
This deficiency in fleet selection could resultonect decisions. In our opinion, the consideratbboth logistical and
sustainability aspects is indispensable in thesit@eimaking process. To prove this, the paper ptesgn innovative
decision-making method developed by us, which dasithe effects of battery degradation relatedesecondary life
cycle and key quality indicators when selectingitteal fleet meeting the expected mileage perfonaafo validate the
theoretical background, a case study was also mépavhich is included in the paper. The articleoatontains
considerations related to the topic by Volanbusz Zr

1 Introduction fleet, the rest of this paper will analyse literatwn the

Although buses appeared in road transport mudlegradation and second life cycle of electric .tmselqies,_
earlier, electric vehicles (EVs) really burst inpablic and then present our research results in this .field
transport fleets in the early 2020s. An importderentin  Considering this, an innovative decision-making hueit
their uptake has been the fact that their carbotpfmnt is Wil be presented that takes into account the jvesitffects
much smaller comparing to internal combustion emgirPf the second life cycle resulting from battery ietation,
counterparts, and thus they comply with the letjisteand  and the relevant quality indicators for the seteciof the
environmental protection requirements resu|tingﬂfrme optimal fleet. The results of the calculations lolase this
European Union’s climate protection efforts. decision-making method are presented in the fieetien

Battery electric buses (BEBs) are being progresiveof the paper.
integrated into the fleets of major passenger prars
operators [1,2], typically leading to mixed fle¢d}. The 2 Thematic literature review
retention of fossil fuel buses in mixed fleets sr@rily In relation to the objectives stated in this aetich
related to the driving range of electric vehicledjich thematic review of literature on batteries for &liedouses
determines the types of timetabling that - takimgpi focused on the following areas:
account the capacity of the batteries and the Wway are » types and characteristics of batteries,
charged - allow for the safe covering of route atises. « the degradation process in batteries,

» optimal operation and charging of batteries for a

Volanbusz Zrt.,, which plays a dominant role in long battery life,
suburban and local public transport in additioddmestic . application of reverse logistics in the second life
intercity bus transport, has been gradually indngathe cycle of batteries,
number of electric buses in its fleet since thdye2000s ., jiegration of battery electric buses into mixed
[4]. Due to a significant increase in the numbelitbfum- fleets.

ion based batteries and their role in the sustdityadf the
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21 Typical types of batteries for battery electric
buses (BEB)

As in all areas of life, lithium-ion batteries hagkso

found applications in electric vehicles. As thehtealogy

The acronyms for the three most popular types of
lithium-ion technologies are derived from the
abbreviations of the minerals used in cell chemyidtTO
(lithium titanium oxide), LFP (lithium iron phospteg and

has evolved, competition has started in the folhgnvi NMC (nickel manganese cobalt). Figure 1 is based on
parameters: energy consumption measured in kWhHen; BMZ Poland’s analysis, showing that NMC leads imte

reduction of overall battery weight; and achievehwdithe
highest energy density.

of energy density, but also in unit weight and vodu[5].

BEB battery technology comparison

Energy density, Wh/kg

we NMC — cell level

=== NMC - pack level

LFP —cell level

LFP — pack level

Year
LTO —cell level
LTO — pack level

Figure 1 Comparison of the evolution of NMC, LFRI&TO technologies in terms of energy density elekels of cells and battery
packs [5]

2.2 Degradation of batteries
Battery degradation is the result of a number

complex processes, in which cyclic aging and calendunfavourable

geographical location of buses can also have aadtgn
dhis, as one of the main causes of battery degeedat
ambient temperature, with lifetime

ageing play a combined role, leading to an incréase significantly dependent on local temperature -dlienatic

internal resistance. During cyclic ageing the cépax the
battery decreases, mainly due to an increase in
frequency of charging and discharging cycles. T$hidue
to an increase in the internal solid electrolyterphase
layer, degradation of the electrodes, and cy¢hddm loss.
Conversely, calendar ageing - which also leadsde bf
capacity - refers to self-discharge reactions afeed by

— conditions. Geography affects not only the lifedi of
tehicles, but also their operating costs. Charggjs can
vary depending on the time of year and time of dayg

the carbon emissions of buses also depend on #rgyen
mix of the power grid in a given country [7]. Thietime
guarantee of batteries is between 5 and 10 yegpending

on the manufacturer. The guarantee is defined by

charge state, time and temperature. These phencanenamanufacturers as a function of chemical composition

particularly relevant for electric vehicles, asngfigant

degradation of batteries can increase the totalggne

consumption of electric vehicles and their greeskogas
emissions per kilometre on a given driving cycle.

2.3 Optimal operation and charging of batteries
for along battery life
Some studies suggest that battery life can vanydst
2,500 and 9,000 charge/discharge cycles [Ghe

operation and charging.

Studies aimed at optimising the operation and ¢hgrg
of battery electric buses estimate battery liferé8 to
12 years, however, this is closely related to tharging
process, and also the development of battery
manufacturing technologies can undoubtedly incrélase
lifetime outlook[8].

But for assessing the long-term return on investmen
and fleet operational efficiency, a detailed analys the
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effects of degradation is essential. All this i#uenced by performance of the system is determined by the
a number of factors, such as charging rate, terhpera performance of the individual cells. Ageing of ttedls can
depth of discharge and time/discharge cycle, a$ agel lead to ageing of the system, but the performarfidheo
battery design, manufacturing and operating caoorati battery system is greatly affected by inconsisenand

If we want to look at the degradation of a wholadrg  disparities between cells [9].
system and not just one cell, we have to note ttat

A Capacity
: : Time
: s ¢ Cycle number
B Il N |1 B
. Continuous growth Lithium plating,
% g of SEI Contract loss of active
Z S v Structure materials caused by:
g8 SEI formation Transformation of - Loss of electrolyte;
p Cathode material - Volume change;
Continuous loss of - Binder failure.
Electrolyte
Figure 2 Mechanism of degradation [9]
The non-linear ageing of batteries can be divided i Generally speaking, most batteries currently used i
three stages: electric vehicles exhibit the characteristics oh+ioear

ageing, which can basically be divided into the¢phases
« Stage |: solid electrolyte interface formation;shown in Figure 2. In the first stage, the batapacity

sudden, rapid degradation. decreases rapidly during the first few chargingleycin

« Stage II: further solid electrolyte interfacethe second stage, the battery performance decreases
formation, structural change in cathode materiagontinuously due to the different reactions takpigce
electrolyte loss; linear stage. inside the battery. In the third stage, a rapidrekese in

« Stage III: lithium plating, continuous loss of capacity and increase in resistance occurs tovtaedsnd
material; sudden, rapid degradation. of the battery’s life. This may be due to a rapdsl of

lithium-ion supply and/or a loss of active matedalke to
loss of electrolyte, failure of the binder and voki
changes.
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Figure 3 Effect of charging on battery degradat[@0]

The state of charge (SOC) of a battery has a gignif 2.4  Application of reverse logisticsin the second
impact on battery life. The SOC value indicatesatmeunt life cycle of batteries
of available Capacity stored in the battery. Itriportant to The process known in the literature as reversg]ﬁngi
note that the SOC and the voltage of the batteey af14] can play a significant role in creating a swtdife for
interdependent values. The battery voltage carebieedl patteries. The reverse logistics network desigtanf et al.
from the battery SOC and current. In general, Béi$OC  (2021) for electric vehicle batteries focused aratierisks
results in higher terminal voltage, which meansdbw [15]. Yikseltiirk et al. (2021) discussed the desifjra
anode potential and higher cathode potential. TaiS reverse logistics centre for end-of-life electriehicle
accelerate the ageing process of the battery. RHG@C, patteries based on fleet size prediction [16]. Aiaet al.
on the other hand, means higher anode potentidbaret  (2021) analysed the barriers to the applicationewtrse
cathode potential, which is generally beneficiallfattery |ogistics using the TISMA-MICMAC approach [17].
life. If the SOC is too |OW, however, corrosion thfe Harris at a|’ (2018) deve|0ped a novel framewark t
copper current collector of the anode and decortipo®f  assist decision-makers in assessing the uncertafritye
the active material structure of the cathode cagatlmly life Cyc|e impacts of alternative bus techno|ogiE§3]
affect battery life. while Jefferies at al. (2018) presented a comprsikie

DOD (depth of discharge) also has a complex effact tco evaluation method for electric bus systems based on
battery life. According to professional opiniongt is an  discrete-event simulation including bus schedulargl
optimum DOD for battery life, but this DOD is geally  charging infrastructure optimisation [19].
too small to meet driving range requirements.

In scientific publications there has been analysis 25  Findingsfrom areview of theliterature
several other aspects of the degradation of litkinm Published material on the degradation of electtis b
batteries typically used in electric buses. Cheal.€2015) patteries has been associated with a number of sub-
established a prediction model by analysing disghar gisciplines. The results acquired can be used inoee
characteristics, [11] while Tseng et al. (2015)][d@ried pojistic operational model, in which an accurate
out an in-depth investigation into the effect orttdéry  nowledge of battery degradation allows for plagrine
condition of voltage and internal resistance vamat gecond life of batteries in order to optimise thele life
O'Kane et al. (2022) were the first to publish ad®lo cycle cost of a fleet. A key element in the sedifiectycle
linking two degradation mechanisms [13]. planning of batteries is precise knowledge of the

Degradation measurements make it clear that tee lifiegradation and charging characteristics of thestias in
cycle of batteries is shorter than the designedalife of 5 fleet, which can be achieved by having actual
electric buses, so that when a battery is no losgéable measyrement results from the operator. A degradatio

for its original function but still has significantalue, study carried out by the company and its results ar
environmental and economic considerations suppt tpresented below

need to address its second life.
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3 Degradation measurements for universities. The project’s purpose is to invesggaow,
Volanbusz Zrt. based on the principle of circular operation, batefrom

As a public transport bus operator, Volanbusz iZat eIec'grlc buses can further serve the company satipess
developed a concept for the development of electr d interests by being used as storage in the;tnﬂpiure
vehicles as a strategic alternative, and has self ithe or secondary use. The benefits O.f this re-usmfold.
objective of significantly rejuvenating and upgragliits The pur_chase costs of b.atterles used in buses are
bus fleet. In line with this vehicle developmenhet SuPstantial. Based on experience from manufactiares
company is already operating 102 purely electrigelsu users, in principle b_attenes shoulq be replac_emf)efzo

Among the main driving forces behind theyears, due to capacity loss. By using functioniagdries
development of electromobility are the need to onpr as storage units beyond this ma_nufactl_Jrers warant
technology and service levels, to improve energ enod,_';he company can keepthe_:m In service fm_rrnber
efficiency and reduce emissions. A further aim as t f additional years, thgs preserving th_elr usabiiar the
produce electricity as a fuel for the company figbereby company and improving return on investment. In the
reducing its use of fossil fuels and increasingeitgrgy previous chapter we saw that if bqttenes are upama_lly
security and independence for 15 years, there is still potential for otheesiswhich

Alongside exploration of the development of its owdVill facilitate use of the circular economy moddlhe
energy generation capacity, the company has |adnahedegradat|0n measurements on batteries carried put b

: ; i” : Volanbusz Zrt. led to the following results.

research project in cooperation with market playasrd

Valencia U27-36XP Battery Cycle Testing: Measurement 1

Capacity - State of Health [%]
Temperature [°C]

130140150 160170 180 190 200 210220 230 240 250 260270 280 290 3(
Number of cycles
Initial Temperature - Capacity Estimated
temperature range SoH % capacity

Figure 4 Valencia U27-36XP battery cyclic test: idegement 1

Figure 4 summarises Valencia U27-36XP used batte(Yhe capacity loss of batteries under the sameitionsl
test results from Volanbusz Zrt. The X-axis repnés¢he can be said to be linear.)
total number of cycles. The cycles were performéd & In our experience, this linearity is true up to @th&0%
0.5C charge rate and a 1.0C discharge rate. Opfthéhe of remaining capacity, after which the capacity slos
Y-axis shows the remaining capacity of the battetgtive becomes progressively more severe (battery ageang)),
to its original capacity, i.e. the percentage opamaty then at a certain level collapses completely. Sgeineral
remaining, with measurement points representeddnyge  vigilance is advisable when capacity drops belo¥%60
dots. The broken orange line shows a linear extasipa Figure 5 summarises the battery measurements of the
of the data, i.e. an estimate of the further capdass that battery test in a refrigerated medium. The axicdg®rs
can be expected for the same rates of charge acdidedige. and diagram elements are the same as in Figunat 4hd

measured values are different.
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Valencia U27-36XP Battery Cycle Testing: Measurement 2

Temperature [°C]

Capacity - State of Health [%)]

Number of cycles
Initial Temperature ~ Capacity Estimated
temperature range SoH % capacity

Figure 5 Valencia U27-36XP battery cyclic test: idegement 2

The measurements clearly demonstrated the needrégardless of the type of fleet being assessedrenday
measure degradation under specific operating dondit in which batteries are managed and used. The easionn

for the use of batteries in vehicles and for sedifedycle possibilities are contained in Figure 6. During the

planning examination, the optimal selection of a fleet cstisg of
a given vehicle type - suitable for achieving thpexted
4  An innovative decision-making method daily mileage performance - is carried out. If gtedy

for bus fleet selection taking battery includes an electric fleet, then only the firstddimst and
s . : second life cycle impacts of batteries can be damsi. In
degradation into consideration the first life cycle of batteries, the possibility operate

. . . vehicles and sell spare capacity to the electrisitgplier
The selection of the right fleet for the operatmgi:/ nl also be examri)ned prthel )éapacity of bms

company requires the consideration of a number @F |, a predefined limit and they are longer capadl

gems(ljor& criteria anlii_ the aprr:llgatlc;]n ﬁf aknormlflilcﬁ;é performing the required tasks, i.e.,daily mileesgesondary
ased decision-making method which takes all réleva, oo pecomes necessary. The latter may involve

aspects into account. This chapter will descrileestistem following: sale of the battery on the market, faample

‘éa”.af.“s thali_ can bhe dc?n3|d|ere<_j ar;]d the C”r;;gd Abr storage; as a captive reserve, for instanceage of
ecision-making method for selecting the appropii@et. o4y generated by captive solar or wind powerage
of peak-period electricity in order to power vebigHuring

4.1 Description of the system variants that can peak periods, etc.; or a combination of these.

be tested
The decision-making method developed can be applied
to all companies involved in public transport bas/ges,
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System under
examination

Management of batteries Second life cycle

: : Vehicle use and sale . . )
hicl le of
Use of batteries [ Vehicle use ] [ of spare capacity ] [ Sale of batteries ] [Capuve power use ] [ Mixed J

Figure 6 Description of testable system variants

4.2 Description of the decision-making method *  Customer satisfaction factor.
The decision-making method is used to determine the
type of fleet to be operated under predefined damd, in 5. Normalisation of objective function values

the following steps:

o ) o 6. Selection of the type of fleet to be purchased
1. Determining requirements for fleet utilization

In this section the requirements to be met in thg 21 Total Cost of Ownership

operation of the fleet are specified, the most irtg of This is the sum of the capital expenditure (CAPEX)
which are the following: used to acquire the vehicle, and its associatedatipg
* average ambient temperature and fluctuations in ibxpenses (OPEX). The model does not take inflatiuh
» the expected average speed of vehicles, depreciation into account, as these two factorsaanp
+ expected mileage, equally on the economic rates of return for bo#ceic
» available resources, buses and diesel buses. The definitions in theatitee do
« environmental requirements, not take into account the potential second lifeleyaf

« infrastructure available and capable of bein%atteri'?& which in business practice is incredging
developed for operation. ecoming a cost-reducing factor. Accordingly, ti&Orfor

the fleet type under consideration should be ddfias

2. Determining the number of vehicles to be follows.
purchased Capital expenditure for the period under examimatio

Determination of the number of vehicles needed td):
cover the forecast mileage and to provide an adedgnel

. AM, AM
of service. CHP =c¢+ ¢ = RI' =R 1)
3. Determining the types of vehicles to be tested in which:
In this step, the types of fleet that meet the iregquents « ¢/": the present value of the amortised cost of

in Step 1 are selected. In essence, the analyiseldct

: 4 vehicles in fleet typg
the variant most suitable for the company’s needs.

« ¢ the present value of the amortised cost of the
infrastructure for fleet type

4. Determining the decision criteria .
vy R!": present value of the additional revenue from the

A fundamental problem with many assessment

methods is that they only make cost-based compesiso second life cycle of the batteries of the vehiates
without taking into account other factors such aality fI%et typel,
and subjective considerations. When applying the * Ri: present value of the revenue from the sale of
decision-making method we have developed, the\itig vehicles in fleet typéand related infrastructure.
aspects may need to be considered: _ _ o

«  Total Cost of Ownership (TCO), Operating expenses for the period under examination

e Carbon footprint indicator, (2):
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coP =M+ cfr s (2)
in which: 4.25 Selection of the types of fleet to be purchased
« C°"™M: the present value of the maintenance costs In th|s_step, the experts.from the.cor.npany under
fc;r fleet tvpei consideration need to determine the weighting ohes
0P ypel, the assessment criteria in order of importance gtime of
s C : the present value of the fuel costs for fleef,asa should be 1, as shown in the following). dvaithg
tyg)Pel, ~ this, the weighted sum of the components of thenatised
« (; °:the present value of the wage costs associatefjective function is formed, whereby the fleeteyyith
with fleet typei, the minimum value is the most appropriate choigetie
« ¢7™: the present value of other costs (road tollompany’s criteria.
parking feeS, etc_) associated with fleet type Determination of the We|ghts of the ObjeCtive fuost
components (10), (11):
Total life cycle cost for the period under consadiem
(3): 0<0d,<1 (10)
Yh=10p =1 (11)
Cle0 =P+ cPF ®) o - ,
Determination of objective function (12):
4.2.2  Carbon footprint indicator - N
This indicator expresses the amount of carbon dexi F= min Yh=10nay (12)
equivalent greenhouse gases associated with the
production and subsequent operation of a fleetczeged 4 3 Application of the decision-making method
with a given vehicle type over the period under g gystem under examination relates to the operati
examination. This is an important indicator from & 5 mixed fleet of electric and diesel buses imary’s
sustz_imablhty point of view, and is denotedC# for fleet largest public transport bus company. The aim efstady
typel. is to select the fleet that best fits the companyiteria for
the future under the given circumstances. Baseda on
reliminary assessment, the company’s requiremees
et by two types of fleet: one diesel and one atect
For the purposes of the decision-making method

4.2.3 Customer satisfaction factor
This is a subjective indicator that expresses t
expected customer satisfaction for a given flepetyfor

example, amenities provided, reliability of vehitipe.  yescriped in the previous section, only the whigdedycle
The indicator is defined on the basis of a sureseovice ¢t was considered, assuming that, based omthitor

users, and is denoted If; for fleet typei. For this g5ne the electric bus is the better choice (thgban
indicator, values range from 1 to 10 (10 being lbest tootprint for the electric bus is clearly bettendain terms

rating). of customer satisfaction there is no significarifedénce
o o i between the options). For reasons of company
4.2.4  Normalisation of objective function values confidentiality, a large amount of factual data rinbe

In this step, the values of the decision critegi@vant plished, but the following general conclusions te
to the decision are determined and then normal2edng  y,auwn:

normalisation, the defined Va'“?S are transformethgt + the cost of batteries accounts for almost 50% ef th
they fall between 0 and 1, allowing them to beued in price of the electric buses to be purchased, bsit th
the objective function. o ) is expected to decrease in the future,

Fulllife cycle cost normalisation (4), (5): » the expected daily mileage performance for the
vehicles is 300 km, for which a capacity of about

creoman = mflx{CiT %} (4) 300-320 kW is necessary. Thus, in the case of a 400
a} = CFeo jcTeotmax) (5) kW battery, a maximum degradation of 25% is
acceptable.
Normalization of carbon footprint indicator (6)){(7 » empirical measurements show that the average
consumption of electric buses is 1 kWh/km,
CFMa%) = max{CF;} (6) + the second life cycle of batteries after degradato
a? = CF, /CFL("“”) @) ?evseigr;]rdi;icant factor in reducing costs/increasing

» degradation measurements show that batteries are
being phased out of vehicles after 6-8 years due to
CSMax) = max(Cs,) ®) capacity loss, whlle_ the significant remaining
i capacity can be used in the second life cycle,

Customer satisfaction factor normalization (8); (9)

a} =1 - CS;/cSman) 9)
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« maintenance costs for electric buses are about half The TCO value for the second life cycle of battelias
those of diesel buses. been determined for the two fleet types, and isvshim
Figure 7.

OPEX+CAPEX expenditures of new purchased buses

diesel buses
billion solar park + valley period current + geothermal power plant + electric bus project
HUF difference

period

Figure 7 TCO comparison of electric and diesel Buseurce Volanbusz Zrt.)

It can be seen, that for the fleet types studiesluse of consideration of batteries' secondary life cycle,
electric buses is more advantageous for the comafi@y sustainability, and logistics. A general and innwea
12.4 years. Of course, the fact, that the carbotpfmt of  decision-making method have been developed that
electric buses is preferable to their diesel capates and addresses these deficiencies in selecting the ppai®
that there is no significant difference in termso$tomer fleet type. The method's correctness was verifieolgh a
satisfaction, adds weight to the decision. case study using data from Volanbusz Zrt. In the: pkease

of our research, it is planned to develop innoeativ
5 Conclusion operational models related to the secondary lifdecyf

The proliferation of electric vehicles in transgion ~ batteries.
can be considered a lasting and irreversible trend,
reinforced by legislation and environmental expéots References
formed in the wake of the European Union's climatfl] VALENTI, G., LIBERTO, C., LELLI, M., FERRARA,
protection efforts. The bus fleet of Volanbusz Zrt. M.: The impact of battery electric buses in public

operating in Hungary, is already considered a $ledta
mixed fleet. The proportion of electric buses used
scheduled services, currently at 0.9%, is expetctedach
50% by 2032. The operation of electric buses irsinggy
emphasizes the importance of batteries' capaiigphn,
and aging process (degradation). Therefore, VolsmAtt.
is already focusing on implementing a recyclingt&gy
that significantly affects sustainable operatiowgluding

the planning of the second life cycle of lithiumrio

batteries. As a result of a detailed literaturelymisiin the

transport 2017 IEEE International Conference on
Environment and Electrical Engineering and 2017
IEEE Industrial and Commercial Power Systems
Europe  (EEEIC/I&amp;CPS  Europe), 2017.
http://dx.doi.org/10.1109/EEEIC.2017.7977517

[2] VERBRUGGE, B., HASAN, M.M., RASOOL, H.,

GEURI, T., EL BAGHDADI, M., HEGAZY, O.: Smart
Integration of Electric Buses in Cities: A Techrgital
Review, Sustainability, Vol. 13, No. 21. p. 12189,
pp. 1-23, 2021. https://doi.org/10.3390/su132112189

paper, we determined that the ideal fleet selegifoness [3] LI, L., LO, H.K., XIAO, F.: Mixed bus fleet s@duling

lacks several relevant components, leading to eoos
decision-making. Among these

factors are the
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